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Abstract 

The high mortality rate in developing countries stemming from poverty and diseases, and the 

pressure on healthcare budgets in developed countries have evoked a major concern in healthcare 

delivery. The need for less costly and patient-centered healthcare delivery brings point-of-care 

testing (PoCT) to the fore. PoCT devices help to eliminate the overheads associated with 

centralized bench-top laboratory instruments. Although, handheld devices such as Glucose 

biosensor strip exist, small handheld PoCT devices for molecular techniques such as Polymerase 

Chain Reaction (PCR) used to provide infectious disease testing are new and emerging. 

Polymerase Chain Reaction (PCR) is a biological technique used to amplify DNA. PCR makes it 

possible to replicate DNA and generate millions of copies from a single strand of DNA. This finds 

applications in the medical field to identify and detect infectious diseases. PCR is also a very 

important component of every laboratory involved in molecular biology experimentation. 

Conventional PCR equipment is expensive and require a significant amount of personnel time and 

space to setup and run in the laboratory. Another critical aspect of PCR systems is the need to 

detect amplified products, but this ability is lacking in most conventional PCR systems. Given this 

background, the aim of this work is to demonstrate a simple, cheap, effective and patient-centered 

PCR systems to mediate the shortcomings of conventional PCR machines especially as it concerns 

the detection of amplified PCR products. 

Different methods for the detection of PCR products are described. Some of them are relatively 

insensitive and nonspecific while others are very sensitive and highly specific. The merits and 

demerits of each method are also outlined. 

In this work, I have exploited the phase shift between the temperature and transmission output 

during PCR cycle to demonstrate a low cost and easy label-free plasmonic photodetection of PCR 
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products using a simple probe laser. This method makes it possible to distinguish between negative 

and positive PCRs, and it can detect PCR product with starting copy number as low as 10,000 

genome copies per microliter.  
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Abstrait 

Le taux de mortalité élevé dans les pays en développement provenant de la pauvreté et des 

maladies, et la pression sur les budgets des soins de santé dans les pays développés ont suscité une 

préoccupation majeure dans la prestation de soins de santé. La nécessité d'une prestation de soins 

de santé moins coûteuse et centrée sur le patient met en évidence les tests au point de service 

(PoCT). Les dispositifs PoCT aident à éliminer les frais généraux associés aux instruments de 

laboratoire de laboratoire centralisés. Bien qu'il existe des dispositifs portatifs tels que la bande de 

biocapteur de Glucose, de petits dispositifs PoCT portatifs pour des techniques moléculaires telles 

que la PCR (polymerase chain reaction ou amplification en chaîne par polymérase) utilisées pour 

fournir des tests de maladies infectieuses sont nouveaux et émergents. 

La PCR (polymerase chain reaction ou amplification en chaîne par polymérase) est une technique 

biologique utilisée pour amplifier l'ADN. La PCR permet de répliquer l'ADN et de générer des 

millions de copies à partir d'un seul brin d'ADN. Cela trouve des applications dans le domaine 

médical pour identifier et détecter les maladies infectieuses. La PCR est également un élément très 

important de chaque laboratoire impliqué dans l'expérimentation en biologie moléculaire. Les 

équipements de PCR conventionnels sont coûteux et nécessitent beaucoup de temps et d'espace 

pour être installés et utilisés en laboratoire. Un autre aspect critique des systèmes de PCR est la 

nécessité de détecter les produits amplifiés, mais cette capacité fait défaut dans la plupart des 

systèmes de PCR conventionnels. Compte tenu de ce contexte, le but de ce travail est de démontrer 

un système de PCR simple, bon marché, efficace et centré sur le patient pour arbitrer les lacunes 

des machines PCR conventionnelles en particulier en ce qui concerne la détection des produits de 

PCR amplifiés. 
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Différentes méthodes de détection des produits de PCR sont décrites. Certains d'entre eux sont 

relativement insensibles et non spécifiques alors que d'autres sont très sensibles et très spécifiques. 

Les mérites et les démérites de chaque méthode sont également décrits. 

Dans ce travail, j'ai exploité le déphasage entre la température et la sortie de transmission au cours 

du cycle de PCR pour démontrer une photodétection plasmonique facile à utiliser et à faible coût 

de produits de PCR en utilisant un simple laser sonde. Cette méthode permet de faire la distinction 

entre les PCR négatives et positives, et elle peut détecter un produit de PCR avec un nombre de 

copies de départ aussi bas que 10,000 copies du génome par microlitre.  
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 Introduction 
 

 Polymerase Chain Reaction (PCR) 

The invention of polymerase chain reaction (PCR) in the year 1983 by Kary Banks Mullis 

revolutionized the history of biological and medical sciences. According to Mullis, Polymerase 

Chain reaction is an in vitro technique that results in the amplification and replication of a DNA 

sequence to billions fold amplitude [1-3]. This invention won him the Nobel Prize in Chemistry 

along with Michael Smith for his work on PCR. Mullis’s concept for PCR is a combination of 

existing components such as the synthesis of short lengths of single-stranded DNA 

(oligonucleotides), complementary to opposite strands of the target DNA. This is then used to 

repetitively amplify the specific region of interest such that the product of one cycle of the 

polymerase reaction forms the template for the next cycle hence, the chain reaction [4]. PCR 

requires thermocycling at specific temperatures. This is done with the help of thermal cyclers 

which are used to heat and cool the reaction tubes within it to the different temperatures required 

for each stage of the PCR reaction. Some thermocycling machines have heated lid placed on the 

top of the reaction tubes to avoid evaporation of reaction mixture while in others, mineral oil is 

used. We used mineral oil on the surface of the reaction mixture to avoid evaporation. 
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Figure 1.1: Overview of a Polymerase Chain Reaction (PCR) [5] 

PCR reaction cannot proceed without important components. One of such components is the 

template DNA or cDNA which contains the DNA sequence to be amplified. Primers are also 

important components required in PCR. Usually two short, artificial DNA strands typically 18-

25bp in length, otherwise known as primers are used. These primers are complementary to the 

beginning and end of the target DNA sequence to be amplified [6]. The DNA-Polymerase is 

another component of the PCR which helps in the synthesis of new DNA strand by replicating the 

region to be amplified. The dNTPs or nucleotides are DNA building blocks from which the DNA 

polymerase forms new DNA. The buffer maintains the pH and ionic strength of the reaction 

solution appropriate for the activity of the DNA-Polymerase. 
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PCR thermocycling process involves three steps: denaturation, annealing and elongation. These 

steps combined, form one cycle of the PCR process. Usually, twenty to thirty-five cycles are 

required in the PCR process. During the denaturation, the hydrogen bonds that binds two strands 

of DNA are broken apart by heating the PCR mix to 94-96 degrees Celsius. During annealing, the 

PCR reaction mix is cooled so that primers can anneal themselves to the single DNA strands. The 

type of primer used determines the annealing temperature; usually the temperature range is 

between 45-60 degrees Celsius. The annealing temperature is very important as any deviation from 

the required may result in the primers not annealing to the single DNA strands. At the elongation 

step, the temperature is increased to typically 72 degrees Celsius to fill in missing DNA strands. 

[6].  

The PCR process can be divided into the exponential amplification stage, leveling off stage and 

the plateau stage. At the exponential stage, the efficiency of the PCR at each cycle is approximately 

100% in which case the amount of the product of PCR is doubled. The Leveling off stage occurs 

when the DNA polymerase loses activity and when the other components of the PCR such as 

dNTPs and primers are depleted. At the plateau stage, no more product is formed as a result of the 

exhaustion of reagents and enzyme [6].  

PCR finds application in forensic science and serves as an important tool in DNA profiling and 

fingerprint recognition. PCR enables gene testing for the presence of genetic diseases and paternity 

test. PCR is also useful as confirmatory diagnostic aid in infectious diseases such as HIV/AIDS, 

Hepatitis, cancers, tuberculosis, etc. [1, 6].   
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 Traditional Methods of Detection of PCR Product                  

Detection of amplified PCR products is as critical to PCR as the thermocycling process. The 

combination of the sensitivity of the PCR reaction, along with the sensitivity and specificity of 

product detection makes PCR technology an important tool in the field of molecular biology and 

clinical microbiology. A PCR reaction may yield DNA fragments consisting of the expected 

amplified product along with fragments representing nonspecific amplification while another may 

produce a single amplified product at an amount that is detectable. It is important to have a system 

that is capable of detecting the desired product regardless of the number of nonspecific fragments 

present [7]. The merits and demerits of some basic traditional methods for detecting PCR products 

are reviewed. 

The densitometric evaluation by electrophoresis in ethidium bromide-stained gels represents the 

simplest way of quantitation of PCR product. Ethidium Bromide is a well-known and widely used 

fluorescent dye. It intercalates between the stacked bases of double-stranded DNA causing the 

DNA to fluoresce when exposed to UV light at 260nm. PCR products are identified by the 

appearance of the expected DNA band when run next to the DNA markers during electrophoresis. 

Although this method of PCR detection is simple and inexpensive, the major disadvantage to the 

use of ethidium bromide is that the dye can only detect bands that contain approximately 5ng or 

more of DNA. For some experiments this may be too insensitive and therefore not appropriate. 

Another disadvantage of ethidium bromide is that it can lead to faulty interpretation of results since 

all of the DNA products (both specific and nonspecific) products are stained [7]. 

Specific PCR products can be identified using DNA probe that hybridizes to a specific region of 

the DNA located internally between the two PCR primers. The DNA probe can either be 

radiolabeled or labeled with nonradiative markers such as biotin or digoxigenin. Apart from 
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specific detection, labelled DNA probes provides increased sensitivity over ethidium bromide 

staining. End-labeling of oligonucleotide with [ᵞ-32P] ATP by T4 polynucleotide kinase is a 

common method for radiolabeling oligonucleotide probes. The procedure is fast, easy and very 

efficient producing labeled DNA probes with high specific activities. On the other hand, a variety 

of nonradioactive labels including biotin, digoxigenin, HRP and fluorescein are used for labeling 

DNA probes [3]. Non-radioactive methods to label DNA are often more used because of the 

advantages they offer over radioactive methods. Non-radioactive detection methods eliminate the 

need to deal with the licensing, waste disposal, and safety concerns associated with the use of 

radioactive material. The probes generated are more stable than are the probes labeled with 32P. 

Non-radiative detection methods require shorter exposure times to detect hybridization signal. 

These methods of PCR detection are laborious and time consuming [7, 8].   

Although quantitative PCR (qPCR) using labels has been successfully used to quantify DNA 

amplification, the shortcomings associated with these methods of DNA quantification and the need 

for a higher throughput, speed, and reduction in cost of running PCR have led researchers to 

develop better label-free devices for monitoring real-time DNA amplification.   

 Real-Time qPCR 

The limitations of conventional PCR led to the development of real-time qPCR. Introduced by 

Higuchi and co-workers in 1992, qPCR measures the amplification of DNA at each cycle of PCR 

using fluorescent reporter dye, such as SYBR Green. This means that detection of PCR product is 

done at the same time as the amplification process, thereby reducing time taken to analyze PCR 

products. Real-time qPCR is very sensitive and gives a real time and more precise measurement 

of PCR product than conventional method of PCR quantification. The intensity of the fluorescent 

dye corresponds to the amount of DNA produced [9, 10]. Real-time PCR systems are designed to 
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have thermal cycler that provides cycling between set temperatures for DNA amplification, an 

optical system which is used to excite fluorophores and capture emitted fluorescence. The intensity 

of the transmitted light is then correlated with the amount of DNA produce by a specialized 

software [1].  

Real-time qPCR technology has been in use for several years now, and it is evolving into different 

biosensing platforms for detecting and quantifying PCR products [11].  In the next chapter, we 

would explore some of the different DNA biosensors that have been developed.  
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 Literature Review 
 

 Biosensors  

Biosensors are analytical devices used to detect and analyze biological samples. They are essential 

in food analysis, bioterrorism, environmental monitoring, health monitoring and diagnostics, drug 

screening and in many other biomedical applications. Biosensors measure changes resulting from 

analytes attaching onto a biorecognition element or a specific surface.  

Whereas conventional analytical techniques may require a number of steps, much labor, time and 

expensive instruments, biosensors mediate all of these shortcomings because they are quick, 

simple, economical and serve as point of care diagnostic tools in remote areas where state-of-the-

art equipment are not available [12]. However, these biosensors are faced with certain limitations 

based on selectivity and specificity in detecting biomolecules. For example, DNA molecules which 

are sometimes present in concentration order of fg/ml to pg/ml with other molecules, requires a 

biosensor technology that is highly sensitive in order to selectively detect and distinguish it from 

other molecules. It is therefore important to develop biosensors that are highly sensitive, selective 

and multiplexed to meet the growing demand for point-of-care use. 

Because of the limitations in sensitivity and selectivity, most biosensors exploit the affinity of a 

receptor molecule towards a specific target molecule. For example, in DNA hybridization 

biosensor, complementary DNA base paring forms the basis for biorecognition process. Single-

stranded DNA segments are immobilized on the surface of the transducer. When DNA binds to 

the complementary sequence of the capture or probe DNA, electrical signal is produced. This 

process is called hybridization. In order to achieve high selectivity and sensitivity, hybridization 

conditions such as temperature, ionic strength and time must be optimized. Ferrocenyl naphthalene 
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diimide (FND), Horseradish Peroxidase, alkaline phosphatase, Colloidal gold have been used as 

hybridization labels [12].   

Sometimes, the receptor molecule is functionalized with a label, as in the case of Enzyme-linked 

ImmunoSorbent Assay (ELISA), in order to measure and quantify the specific antigen in the 

sample. This is called label-based biosensing. Even though this method of biosensing has attracted 

varied applications, it is faced with several challenges. For example, it is difficult to track 

molecular event in real-time with label-based biosensing. Also, some label-based biosensors have 

relatively low-throughput measurement.  

As a result of the above, researchers have become interested in developing label-free biosensors 

that mediate the limitations of label-based biosensors, including reducing the complexity and cost, 

and maintaining a high throughput. Among the different label-free biosensors, localized surface 

plasmon resonance (LSPR) biosensor is preferred because of the high sensitivity, low cost and 

small environmental footprint it provides. LSPR biosensors depend on the coupling of 

biorecognition element with a physical transducer to convert the biological signal into an electrical 

or other type of signal. This work is based on LSPR biosensing.  

 Basic Components of a Biosensor 

Basically, biosensing involves biorecognition and transduction. The following sections give a 

brief description of these two processes.  

2.1.1.1. Biorecognition 

Biorecognition involves sensing elements which may be whole cells, antibodies, enzymes or 

nucleic acids forming a recognition layer that is integrated with the transducer through 

immobilization by adsorption, cross-linking or covalent binding [12]. Biorecognition elements 
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with high affinity constant for the target analyte are chosen and immobilized on the sensing surface 

to detect a biomolecule of interest. Biorecognition elements are chosen based on the experimental 

conditions. The immobilization strategy employed for the biorecognition element depends on the 

type of surface and the category of element. To avoid non-specific binding of biomolecules on the 

surface of the biorecognition element, an efficient surface chemistry is required to serve as a 

blocking agent to fill the empty space between the elements. [13-15]. For this thesis experiments, 

polyethylene glycol (PEG) is used as the blocking agent to provide to prevent the binding of DNA 

molecules to nanoparticles. Depending on the sensing technique, labelling may form an important 

part of the biorecognition step. Labels are used to enhance the signal for the detection at low 

concentrations. Secondary antibodies [16] and nanoparticles [17] may be used as labels. However, 

some sensing technique do not require labelling for detection and they are referred to as label-free. 

This is the method we have employed in this thesis because of the advantage that it simplifies the 

steps involved in biosensing process.  

2.1.1.2. Transduction 

Transduction is the measurement of the parameter of the change induced by the biorecognition 

element. Since transduction is primary based on the parameter of measurement, it may be 

amperometric (current measurement at constant potential) , potentiometric (potential measurement 

at constant current), piezoelectric (measurement of changes in mass), thermal (measurement of 

changes in temperature) or optical (detect light changes in transmission of light) [12]. Optical 

biosensors a the most widely used of all the other biosensors.  Optical biosensors such as 

waveguides [18], Mach-Zehnder interferometers [19], fluorophores [20], surface enhanced Raman 

Scattering [21] and microcavities [22] used light to probe samples and measure changes in 

refractive index. A standard optical biosensor that is commercially available as a test kit is the 
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enzyme-linked immunosorbent assays (ELISA). It is popular for its sensitivity and ease of use [23, 

24]. 

 Biosensor-Based Methods for DNA Detection 

The economic importance of DNA biosensors in the testing of genetic and infectious diseases, 

detection of specific DNA sequence in areas such as food, forensic examination, clinical and 

environmental analysis, has drawn the attention of researchers in recent years. Conventional 

method of genetic analysis involves the extraction of DNA from biological samples. A specific 

region of interest is amplified by the polymerase chain reaction (PCR) process. The product of the 

PCR is then detected by means of electrophoresis. Although the conventional method has proven 

useful in the identification of microorganisms such as Mycobacteria, Legionella sp. and viruses 

that are difficult to culture and identify by standard techniques, biosensor-based methods of DNA 

detection is gaining popularity as an alternative because of its specificity in direct detection of 

DNA [25].     

DNA biosensors are faster, simpler and cheaper compared to traditional hybridization. Among 

other biorecognition elements, nucleic acids have been widely used in DNA biosensors because of 

their wide range of physical, chemical and biological activities [12, 25]. Unlike enzymes or 

antibodies, nucleic acids recognition layers can be readily synthesized and regenerated for multiple 

uses. The sensing elements for nucleic acid biosensors are oligonucleotides, with a known 

sequence of bases, or fragment of DNA or RNA [12]. The following sections highlight some DNA 

biosensors. 
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 Comparison of Label-Based and Label-Free Biosensors 

The difficulty associated with direct detection and quantification of biological analytes has led to 

the development of biosensors that exploit the high affinity of a receptor molecule towards a 

specific biomarker. This receptor molecule is usually functionalized with a label that is easy to 

measure and quantify [26]. Label-based sensors utilize foreign molecules known as labels which 

are temporarily or chemically attached to the target molecule to detect molecular presence or 

activity. The labeling process could involve covalent bonding through coupling chemistry as in 

the case of fluorescent, chemiluminescent, and nanoparticle labeling, or isotopic in which case, 

special elements are incorporated into the molecules to produce a measurable difference. 

Electrochemically active probe labeling which involves temporary attachment of intermolecular 

bonding is another labeling process employed in some label-based sensors [27].  

Although Label-based sensors such as Enzyme-Linked ImmunoSorbent Assay (ELISA) have been 

used to detect subfemtomolar concentration of target analyte [28], this method of sensing is faced 

with a lot of disadvantages. One major drawback to label-based biosensors is the fact that they do 

not permit continuous monitoring; they only provide endpoint read out thus, making it impossible 

to get information on the binding kinetics. Also, the use of isotope-label molecules poses great 

safety challenges [29, 30]. Fluorescent label detection has relatively low-throughput measurement 

capability [31-33]. Label-based sensing often requires a laborious and complicated process of 

sample preparation steps thereby reducing the effective throughput and increasing the cost. Label-

based sensing becomes complex when it involves the identification and production of two different 

antibodies required for the recognition of different regions of the same target [26].  

In contrast, label-free sensors utilize molecular biophysical properties such as refractive index, 

mass or charge for detection. Some label-free detection methods include: quartz-crystal 
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microbalance (QCM), surface plasmon resonance (SPR), localized surface plasmon resonance 

(LSPR), microcantilever, mass spectrometry, etc [27]. Label-free sensors provide quantitative 

information on continuous monitoring of binding affinity and kinetics and measures the change in 

the concentration of target molecules over time [26, 34]. In contrast to label-based sensors which 

requires two or more antibodies to the target molecule to generate and amplify the target signal, 

the measured signal in a label-free sensor is usually due to the target molecule alone [35]. 

 Localized Surface Plasmon Resonance (LSPR) Biosensors 

Localized surface plasmon resonance (LSPR) biosensors are label-free biosensors that exploits the 

sensitivity property of plasmon frequency to changes in the local refractive index of the medium 

at the nanoparticle surface. LSPR results from the interaction of light with particles whose sizes 

are smaller than the incident wavelength. LSPR biosensors are more sensitive, robust and offer 

simpler detection compared to other label-free biosensing techniques. As such LSPR biosensors 

have gained preference over other biosensors [36]. 

LSPR sensors do not require complex instrumentation or scanning optics as those used with SPR 

sensors. LSPR mode can easily be excited by illuminating a nanostructure with a light source, 

regardless of the angle of incidence. Different platforms exist that utilizes LSPR; however, the 

common LSPR sensing modes is the wavelength-shift LSPR sensing mode. In wavelength-shift 

LSPR sensing, the change in maximum (or minimum) of the LSPR extinction curve is correlated 

with changes in the local refractive index of the surrounding medium caused by analyte adsorption.  

LSPR sensing systems have been developed to demonstrate the sensitivity of nanoparticles to their 

local environment. For example, the binding of streptavidin or antibiotin to biotin-functionalized 

nanoparticle arrays, and the binding of concanavalin A to mannose-functionalized nanoparticles 
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resulted in a measurable shift in the maximum wavelength of the nanoparticle as shown in figure 

2.1 [37-39]. The sensitivity of streptavidin ranges from picomolar to micromolar concentrations. 

This has the potential of increasing to femtomolar sensitivity because it has been discovered that 

in solution, biotin-streptavidin binding constant is of the order of 1014𝑀−1  [35, 40]. Successful 

application of Streptavidin detection in serum and dillute blood has been recorded [41, 42].    

 

  

Figure 2.1. Wavelength-shift LSPR sensing of the specific binding of concanavalin A to 

mannose-functionalized silver nanoparticle in PBS buffer - (6.7nm red-shift) [43] 

LSPR sensors to analyze antigen-antibody binding have be demonstrated. This LSPR nanosensor 

has been successfully used in the detection of Alzheimer disease.[44] The sensitivity of these 

sensors which depends on the binding constant and signal-to-noise ratio, have be found to be in 

the range 109 −  1010𝑀−1 [45-47]. It is possible to monitor the real-time analysis of antigen-
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antibody binding kinetics with gold nanorod LSPR assay. This helps to determine the specificity 

within a single experiment and over the same nanoparticles [35].  

Bright Field Microscopy which provides a direct measurement of extinction (absorption and 

scattering) of nanostructures utilizes LSPR. Dark field microscopy is an improved version of the 

bright field microscopy. It is widely used in protein association [48]. The advantage dark field 

microscopy has over the former is that it helps to reduce the effect of background noise and it can 

measure the scattering from a single nanoparticle [49]. Advances in dark field microscopy for 

LSPR imaging have been reported [50].  

LSPR spectroscopy based on reflection measurement also exits. This type of spectroscopy is used 

to measure the reflection from nanoparticles when the scattering cross section dominates over the 

absorption cross section, in which case the scattering of the nanoparticle contributes more to the 

total extinction efficiency of the nanoparticle. The reflection measurement can be performed by 

reflecting probe or integration sphere [49]. Another simple but important LSPR spectroscopy is 

that based on direct measurement of transmitted light. This is the method used to obtain the results 

for this thesis. This method involves the direct excitation of nanostructure (nanoparticle solution 

in this case) with a light beam. The transmitted light is then measured by a photodetector. 

Metal nanostructures have shown remarkable optical properties that are employed in biosensing 

application. When light is incident on a periodic metal nanostructure of subwavelength aperture, 

the transmitted light is usually higher than that expected by standard aperture theory. This 

phenomenon has led to the development of a hybrid biosensing platform in which suspended 

nanohole arrays were used as plasmonic sensors in which analytes are transported through 

nanoholes thereby maximizing the ligand-analyte binding event [52-58].  This sensor has a 

sensitivity of about 630nm/RIU [49]. Other metallic nanostructures such as gold nanoshells that 
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support a tunable LSPR mode have been developed with better sensitivity to bulk refractive index 

[59]. There are also metallic nanostructure sensors based on wavelength division multiplexing that 

mediate the challenges of spectral multiplexing associated with propagating SPR [60]. Gold 

nanorod molecular probes (GNRMP) sensors provide more sensing channels by tuning the aspect 

ratio of the nanorods functionalized to different target analytes. A major disadvantage of this 

sensor is the aggregation and cross talk resulting from the instability of the sensor in the solution 

[49, 61].     Surface-enhanced spectroscopic processes rely on LSPR for their electromagnetic-field 

enhancement. 

LSPR sensors have been used to probe nucleic acid hybridization. For example, LSPR-based 

detection of the BIGH3 gene mutation, which are associated with corneal dystrophy, using a 

multispot gold-caped nanoparticle array have been demonstrated with a detection limit of 1 𝑝𝑀 

[62]. LSPR sensors based on gold nanospheres functionalized with glucose-bearing polymer 

chains were used to study the binding of ConA to glucose. The limit of detection was found to be 

1.9nM and the kinetics was measured to be over 6 orders of magnitude of the target concentration 

[63]. LSPR sensing based on biomolecular interaction of small drug molecule with cytochrome 

has been reported. In this type of sensors, when the LSPR peak wavelength matches the optical 

absorbance of the biomolecule, the nanoparticle experiences a greater LSPR wavelength shift. 

Because cytochrome has absorption bands that overlap the LSPR of silver nanotriangles, when the 

nanoparticles are functionalized with cytochrome P450, a resultant blue- or red-shift in the 

nanoparticle extinction is observed. This shift is usually 3 – 5 times larger than the shift induced 

by the refractive index change produced by the same small molecules [64, 65]. This same principle 

of LSPR sensing has been applied to measure the response to three different drugs: ketoconazole, 
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testosterone and erythromycin. These drugs showed a large red-shift, a large blue-shift and a 

negligible shift respectively [35, 66].   

 LSPR sensing based on silver nanocubes functionalized with an alkanethiol SAM have been used 

to monitor in real-time, the binding of neutravidin to membrane-bound biotin and the binding of 

functionalized lipid molecules to yellow fluorescent protein (YFP). The results show that the 

unbinding rate of YFP was comparable to that measured by fluorescence microscopy [67]. Gold 

nanospheres deposited on an unclad section of an optical fiber and functionalized with 

acetylcholinesterase (AChE) was used as LSPR biosensor to detect paraoxon, an 

organophosphorus pesticide, with detection limit of 0.234ppb [68]. Another researcher has 

demonstrated the use of gold nanorods coated with PEG-thiol (polyethylene glycol) as LSPR 

sensor to detect dithiol molecules including gluatathione and cysteine [69]. In another 

development, LSPR biosensor in which antifibrinogen antibodies were linked to gold-capped 

nanoparticle substrate via RNA aptamer was used to detect fibrinogen with a detection limit of 

0.1ng/ml [69]. 

 Factors Affecting LSPR Properties of Nanoplasmonic Sensors 

 Nanoparticle Dimension 

The size and aspect ratio of nanoparticles affects its optical properties such as the resonance 

wavelength, the extinction cross-section, and the ratio of scattering to absorption. As a result, it is 

important to consider the effect of size and dimension in the selection of nanoparticles for light-

scattering and absorption-based application in biomedicine. Nanoparticles are used as 

nanoplasmonic sensors based on the optical properties they are designed to meet. For example, 

gold nanorods with a smaller effective radius and a higher aspect ratio is best for photoabsorbing 
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application. On the other hand, nanorods with a larger effective radius and high aspect ratio finds 

application in scattering contrast for imaging [70].   

According to Mie theory, the magnitude of the absorption and scattering cross-section varies 

proportionately as 𝑅3 and 𝑅6 respectively, for spherical particles of radius 𝑅 much less than the 

wavelength of light (2𝜋𝑅 ≪  𝜋). As a result, absorption dominates LSPR extinction for smallest 

nanoparticles. However, increasing the size of the particle results in the dominance of the scattering 

cross-section in the LSPR extinction. This transition occurs at around 80nm in particle diameter 

for gold nanospheres [70]. In his study of dark field microscopy of gold colloid, Gustave Mie 

discovered that the LSPR wavelength depended on the size of the particle. The LSPR Wavelength 

of gold nanospheres can be tuned over 60nm by varying the particle size between 10nm to 100nm 

[35, 71]. The plasmon resonance bandwidth has been found to increase for small particles due to 

interband transition. It also increases for larger particles because of higher-order plasmon modes 

[71]. 

Aspect ratio is the ratio of length to width of a particle. The aspect ratio of nanoparticles affects 

their refractive index sensitivity. For example, increasing the aspect ratio of gold bipyramids from 

1.5 to 4.7 was demonstrated to increase the sensitivity from 150nm/RIU to 540nm/RIU [72]. Also, 

increasing the aspect ratio of gold nanorods of radius 10nm, from 1.0 to 3.4 was found to increase 

the sensitivity from 157nm/RIU to 497nm/RIU [70].  

 Nanoparticle Shape   

Apart from the aspect ratio, it has been demonstrated that the shape of nanoparticles affects their 

sensitivity. This has led to the development of different nanoparticles shapes used as biosensors. 

These nanoparticles can be spherical, triangular or cubic in shape. Nanoparticles with sharp tips 
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produce greater refractive index sensitivities [35]. For example, it was demonstrated that the 

refractive index sensitivity of nanotriangles (350nm/RIU) are greater than nanospheres 

(160nm/RIU) [73]. In another demonstration, it was shown that the sensitivity of gold nanosphere 

(60nm/RIU) was much less than that of gold nanoshell (409nm/RIU) [74].   

Other nanoparticle shapes of a great deal of interest, that have been developed through lithography 

include gold nanostars, gold nanocrescent and gold bipyramids, amongst others. The sharp tips in 

these nanoparticles produces a redshift in the LSPR wavelength. Since for a given material 

composition, the refractive index sensitivity varies linearly with the LSPR wavelength, the shape 

of the nanoparticle plays a key role in determining the optical properties of the nanoparticle [75]. 

Although plasmon resonance wavelength has a greater effect on the sensitivity of the 

nanoparticles, the intrinsic shape of the nanoparticles also contributes to the sensitivity of the 

nanoparticles. These sharp features of nanoparticles can be exploited for molecular detection at 

the microscopic level because they create a localized sensing/mode volume of highly enhanced 

electric field intensity. Hence, the shape of nanoparticles are important for biosensing application 

[35]. 

 Nanoparticle Material 

Nanoparticles material composition play an important part in their optical properties. In fact, it has 

been shown that nanoparticle material has much greater effect on the optical properties than the 

particle size [76]. Although other plasmonic nanoparticles whose sensing applications are yet to 

be explored exist, gold and silver nanoparticles have found a wide application in LSPR sensing. 

Gold is preferred to silver because of its chemical stability and resistance to oxidation. However, 

silver nanoparticles have sharper LSPRs and are more sensitive to changes in the local index of 

refraction than gold nanoparticles. For example, silver nanospheres of 50-60nm in diameter, have 
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a greater refractive index sensitivity of 160nm/RIU at approximately 435nm plasmon resonance, 

compared to gold nanospheres of the same size which have refractive index sensitivity of 

60nm/RIU for a plasmon resonance at approximately 530nm [73, 74]. Also, silver nancubes of 30-

50nm in size, have higher refractive index sensitivity of 146nm/RIU for a plasmon resonance at 

510nm, compared with gold nancubes of same size whose refractive index sensitivity is 83nm/RIU 

for a plasmon resonance at 538nm [72, 77]. Table 2.1 presents a summary of the effect of material 

composition on the LSPR of nanoparticles of comparable size and shape. 

 

Particle type Size (nm) LSPR peak (nm) Sensitivity (nm/RIU) 

Gold nanospheres 50 530 60 

Silver 

nanospheres 

60 435 160 

Gold nanocube 44 538 83 

Silver nanocube 30 510 16 

Table 2.1: Effect of Material Compostion on LSPR of particle of similar size and shape  [35] 

The dielectric functions of gold and silver play a significant role in their different refractive index 

sensitivities. Since the LSPR 𝜆𝑚𝑎𝑥 occurs at the wavelength where 𝜖𝑖(𝜆)  is small and 𝜖𝑟(𝜆) =

 −2𝜖𝑚, the real dielectric function of silver increases with wavelength more than that of gold over 

the visible light region. This is especially so at wavelengths between 400 – 600 nm where the 

plasmon resonance lies for most values of the dielectric constant of the surrounding medium. 

However, at higher wavelengths where the slope of the real parts of the dielectric function of the 
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two metals are similar, this difference is less visible [35].  Silver nanoparticles have higher 

scattering efficiency, narrower plasmon linewidths and less plasmon damping compared to gold 

nanoparticles because, the imaginary part of the dielectric function of silver is less than that of 

gold in the visible region [70]. This offers silver a higher preference to gold in sensing applications 

because, it provides a more accurate, sharper and stronger LSPR wavelength peak [35].  

 

 

 

 

. 
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 Theoretical Background to Surface Plasmon 

Resonance 
 Mie Theory for Light Scattering 

This theory, discovered by Gustav Mie in 1908 when he solved Maxwell’s equation for the 

scattering and absorption of light by a homogenous sphere, is used to model light scattering by a 

spherical, isotropic and non-magnetic particle in a non-absorbing isotropic medium. Mie theory 

can also be extended to compute other spherically symmetric geometries such as dielectric 

particles with metallic coatings.  

The Maxwell equation assuming no sources is given by: [78-80] 

  

 

 

∇ × 𝐸(𝑟, 𝑡) =  −
𝜕𝐻(𝑟, 𝑡)

𝜕𝑡
 

3.1 

 

 

 

∇ × 𝐻(𝑟, 𝑡) =  𝜀(𝑟)
𝜕𝐸(𝑟, 𝑡)

𝜕𝑡
 

3.2 

 

 

  3.3 
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∇. 𝐸(𝑟, 𝑡) =  0 

 

 

 

∇. H(𝑟, 𝑡) =  0 

3.4 

 

For a time-varying electromagnetic-field (𝐸, 𝐻) in an isotropic medium, the following Helmholtz 

wave equations hold: 

  

 

 

𝛻2𝐸 + 𝑘2𝐸 =  0 

3.5 

 

 

 

𝛻2𝐻 + 𝑘2𝐻 =  0 

3.6 

 

Where  

 

 

𝑘2(𝑟) =  
𝜔2𝜀(𝑟)𝜇(𝑟)

𝑐2
 

3.7 
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Because of the symmetry of a sphere, the scattered fields can be expressed in terms of vector 

spherical harmonics 𝑀𝑛 and 𝑁𝑛 in place of 𝐸 and 𝐻 respectively. Where the subscript 𝑛 indicates 

that different vector spherical harmonics are used to describe dipolar ((𝑛 = 1), quadrupolar ((𝑛 =

2), etc. contributions to the scattered field. The following equations shows the relationship 

between the scattered fields to the vector spherical harmonics. 

 

 

𝐸𝑠𝑐 = ∑ 𝐸𝑛(𝑖𝑎𝑛𝑁𝑒1𝑛 − 𝑏𝑛𝑀01𝑛)

∞

𝑛=1

 

3.8 

 

 

 

𝐻𝑠𝑐 =
𝑘

𝜔𝜇
∑ 𝐸𝑛(𝑖𝑏𝑛𝑁01𝑛 − 𝑎𝑛𝑀𝑒1𝑛)

∞

𝑛=1

 

3.9 

Where  

 

 

𝐸𝑛 =  𝑙𝑛𝐸0

(2𝑛 + 1)

𝑛(𝑛 + 1)
 

3.10 

where 

𝐸0 is the incident field, the subscripts of 𝑀 and 𝑁, ′0′ and 𝑒 represent the odd and even branches 

of the azimuthal solution of the vector form of the Helmholtz wave-equation; 1 denotes that 𝑚 =

1 terms of the Legendre and Bessel series. The Mie coefficients 𝑎𝑛 and 𝑏𝑛, determine the relative 
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amplitudes of the vector spherical harmonics when excited with a particular wavelength of light. 

They are given as: 

 

 

 

𝑎𝑛 =  
𝑛̅2𝑗𝑛(𝑛̅𝑥)[𝑥𝑗𝑛(𝑥)]′ − 𝜇̅𝑗𝑛(𝑥)[𝑛̅𝑥𝑗𝑛(𝑛̅𝑥)]′

𝑛̅2𝑗𝑛(𝑛̅𝑥)[𝑥ℎ𝑛
(1)(𝑥)]

′

− 𝜇̅ℎ𝑛
(1)

(𝑥)[𝑛̅𝑥𝑗𝑛(𝑛̅𝑥)]′
 

3.11 

 

 

𝑏𝑛 =  
𝜇̅𝑗𝑛(𝑛̅𝑥)[𝑥𝑗𝑛(𝑥)]′ − 𝑗𝑛(𝑥)[𝑛̅𝑥𝑗𝑛(𝑛̅𝑥)]′

𝜇̅𝑗𝑛(𝑛̅𝑥)[𝑥ℎ𝑛
(1)(𝑥)]

′

− ℎ𝑛
(1)

(𝑥)[𝑛̅𝑥𝑗𝑛(𝑛̅𝑥)]′
 

3.12 

 

Where 𝑛̅ = 𝑛1/𝑛2 is the relative refractive index (𝑛1 and 𝑛2 are the complex refractive index of 

the particle and refractive index of the surrounding medium respectively).  𝜇̅ =  𝜇1/𝜇2, where 𝜇1 

and 𝜇2 are the complex relative magnetic permeability of the particle and the complex relative 

magnetic permeability of the surrounding medium respectively. 𝑥 = 2𝜋𝑛2𝑎/𝜆 is the size 

parameter.  𝑎 is the radius of the sphere and 𝜆 is the wavelength in vacuum, 𝑗𝑛 and ℎ𝑛 are the 

spherical Bessel functions and spherical Hankel functions of order 𝑛, respectively.  The primed 

terms in equations 3.11 and 3.12 indicate differentiation of the functions with respect to their 

argument.  

 The magnitudes of the scattering cross-section, 𝜎𝑠𝑐𝑎 is the integral of the modulus of the scattered 

electric-field squared across a spherical surface in the far-field, which is subsequently normalized 

by the incident irradiance |𝐸𝑖| 
2.  
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𝜎𝑠𝑐𝑎 =
𝑘

|𝐸𝑖| 2
∫ |𝐸𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑(𝑟′). 𝑟̂|2𝑑𝑠

𝑑𝑠

 

3.13 

The scattered fields produced by a plane incident on a homogeneous conducting spherical surface 

results in the following total scattering (𝜎𝑠𝑐𝑎), extinction (𝜎𝑒𝑥𝑡), and absorption (𝜎𝑎𝑏𝑠)  cross-

sections: [81] 

 

 

𝜎𝑠𝑐𝑎 =
2𝜋

|𝑘|2
∑(2n + 1)(|𝑎𝑛|2 + |𝑏𝑛|2)

∞

𝑛=1

 

3.14 

 

 

 

𝜎𝑒𝑥𝑡 =
2𝜋

|𝑘|2
∑(2n + 1)[𝑅𝑒(𝑎𝑛 + 𝑏𝑛)]

∞

𝑛=1

 

3.15 

 

 

 

 

𝜎𝑎𝑏𝑠 = 𝜎𝑒𝑥𝑡 − 𝜎𝑠𝑐𝑎  

3.16 

where 𝑘 is the incoming wavevector and 𝑛 are integers representing the dipole, quadrupole, and 

higher multipoles of the scattering. 
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The scattering efficiency 𝑄𝑠𝑐𝑎, is the scattering cross-section normalized by the geometrical cross-

sectional area of the scatterer. Both terms are often used to evaluate the electromagnetic scattering 

response of metallic nanoparticles and they can be expressed by the following equations [80]. 

 

 

 

 

𝑄𝑠𝑐𝑎 =  
𝜎𝑠𝑐𝑎

𝜋𝑎2
 

3.17 

 

Assuming a nanoparticle whose size is very small compared to the size of the wavelength of light, 

𝑥 ≪ 1, then the Mie coefficients 𝑎𝑛 and 𝑏𝑛, can be approximated by power series. Applying 

Bohren and Huffman[81], and keeping only terms to order of 𝑥3, then 𝑎𝑛 and 𝑏𝑛 can be simplified 

to:  

  

 

 

𝑎1 ≈ −
𝑖2𝑥3

3
 
𝑚2 −  1

𝑚2 + 2
 

3.18 

 

 

 

𝑏1 ≈ 0 

3.19 
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where 𝑚 = 𝑛̃/𝑛𝑚 and 𝑛̃ = 𝑛𝑅 + 𝑖𝑛𝐼. Here, 𝑛̃ is the complex refractive index of the metal, and 𝑛𝑚 

is the real refractive index of the surrounding medium.  

when keeping terms to 𝑥3, the higher order terms of 𝑎𝑛 and 𝑏𝑛 are zero. By substituting 𝑚 =

(𝑛𝑅 + 𝑖𝑛𝐼)/𝑛𝑚 into equation 3.18, we can find the real part of the 𝑎1, since it is required in 

equation 3.15 to calculate the extinction cross-section.    

 

 

 

𝑎1 = − 𝑖
2𝑥3

3
 

𝑛𝑅
2 − 𝑛1

2 + 𝑖2𝑛𝑅𝑛𝐼 − 𝑛𝑚
2 

𝑛𝑅
2 − 𝑛1

2 + 𝑖2𝑛𝑅𝑛𝐼 + 2𝑛𝑚
2  

3.20 

 The complex dielectric function of the metal, 𝜀̃ = 𝜀1 +  𝑖𝜀2 is related to the refractive index as 

follows:  

 

 

𝜀1 =  𝑛𝑅
2 − 𝑛𝐼

2 

  

3.21 

 

 

 

𝜀2 =  2𝑛𝑅𝑛𝐼 

  

3.22 

Substituting equations 3.21 and 3.22 with the dielectric function of the medium, 𝜀𝑚 = 𝑛𝑚
2 into 

equation 3.20 gives: 
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𝑎1 =
2𝑥3

3
 
−𝑖𝜀1

2−𝑖𝜀1𝜀𝑚 + 3𝜀2𝜀𝑚 − 𝑖𝜀2
2 + 𝑖2𝜀𝑚

2 

(𝜀1 +  2𝜀𝑚)2 + (𝜀2)2
  

3.23 

By substituting equation 3.23 into 3.15 gives the renowned expression for nanoparticle plasmon 

resonances: 

 

 

 

𝜎𝑒𝑥𝑡 =
18𝜋𝜀𝑚

3/2𝑉

𝜆
 

𝜀2(𝜆)

[𝜀1(𝜆) + 2𝜀𝑚]2 + [𝜀2(𝜆)]2
 

  

3.24 

The scattering cross-section is given as: 

 

 

 

𝜎𝑒𝑥𝑡 =
32𝜋4𝜀𝑚

2𝑉2

𝜆4
 

(𝜀1 − 𝜀𝑚)2 + (𝜀2)2

(𝜀1 +  2𝜀𝑚)2 + (𝜀2)2
 

  

3.25 

where 𝑉 is the volume of the nanoparticle. It is important to note that the above nanoparticle 

approximations for scattering and extinction cross-sections apply strictly to very small particles 

(< 10 𝑛𝑚 diameter). However, they are accurate in the prediction of  the dielectric sensitivity of 

large particles [82].    
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At the condition where 𝜀1 = − 2𝜀𝑚, the extinction cross-section is maximum since the 

denominator is minimized. This is the reason why the LSPR extinction peak depends on the 

dielectric of the surrounding environment. For example, the LSPR peak of gold nanoparticle in 

water (𝜀𝑚 ≈ 1.7) occurs at about 520 𝑛𝑚 since at this wavelength 𝜀1 = − 2𝜀𝑚. Experimental data 

of the absorption spectrum confirms a strong peak at that wavelength for gold colloid. While the 

slope of the real part of the dielectric function in the observed wavelength range is responsible for 

the sensitivity of the nanoparticle to 𝜀𝑚 , the imaginary part of the dielectric function is responsible 

for the damping or resonance peak broadening of the plasmon resonance. It is important to note 

that the surrounding dielectric constant also affects the LSPR wavelength. For example, the LSPR 

for silver at a given surrounding dielectric constant will be blue-shifted compared to gold in the 

same dielectric medium. Although silver has a lower loss due to damping effect, gold is usually 

preferred for most experimental applications because of its chemical stability since, it is less prone 

to oxidation.     

 LSPR Dependence on the Refractive Index 

The Drude model of the electronic structure of metals which describes the collisions between freely 

moving electrons and the lattice of heavy, stationary ionic cores, provides a good approximation 

for of the conduction of noble metals and can be used to model the LSPR peak wavelength 

dependence on the refractive index of the surrounding medium. From the analytical, frequency-

dependent form for 𝜀1, the following equation holds: [35, 83] 

 

  3.26 
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𝜀1 = 1 −  
𝜔𝑝

2  

𝛾2 +  𝜔2
  

where 𝜔𝑝, and 𝛾 are the plasmon frequency and damping frequency of the bulk metal respectively. 

𝛾 ≪  𝜔𝑝 in the visible and ultraviolet regions of the spectrum hence, the Drude equation can be 

further simplified to: 

 

 

 

𝜀1 = 1 −  
𝜔𝑝

2  

 𝜔2
  

3.27 

 

At resonance, 𝜀1 = − 2𝜀𝑚 then, 

 

 

 

𝜔𝑚𝑎𝑥 =
𝜔𝑝  

 √2𝜀𝑚 + 1
  

3.28 

 

   

where 𝜔𝑚𝑎𝑥 is the LSPR peak frequency. Using the relation, 𝜆 = 2𝜋𝑐/𝜔, and 𝜀𝑚 = 𝑛2, we can 

convert the above equation from frequency to wavelength and hence, obtain the relationship 

between the peak wavelength and the refractive index of the medium as follows: 

  



31 
 

 

 

𝜆𝑚𝑎𝑥 = 𝜆𝑝√2𝑛𝑚
2 + 1  

3.29 

 

 Where 𝜆𝑚𝑎𝑥 and 𝜆𝑝 are the LSPR peak wavelength and the plasmon wavelength of the bulk metal 

respectively. The above equation shows that the LSPR peak wavelength varies linearly as the 

refractive index of the medium at optical wavelengths. This linearity is pronounced over a small 

range of refractive index for LSPR peak frequencies or wavelengths.  

 Gans Theory 

Gans theory is an extension of Mie theory to spheroidal particles much smaller than the excitation 

wavelength. He found that the absorption cross-section is dependent on the aspect ratio of the 

particles. According to this theory, the absorption cross-section for a prolate spheroid is given as: 

[35, 84]  
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The sum over 𝑗 accounts for the depolarization factors (𝑃𝑥 , 𝑃𝑦 𝑎𝑛𝑑 𝑃𝑧) for the dimensions of the 

particle. Where 𝑥 > 𝑦 = 𝑧 for a prolate spheroid. The values of 𝜀1 and 𝜀2 and hence, the LSPR 

peak frequencies are altered anisotropically by the depolarization factors which are given as: [35] 
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where 𝑒 is a factor which includes the particle aspect ratio 𝑅, and it is expressed as: [85-87] 

 

 

𝑒 = [1 −  (
𝑦

𝑥
)

2

 ]
1/2

=  (1 −  
1

𝑅2
)

2

 

3.33 

 

From equation 3.30, the corresponding extinction spectrum gives two peaks: the transverse 

plasmon mode peak and the longitudinal plasmon mode peak. While the former results from the 

contributions of  𝑥 and 𝑦 to the sum, the later is from the 𝑧 contribution. It is obvious from equation 

3.30 that increasing the aspect ratio of the nanoparticle results in a corresponding increase in the 

sensitivity of the nanoparticle to the refractive index of the surrounding medium and hence, 

redshift in the plasmon peak wavelength. Apart from spheres and spheroids, for other 

nanoparticles, the shapes determine the LSPR spectrum [88].   
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 Localized SPR (LSPR) Sensors 

LSPR sensors are non-propagating surface plasmon sensors. They are excited on nanostructured 

metal surfaces and the LSP resonance can be tuned by changing the size, shape and composition 

of the nanoparticle [89]. Unlike the propagating SPR sensors, LSPR sensors do not require prism 

or grating coupling to excite the conduction electrons. Light can be absorbed or scattered by the 

metal nanoparticle if the wavelength of the incident light matches the resonance wavelength of the 

metal nanoparticle.  

 Techniques for LSPR Measurement  

Nanoparticles convert the energy of incoming photons into a collective oscillation of electrons. 

The molar extinction coefficients of the wavelength-selective absorption and scattering of light 

produced is several orders of magnitude higher than typical molar extinction coefficients of 

organic dye molecules [90]. For example, the scattering cross-section of light from a silver 

nanoparticle is many orders of magnitude greater than the fluorescence cross-section of a 

fluorescein molecule [90]. This is the reason nanoparticles biosensors, in particular Localized 

Surface Plasmon Resonance (LSPR) biosensors, have emerged as a leader among label-free 

biosensing techniques such as labels immunoassays, surface-enhanced spectroscopies and 

biochemical sensors [91]. This property of nanoparticles arises from the fact that they absorb and 

scatter light very intensely when illuminated with light whose wavelength is equal to its Localized 

Surface Plasmon Resonance wavelength. The electrons in the conduction band of the nanoparticles 

oscillate at the resonance frequency which is dependent on the size, shape and composition of the 

nanoparticle. Figure 3.1 shows a schematic representation of a typical LSPR.  
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Figure 3.1: Schematic representation of a LSPR [92] 

 Refractive Index Sensing 

Although the composition, size, shape, and the orientation of the nanoparticles contribute to the 

shift in the LSPR peak wavelength, the local dielectric environment of the nanoparticles also 

determines its peak wavelength, extinction and scattering spectral [83, 93]. A change in the local 

refractive index of the nanoparticle environment can result into spectral shifts in the intense 

nanoparticle extinction and scattering spectra. Simple spectrometer setup can be used to measure 

the molecular binding in real-time with high sensitivity. This is because most organic molecules 

tend to increase the local refractive index which in turn causes extinction and scattering spectrum 

to redshift when they bind to nanoparticles [39, 47, 94-97]. The relationship between LSPR shift 

and changes in refractive index can also be expressed as:[91]  

 

 

  3.34 
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Δ𝜆 = 𝑚 (𝑛𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 − 𝑛𝑚𝑒𝑑𝑖𝑢𝑚)[1 − 𝑒𝑥𝑝
(−

2𝑑
𝑙𝑑

)
] 

  

Where 𝑚 is the sensitivity factor (in nm per refractive index unit (RIU)), 𝑛𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 and 𝑛𝑚𝑒𝑑𝑖𝑢𝑚   

are the refractive indices (in RIU) of the adsorbate and medium surrounding the nanoparticle, 

respectively, 𝑑 is the effective thickness of the adsorbate layer (in nm) and 𝑙𝑑 is the electromagnetic 

field decay length (in nm) [91]. The shift in LSPR peak is linear to a good approximation over a 

small range of the local refractive index [35].  

The sensitivity 𝑚, and the electromagnetic field decay length 𝑙𝑑 depend on the nanoparticle size, 

shape and composition of the nanoparticle. Optimizing these characteristics of nanoparticles as 

well as the change in the refractive index of the surrounding medium, which can be achieved using 

larger molecules and resonant labels, help to maximize the LSPR shifts.  

 Molecular Sensing 

Apart from sensitivity to changes in the local refractive index of the surrounding medium, LSPR 

sensors can also detect molecular binding. It is important to note that there is a subtle difference 

between the sensitivity of nanoparticles to the bulk refractive index of the surrounding medium 

and the sensitivity of nanoparticles to molecular detection because molecular detection sensitivity 

depends on both the details of the nanoparticles surface structure and on its local environment. 

LSPR is sensitivity to a nanoscale region around the nanoparticle because of the rapid decay with 

distance from the nanoparticle associated with the electric fields enhancement. As an illustration 

of this fact, in the work of Unger et al., an AFM tip was used to maneuver 60nm dielectric spheres 

into close proximity with a gold nanocrescent. When the dielectric sphere was placed in the region 
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where the electric field was enhanced, there was an average shift of 11nm in the LSPR peak 

wavelength [35, 98]. Figure 3.2 below illustrates this difference. 

 

  

Figure 3.2: Bulk refractive index sensing versus molecular sensing by LSPR. In the case of 

molecular sensing by LSPR, the change to the dielectric environment of the nanoparticle is 

confined to the sensing volume[35] 
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Figure 3.3: LSPR molecular detection sensitivity dependence on distance from particle surface. 

(a) Detecting short SAM of varying length. (b) Detecting SAM multilayers. Copyright 2004 

American Chemical Society [99, 100]. 

Self-assembled monolayer (SAM) formation on surface of nanoparticle is an example of molecular 

sensing by LSPR. Malinsky, Haes, et al. used SAM of varying carbon chain length to measure the 

LSPR shifts upon monolayer formation on silver nanotriangles fabricated via nonosphere 

lithography as the length increased one CH2 per group at a time [99-101]. They observed a decrease 

in the LSPR sensitivity with distance as the length of SAM was increased. A shown in Figure 3.3, 

they also demonstrated that SAM of varying alkane chain length (from 2 to 17 carbon atoms) 

varies linearly with the LSPR peak wavelength on the layer thickness up to 3nm from the surface 

of the nanoparticle. For biosensing application, the thickness of the capture layer for SAM should 

be minimized so that the shift due to target binding can be observable [35]. 

A figure of merit for molecular detection sensitivity FOMmol was proposed Nusz et al. They 

defined it as the ratio of the maximum number of bound molecules on the nanoparticle (or dynamic 
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range, DR) to the minimum number of detectable molecules (or molecular detection limit, MDL). 

While they estimated the DR from the available surface area of the nanoparticle’s, they proposed 

the following for the MDL: [35, 102]    
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where 𝑉𝑆 is the sensing volume, 𝑉𝐴 is the analyte volume, Δ𝑅𝐼 is the refractive index difference 

between the analyte and the surrounding medium, 𝑈𝑠𝑦𝑠𝑡𝑒𝑚 is the uncertainty in the physical 

detection of the LSPR peak, 𝑈𝑓𝑖𝑡 is the uncertainty in the fitting of the LSPR peak, 𝑆0 is the bulk 

refractive index sensitivity, 𝑟 is the distance from the surface of the particle to where the analyte 

binds, and 𝑙𝑑 is the decay length of the electric field from the particle surface.  
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It was determined that the ideal nanorod geometry for molecular detection of streptavidin is 

approximately 60nm by 30nm with a predicted MDL of 18, while Becker et al, proposed that the 

optimal nanorod aspect ratio for sensing should be between 3 and 4 [35, 103]. 

 Measurement of the Sensitivity of LSPR 

The sensitivity, 𝑆 of nanoparticle is expressed as the shift in the LSPR peak per unit refractive 

index unit (𝑛𝑚/𝑅𝐼𝑈). Since LSPR sensing depends on the shift in the peak wavelength, the 

sensitivity of the nanoparticles determines the precision of the shift that can be measured with 

respect to changes in the local refractive index. Although larger nanoparticles exhibit higher 

sensitivity, their peaks are broadened by multipolar excitations and radiative damping [35].  
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Spectral linewidth, extinction intensity, electromagnetic-field strength and decay length are 

important plasmon characteristics to consider when dealing with the sensitivity of LSPR sensors. 

The sensitivity of nanoparticles to local refractive index can be enhanced by increasing the 𝑚 value 

and the electromagnetic field decay length 𝑙𝑑. These can be achieved by increasing the aspect ratio 

(width/height) of nanosphere lithography (NSL)–Fabricated nanoparticles which results in redshift 

in the peak wavelength, 𝜆𝑚𝑎𝑥. The sensitivity of  LSPR can also be improved by narrowing spectral 

linewidths and increasing extinction [91].  
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To characterize nanoparticles sensing capabilities, a figure of merit (FOM) is used. FOM is the 

ratio of sensitivity to the resonance line width of the nanoparticle. Although the two debated units 

for FOM are  𝑒𝑉/𝑅𝐼𝑈 and 𝑛𝑚/𝑅𝐼𝑈, it is important to be consistent when using any of the units 

for any comparison. The FOM of a nanoparticle is expressed as follows: [35, 77] 
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The difficulty in defining a consistent LSPR line width Δ𝜆 for some complex plasmonic 

nanostructures such as metameterials, lead to the proposal of a more generic metric for FOM* by 

Becker et al. They compared the sensing ability of different nanostructures in terms of the relative 

intensity change 𝑑𝐼/𝐼 that occurs at a given wavelength 𝜆0 as a function of a small change 𝑑𝑛 to 

the local refractive index of the surrounding medium and excluded the line width. Their 

proposition makes it easier to compare sensors based on changes in intensity and those based on 

shift in the peak wavelength. FOM* can be expressed in terms of the refractive index sensitivity, 

𝑆 as follows, for the latter type [35, 103]. 
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FOM* is usually defined for the wavelength that gives the maximum intensity change with 

refractive index. 

Single-particle sensors offer improved absolute detection limits and provide better S/N resolution. 

They also enable higher spatial resolution in multiplexed assays and are useful for measurements 

in solutions, or inside cells and tissues [104-109]. The extinction of a single spherical metal 

nanoparticle can also be expressed as follows: [110]   
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𝐸(𝜆) is the extinction, the sum of absorption and scattering, 𝑎 is the radius of the metallic 

nanosphere, 𝑁𝐴 is the areal density of nanoparticles, 𝜖𝑚 is the dielectric constant of the medium 

surrounding the nanosphere, assumed to be a positive, wavelength-dependent, real number. 𝜖𝑟(𝜆) 

is the real portion of the metallic nanosphere’s wavelength-dependent dielectric function. The 

LSPR 𝜆𝑚𝑎𝑥 occurs at the wavelength where 𝜖𝑖(𝜆)  is small and 𝜖𝑟(𝜆) =  −2𝜖𝑚, making the 

denominator of the term in brackets approach zero. A factor, 𝜒 which is a function of the 

nanoparticle aspect ratio and accounts for nanoparticle shape is introduced into equation 2 for 

nanospherical nanoparticles so that the LSPR occurs when 𝜖𝑟(𝜆) =  −𝜒𝜖𝑚. Increasing the aspect 

ratio of nanoparticles increases 𝜒  and results in a greater refractive index sensitivity [110].   

The surface area of smaller nanoparticles is very useful for protein labelling and cellular imaging 

because they help to reduce non-specific interactions and enables more target binding. They 
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produce more confined electromagnetic fields which makes them more sensitive to single 

molecules which occupy a greater portion of their sensing region.    

 Enhancing LSPR Shift 

Increasing the effective change in refractive index per molecules binding increases the sensitivity 

of nanoparticles. One way to achieve this is using lager molecules which produce larger LSPR 

shifts in proportion to the mass of the molecule [99, 100, 111]. Nanoparticle substrates that exhibit 

high sensitivity to changes in refractive index are used for detecting an analyte biomolecule. 

According to the Drude model of electronic structure of metals, plotting the LSPR frequency 

against the change in refractive index of the adsorbate and the surrounding medium give a linear 

relationship within a small range of the refractive index [35]. 

Another way involves plasmon resonance coupling.  Chromophores that absorb visible light have 

been used with nanoparticles to detect small molecules binding to protein receptors. Redshift 

results when chromophores adsorb onto silver nanoparticles. The amount of redshift is dependent 

on the spectral overlap between the molecular absorbance of the chromophore and the LSPR of 

the nanoparticle. This sensitivity to molecular absorption makes it possible to develop highly 

sensitive sensors based on shift in molecular absorbance in response to analyte concentration. It is 

possible to detect weak changes in molecular absorption intensity or wavelength by combining 

indicator dyes with LSPR nanosensors. This is achieved by transducing the weak signal into 

spectral shift in the intense LSPR scattering and absorbance signals. However, a major setback 

with this method is to select and optimize the nanoparticle LSPR to match the dye resonance and 

to control potential interferants [64, 91, 112-115].  
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Nanoparticles also show distance-dependent coupling with other particles or surfaces displaying 

plasmon resonance. By sandwiching molecules between two nanoparticles, LSPR sensitivity can 

be exploited to detect changes in the extension of single molecules. Hence, conformational changes 

and binding interactions can be explored using nanoparticles as labels for proteins and ligands. 

The orientation of the nanoparticle pair with respect to the polarization axis of the incident light 

determines the magnitude and direction of the spectral shift [83, 113, 114, 116-124]. The spectral 

shift decreases approximately exponentially with the distance between nanoparticles [119]. This 

distanced dependence is roughly proportional to the particle radius, such that smaller particles are 

more sensitive to small changes in plasmonic spacing [91].   

Plasmonic coupling has greater effect on LSPR shift than changes in the local refractive index of 

the surrounding medium [51]. The hybridization of DNA oligonucleotides complementary to the 

single-stranded DNA (ssDNA) has been detected by a molecular ruler exploiting plasmonic 

resonance coupling between nanoparticles. Straptavidin-functionalized gold nanosphere, 40nm in 

diameter, were immobilized on glass slides and then exposed to nanoparticles functionalized with 

biotinylated ssDNA. The ssDNA-functionalized nanoparticles were captured by the immobilized 

nanoparticles to forms pairs. The effect of plasmon resonance coupling between the nanoparticles 

resulted in an immediate redshift and an increase in scattering intensity of the immobilized 

nanoparticles. These plasmonic rulers have been used to measure dynamic biophysical processes 

[91, 113]. 
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 Design Layout of Real-Time Plasmonic qPCR 

Instrument  
 

As shown in figure 4.1, our plasmonic qPCR instrument design is based on the same principle as 

that by Roche et al. [125] with some modifications. The following sections describes the three 

main components of this instrument: the thermocycling, the sensing part and the control system.    

 

Figure 4.1: Design Layout of Real-Time Plasmonic qPCR System 

 Optical Thermocycling Instrument Design 

PCR requires thermocycling between different temperatures from denaturation, to annealing, and 

then to elongation. This optical thermocycling instrument design, exploits the photothermal 

property of nanoparticles to provide the heat needed for thermocycling in PCR. Nanoparticles 

under excitation with light at the resonance wavelength, generate oscillating dipole. The energy 
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generated from this oscillation is dissipated through ohmic heating losses to raise the temperature 

of the surrounding medium. [126-128]. Thus, each nanoparticle is exploited as a nano-heater for 

to heat the PCR solution. Equation 4.1 models the heating effect of a colloidal solution of 

nanoparticles [129]. Although the nanoparticle can either be in direct contact or indirect contact 

with the reaction mixture, it is preferable to use the direct contact method since it improves on the 

heating efficiency of the nanoparticle on the PCR mixture. The heating efficiency is determined 

by the aspect ratio of the GNRs. Additionally, the concentration of the nanoparticles in the reaction 

mixture directly affects the heating efficiency according to formula:  
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4.1 

   

where 𝐴𝜆 =  ℇ𝑒𝑥𝑡𝑐𝑙 is the absorbance,  𝑚 is the mass of the solution, 𝐶𝑝 is the specific heat capacity 

of the solution, 𝑇 is the solution temperature, 𝑡 is the time, 𝑃  is the power of the incident laser, 

ℇ𝑎𝑏𝑠 is the molar absorption coefficient, ℇ𝑒𝑥𝑡 is the molar extinction coefficient, 𝜂 is the power 

conversion efficiency of the nanoparticle, ℎ is the heat transfer coefficient between the solution 

and surrounding, 𝑆 is the surface area separating the solution from the surrounding, and 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 

is the ambient temperature.  

The steady state solution for the differential equation above for a fixed laser output power is given 

as [130]: 
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4.2 

   

The optical thermocycling part consists of an 800 𝑛𝑚 (5000 𝑚𝑊)  LRD-0808 collimated diode 

laser system purchased from Laserglow Technology. The laser is set to operate at 2 𝑊 and the 

collimated beam from this laser is focused onto a 0.2 𝑚𝑙 thin wall PCR strip tube with a Thorlabs’ 

LA1951-B-ML N-BK7 plano-convex lens, with 25.4 𝑚𝑚 focal length and 25.4 𝑚𝑚 diameter. 

The focused beam diameter is adjusted to cover the area of the PCR strip tube containing the PCR 

mix and gold nanorod solution for effective power control and efficient heating for optimal PCR 

product. A 12V DC brushless fan from Digi-Key Electronics connected to 5DVC relay (SRD-

05VDC-SL-C) is used to provide cooling for the PCR system. An infra-red thermometer from 

Optris, placed 10 𝑚𝑚 from the PCR strip tube, is used to record the temperature of the PCR and 

gold nanorods solution. The light from the heating laser is used to excite the gold nanorods since 

the wavelength of the incident light is the same as the longitudinal resonance wavelength of the 

gold nanorods in the solution. This causes the gold nanorods to generate the heat needed for 

thermocycling. 

The rate of energy transfer to the nanoparticle and consequently, the temperature of the PCR 

reaction mixture can be controlled by varying the intensity of the 800 𝑛𝑚 laser beam and the 

exposure time of the nanoparticles to the beam. Hence, rapid thermocycling between different set 
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temperatures is achieved by the excitation of GNRs in the reaction mixture through controlled 

pulsing of the 800 𝑛𝑚 laser, accompanied by a cooling system.    

 LSPR Optical Sensing Instrument Design 

The optical sensing component of the LSPR qPCR instrument is required to measure the change 

that occurs during the PCR process. In principle, as PCR progresses from the initial cycle to the 

final cycle, DNA is amplifier exponentially and hence, the concentration of DNA in the PCR 

solution increases because of this amplification. This alters the optical properties of the PCR mix 

medium surrounding the gold nanorods. The change in the optical properties of the medium results 

in a corresponding shift in the resonance wavelength of the nanoparticles. Experimental results 

obtained from this system suggests a decrease in transmission of light at 670 𝑛𝑚 as the 

concentration of DNA increases. 

The optical sensing instrument consists of a 10 𝑚𝑊, 670 𝑛𝑚 laser diode that provides the light 

used to probe the PCR-gold nanorod solution. This wavelength of light is so chosen to exploit the 

lowest absorbance point between the transverse and longitudinal resonances of the 808 𝑛𝑚 gold 

nanorods for sensing [125]. The probe laser is powered from a constant current source to keep the 

output power of the laser constant over the period of the PCR cycle. An optical shortpass filter 

(FES0750) with 750 𝑛𝑚 cut-off wavelength is used to filter out noise from wavelengths of light 

other than 670 𝑛𝑚. This includes noise from the heating laser and other light sources in the 

surrounding. The filtered light is then focused onto a PDA34 silicon amplified photodetector, used 

to measure the transmitted light through the solution on the opposite end of the PCR strip tube. 

The output from the photodetector is connected to a SR830 DSP lock-in amplifier (Stanford 

Research Systems) modulated by a sine wave at 1000Hz to further filter out noise. The 
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laser/photodetector system and the heating laser system were aligned at 900 to each other on a 3D 

plastic holder as shown in figure 4.1. Apart from the heating laser, all other components were 

purchased from Thorlabs. 

 The Control System 

The control operation is handled by a programmed Arduino Due microcontroller which provides 

the digital proportional control used to: modulate the heating laser, control the fan, keep track of 

the temperature of the PCR solution from the IR thermometer during the thermocycling process 

and record the transmission signal from the lock-in amplifier in real-time. The output data of the 

Arduino Due which consists of time, the temperature of the solution, cycle number and the 

transmission output from lock-in amplifier is then recorded and displayed via the serial monitor.         

 Choice of Gold Nanorods 

As predicted by Gans’s theory, gold nanorods which are commonly treated as ellipsoids, given a 

fixed geometric parameter, show a redshift in the resonance wavelength of the longitudinal mode 

in a medium with increasing dielectric constants [87].Gold nanorods (GNRs) have both lateral and 

axial dimensions that give rise to corresponding transverse and longitudinal plasmon resonance 

wavelengths. GNRs have greater extinction coefficients than gold nanospheres and they produce 

more heating power per unit of laser power incident on the nanoparticle. This property makes gold 

nanorods a preferred choice to gold nanospheres in simple, fast and sensitive LSPR biosensing 

application.  

To explain the reason why GNRs were used instead of carbon nanotubes, the maximum optical 

density (OD) per unit length for single-wall and multi-wall carbon nanotube (SWCNT) without 

PCR inhibition was determined to be 0.144 𝑚𝑚−1 and 0.0446 𝑚𝑚−1 respectively, while the 
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maximum OD per unit length for gold nanorods without PCR inhibition was 3.05 𝑚𝑚−1.  By 

implication, the plasmonic heating of GNR and CNTs, show that GNRs are almost 21-times more 

absorptive of light and generate more heat than SWCNTs and 68-times more absorptive and heat 

generating than MWCNTs. Hence GNRs are more preferred to CNTs. 

The maximum absorption of the longitudinal plasmon resonance wavelength shows a linear 

dependence on the aspect ratio (defined as the longitudinal axis divided by the diameter in 

nanometers) of GNRs [87]. For example, GNRs with diameters 10 𝑛𝑚 and 20𝑛𝑚, that with a 

smaller diameter (10 𝑛𝑚) corresponding to a higher aspect ratio, would provide a better heating 

efficiency than that with larger diameter or a lower aspect ratio. This property is important in 

optimizing the heating efficiency of GNRs used in thermocycling. Hence, by using a particle with 

a large absorption cross-section and a corresponding high extinction coefficient, the heating 

efficiency is maximized.    

GNRs are modified with Polyethylene glycol (PEG) or any other chemical with similar property 

of preventing the inhibition of a positive active site of polymerase class enzymes. The PEG-GNR 

can be used as generic heaters irrespective of the type of polymerase, size of the DNA template or 

the type of DNA template. As PCR proceeds, amplified DNA products bind to the surface of GNRs 

thereby changing the dielectric constant around the nanoparticles and hence, induce a change in 

the resonant absorbance and spectral position. A probe laser is then used to measure the change in 

absorption at a particular wavelength.  

In this work, we used GNRs functionalized with PEG (also called PEG-GNR) with 811 𝑛𝑚 (this 

was the closest to 808 𝑛𝑚 available) longitudinal resonance wavelength, 513 𝑛𝑚 transverse 
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wavelength, 78𝑛𝑀 concentration, 9.8 × 108𝑀−1𝑐𝑚−1 Molar Extinction, and 4.1 aspect ratio 

(10 𝑛𝑚 diameter and 41 𝑛𝑚 length) from Nanopartz.  
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 Experimental Procedures/ Description of 

Experiments 
 

 Investigating Potential Inhibition of GNRs to PCR 

The concern that polymerases are known to interact with gold nanoparticles by electrostatic 

adsorption to the surface of the particle thereby blocking the active site and preventing DNA 

polymerization, led to the investigation of the potential inhibition of GNRs to PCR reaction. The 

aim was to determine the concentration required for optimum heating and non-inhibition of PCR. 

A dilution series was prepared from the stock GNRs by replacing water with increasing volumes 

of gold nanoparticles in the aqueous solution. Each PCR mixture contains increasing concentration 

of GNRs. Eppendorf thermocycler was used to perform the PCR reactions.  

 Inhibitory concentration of bare gold nanorods (GNR). 

Dilution series was carried out for 1 𝑛𝑀 stock concentration of non-functionalized (or bare) GNR. 

The GNRs were washed and concentrated; thereafter, they were diluted from 3𝑛𝑀 to 0.2𝑛𝑀. In a 

total volume of 20𝜇𝑙 PCR reaction, 9𝜇𝑙 of GNRs was added to the mixture. A control PCR without 

GNR was also performed. It was observed that PCR was inhibited at 0.5𝑛𝑀 concentration of non-

functionalized GNRs. The results from the PCRs was visualized through gel electrophoresis using 

1% agarose gel as shown in figure 5.1. It is obvious from the result that although bare GNRs can 

be used in PCR reactions, any concentration greater than 0.5𝑛𝑀 would be inhibitory to the PCR 

reaction.   
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Figure 5.1. Gel result for non-functionalized GNRs inhibitory test 

 Inhibitory concentration of PEGylated GNR. 

Dilution series was carried out for 1 𝑛𝑀 stock concentration of non-functionalized (or bare) GNR. 

The GNRs were washed and concentrated or diluted from 1𝑛𝑀 to 100𝑛𝑀. In a total volume of 

20𝜇𝑙 PCR reaction, 9𝜇𝑙 of GNRs were added to the mixture. A control PCR without GNR was 

also performed. It was observed that PCR were inhibited at 100𝑛𝑀 concentration of PEG-GNRs. 

The results from the PCRs was visualized through gel electrophoresis using 1% agarose gel as 

shown in figure 5.2. It is obvious from the result that PEG-GNRs can also be used in PCR reactions 

however, extremely high concentration of PEG-GNRs (greater than 50𝑛𝑀) would be inhibitory to 

the PCR reaction.  

 

Figure 5.2: Gel result for PEG-GNRs inhibitory test 
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 Effect of CTAB on PCR reaction.   

PEG-GNR particles were prepared in 1% CTAB or washed and resuspended in water, at different 

concentration (20𝑛𝑀 or 30𝑛𝑀). In a total volume of 20𝜇𝑙 PCR reaction, 9𝜇𝑙 of GNRs were added 

to the mixture. A control PCR without GNRs was also performed. It was observed that PCR was 

inhibited at 100𝑛𝑀 concentration of PEG-GNRs. The results from the PCRs was visualized 

through gel electrophoresis using 1% agarose gel as shown in figure 5.3. It is obvious from the 

result that there was no inhibition or toxicity to the PCR reaction from the presence of CTAB in 

the reaction mixture. Hence, the presence of CTAB does not inhibit the PCR reaction.  

 

 

Figure 5.3: Gel result for CTAB inhibitory test 

 Plasmonic PCRs Using PEG-GNRs 

After the inhibitory effect of gold nanoparticles in PCR was investigated, experiments were carried 

out using PEG-GNR in the plasmonic system. The PEG-GNRs and PCR reaction mixture were 

placed within a 0.2 𝑚𝑙 thin wall PCR strip tubes. The mixture was covered with 50 𝜇𝑙 of mineral 

oil and capped to prevent evaporation. The constituents of the PCR reaction mixture are as shown 

in table 5.1.  
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Components of Positive PCR  Components of Negative PCR  Volume 

(𝜇𝑙) 

5 X Phusion HF Reaction Buffer (NEB) 5 X Phusion HF Reaction Buffer (NEB) 4 

dNTPs (10nM) (NEB) dNTPs (10nM) (NEB) 0.5 

Forward Primer  Forward Primer 1 

Reverse Primer Reverse Primer 1 

DNA d2H2O 2 

Klen Taq Polymerase Klen Taq Polymerase 1.6 

PEG-GNR (808nm) PEG-GNR (808nm) 1 

d2H2O d2H2O 8.9 

Total Total 20 

Table 5.1: Volume of Components of Positive and Negative PCR Reactions Mixture 

The final volume of the GNRs-PCR mixture was 20 𝜇𝑙 and a total of 70 𝜇𝑙 volume of GNR-PCR 

mixture and mineral oil were contained in the PCR tube. The reaction tube was placed in a plastic 

holder which also houses the IR thermometer, 670 𝑛𝑚 probe laser, fan, and photodetector; and 

provides the path for focused light from the 808 𝑛𝑚 heating laser to irradiate the reaction tube. 
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The cooling fan and heating laser were controlled through an Arduino microcontroller interface. 

The IR thermometer was placed 10 𝑚𝑚 from the bottom of the tube secured in the plastic holder, 

to record the temperature via the microcontroller.  

The temperature for each stage of the reaction and the time to maintain each set temperature are 

set via the Arduino microcontroller graphical interface. A USB link transmits the information from 

the microcontroller to the computer. A negative feedback control system is established with the 

help of the set temperatures and times to actuate the cooling fan and dynamically pulse the heating 

laser depending on the temperature required and the stage of the reaction cycle. The temperature 

curve showed a good stability during plasmonic thermocycling. The denaturation (85.0 ±

0.11℃), annealing (60.0 ± 0.09℃), and elongation (72.0 ± 0.13℃) showed an overall accuracy 

of 0.1℃.  

 

Figure 5.4: Thermocycling Temperature Curve for 30 Cycles 
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Figure 5.6 shows the thermocycling achieved through plasmonic heating. It took just over 

10 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 of total reaction time to complete the experiment. Following the temperature curve 

in figure 5.6, the reaction process can be understood. First, the temperature of the PCR mixture 

was raised from room temperature to 85.0℃ to allowe for the denaturation of DNA for 

30 𝑠𝑒𝑐𝑜𝑛𝑑𝑠. This is the hot-start stage. Apart from this first denaturation stage otherwise know as 

the hot-start phase, subsequent denaturation stages were allowed for just 1 𝑠𝑒𝑐𝑜𝑛𝑑. Once the 

denaturation phase is completed, the heating laser is turned off and the fan is activated to allow for 

the cooling of the PCR mixture. Hence, the temperature of the PCR mix is lowered to 60.0℃ at 

the annealing stage. This temperature is held at this stage for   5 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 by pulsing the heating 

laser to compensate for the temperature difference through the feedback system of the 

microcontroller. After the annealing stage is completed, the elongation phase sets in and the fan is 

turned off. The laser is turned on and the nanoparticles heat up the PCR solution from the annealing 

temperature to 72.0℃ which is the elongation temperature. At this temperature the temperature is 

held for 1 𝑠𝑒𝑐𝑜𝑛𝑑 by pulsing the laser as described for the annealing phase above. The process is 

repeat for 30 Cycles. 

 

Figure 5.5: Gel Electrophoresis Results for Plasmonic PCR 
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The product of the PCR is separated on a 1.5% agarose gel by electrophoresis. Figure 5.7 show 

the picture of a gel result. Lane 1 contains the size marker and lane 2 is the negative control without 

DNA while lane 3 and 4 contain positive controls.   

In conclusion, the success of a PCR reaction depends on the type and concentration of the 

nanoparticles used. PEG nanoparticles are less inhibitory to PCR than bare nanoparticles, and 

above a certain concentration, both PEG and bar nanoparticles become inhibitory to the PCR 

reaction. The gel results of the PCR reaction produced by our plasmonic system shows a very 

robust product comparable to those of conventional PCR machines  
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 Real-Time Monitoring of DNA amplification 
 

Real-time monitoring of PCR reaction to detect DNA amplification involves the irradiation of the 

reaction mixture with a probing laser light beam with wavelength different from the resonant 

wavelength. This is chosen to isolate the spectral impact of the probe laser from the photothermal 

properties of the nanoparticle at the resonant wavelength. Since GNRs are used, the longitudinal 

resonance wavelength of the nanoparticle is exploited for heating the PCR while a wavelength 

between the transverse and longitudinal resonance wavelengths is chosen for monitoring. Hence, 

808 𝑛𝑚 laser was chosen to excite the GNRs for heating purpose while 670 𝑛𝑚 was chosen as 

the wavelength of the probing light beam for monitoring.  

An infra-red thermometer is used to optically monitor the change in temperature of the reaction 

mixture as it heats up through optical excitation of the GNRs. If well calibrated, a probe laser can 

also be used for temperature monitoring. Since the optical properties of nanoparticles change with 

respect to the change in temperature of the surrounding medium, another way to monitor the 

temperature of the reaction mixture would involve the use of probe laser with a wavelength 

different from the resonance wavelength of the nanoparticles to monitor the change in the 

scattering or absorbance of the nanoparticles.  

The amount of DNA amplification can be monitored in real time by measuring the intensity of the 

transmitted probe laser light through the solution using a photodetector. Nanoparticle of resonance 

wavelength different from that used in the photothermal heating of the solution can also be used 

in the reaction mixture for monitoring the amplification process. A photodetector is used to 

monitor the transmitted light resulting from the interaction of the probe laser beam with the 
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monitoring nanoparticles. This is then sent to a lock-in amplifier for filtering at 1000 𝐻𝑧. The 

filtered result is then sent to the Arduino microcontroller for processing and analysis. Figure 6.1 

shows the temperature and transmission curve for a PCR experiment. 

 

Figure 6.1: Plasmonic Temperature and Transmission Curves 

The data from the temperature and transmission readings are saved in excel file for further analysis 

using Matlab. 

 DNA Concentration Versus Transmitted Light Intensity 

The intensity of the transmitted light is proportional to the absorption of the nanoparticle which 

varies as the amount of DNA in the reaction mixture. A simple experiment to determine how the 

intensity of the transmitted light varies as the concentration of DNA was carried out. In this 

experiment, 2 𝜇𝑙  of 4.5 × 106 𝑐𝑜𝑝𝑖𝑒𝑠/𝜇𝑙 of genomic DNA was mixed with 18 𝜇𝑙 of 2.5 𝑛𝑀 of 

GNRs in a PCR strip tube and the transmitted light through the solution was monitored through a 

photodetector and lock-in amplifier system. The genomic DNA was diluted to different fractions 

of the initial concentration in the GNRs solutions and the transmissions were recorded. To avoid 
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reading errors arising from measuring from different sides of the PCR strip tube, the experiment 

was carried out in one tube without replacement. The dilution of the DNA to different 

concentrations was done in the same tube without moving it. This helps to mimic real PCR except 

that other components of the PCR apart from DNA were not present in the solution.        

 

Figure 6.2: DNA Concentration Versus Transmission at 670nm 

Figure 6.2 shows a linear relationship between the concentration of DNA and the transmitted light. 

The equation of the straight line fit for the data, is given as: 

 

 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = (0.0024 × 𝐶𝑜𝑝𝑦 𝑁𝑢𝑚𝑏𝑒𝑟) + 31.123 

6.1 

   

This equation predicts that there would be a 0.24% increase in the transmission signal for every 

100 copies of genomic DNA replicated. This means that since PCR is an exponential process and 

y = 0.0024x + 31.123
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taking into account the 1𝑚𝑉 noise level of our detection system, our plasmonic PCR system is 

capable of detecting at least 10,000 copies of DNA during amplification in real time.  

Apart from the concentration of the DNA, the temperature of the PCR mixture has a small effect 

on the plasmonic absorption of the gold nanoparticles. This is so because dephasing of the surface 

plasmon electron motion is caused by electron-electron repulsion rather than electron-phonon 

interaction. Previous report shows that there is a very small decrease in the absorbance of 

nanoparticles at elevated temperature [71]. This implies that the transmission through the PCR 

solution increases slightly with increase in temperature. Hence, the amount of light that gets to the 

photodetector is slightly increased at high temperatures. Also, the refractive index of the PCR 

solution changes with temperature and results in a shift in the absorption spectrum of the 

nanoparticles. Given the change in refractive index of the solution with respect to temperature, it 

is possible to estimate the shift in resonance wavelength with respect to temperature using equation 

3.29. 
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 Results and Discussion 
 

 Amplitude Monitoring: Ratio of Transmission at Denaturation to 

Transmission at Annealing 

To investigate the difference between the transmission signals of positive and negative PCRs, the 

transmission at the end of the denaturation and annealing stages were recorded separately for a 

period of 40 𝑚𝑆 and the average for each cycle was taken. At this point, the heating laser and the 

cooling fan were turned off except the probe laser and lock-in amplifier detection system. The 

rationale behind this was to eliminate errors in the transmission signal resulting from interference 

with the heating laser and the cooling fan. Figure 7.1 shows the section of the transmission curve 

extracted after denaturation and annealing. The ratio of the transmission immediately after 

denaturation to the transmission immediately after annealing was computed for each cycle. Figure 

7.2 shows a plot of the ratios against the number of cycles. The slope of the curves for different 

experiments were computed for negative PCRs and positive PCRs of different starting 

concentrations. Figure 7.3 shows a box and whisker plot of the results obtained from the 

computations. The average slope of the transmission was also computed for the different 

experiments. And from the results, it is obvious that PCR experiments with average slopes greater 

than 0.0015 would be positive PCR. In order words, for any PCR experiment, if the ratio of the 

transmission just after denaturation to the transmission just after annealing increases by a factor 

greater than 0.0015 for each increase in cycle then, it would most like be a positive PCR product 

otherwise, it is a negative PCR. Although, this approach could distinguish between negative and 

positive PCRs, it could not discriminate between the different starting concentrations.    
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Figure 7.1: Section of the Transmission curve extracted for denaturation and annealing 

 

 

Figure 7.2: Plot of the ratio of Denaturation to Annealing Transmission Vs Cycle Number 

showing the Slopes of the Positive and Negative PCR Curves 
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Figure 7.3: Box and Whisker Plot of Denaturation and Annealing Ratio for Negative Controls 

and Varying concentrations of DNA 

 Amplitude Monitoring: Ratio of Transmission at Denaturation to 

Transmission at Elongation 

We explored the ratio between denaturation and elongation for different cycle number to further 

investigate the difference between the transmission signals of positive and negative PCRs. Similar 

to the approach described in section 7.1, the transmission at the end of the denaturation and 

elongation stages were recorded separately for a period of 40 𝑚𝑆 and the average for each cycle 

was taken. At this point, the heating laser and the cooling fan were turned off except the probe 

laser and lock-in amplifier detection system. This was done to eliminate errors in the transmission 

signal resulting from interference with the heating laser and the cooling fan. Figure 7.4 shows the 
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section of the transmission curve extracted after denaturation and elongation. The ratio of the 

transmission immediately after denaturation to the transmission immediately after elongation was 

computed for each cycle. Figure 7.5 shows a plot of the ratios against the number of cycles. The 

slope of the curves for different experiments were computed for negative PCRs and positive PCRs 

of different starting concentrations. Figure 7.6 shows a box and whisker plot of the results obtained 

from the computations. The average slope of the transmission was also computed for the different 

experiments. And from the results, it is obvious that PCR experiments with average slopes greater 

than 0.0015 would be positive PCR. In order words, for any PCR experiment, if the ratio of the 

transmission just after denaturation to the transmission just after elongation increases by a factor 

greater than 0.0015 for each increase in cycle then, it would most like be a positive PCR product 

otherwise, it is a negative PCR. Although, this approach could distinguish between negative and 

positive PCRs, it could not discriminate between the different starting concentrations. 

 

Figure 7.4: Section of the Transmission curve extracted for denaturation and Elongation 
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Figure 7.5: Plot of the ratio of Denaturation to Elongation Transmission Vs Cycle Number 

showing the Slopes of the Positive and Negative PCR Curves 
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Figure 7.6: Box and Whisker Plot of Denaturation and Elongation Ratio for Negative Controls 

and Varying concentrations of DNA 

 Phase shift Monitoring: Time Difference between Temperature and 

Transmission Curves 

Analysis of the temperature and transmission curves of the different PCRs was carried out to 

determine the difference between positive and negative PCRs. This was done by considering the 

difference in time (simply referred to as ‘phase shift’ for convenience) between the maximum of 

the fitted temperature curve and the minimum of the fitted transmission curves. As an example, 

figures 7.7 - 7.10 show sections of the temperature and transmission curves of cycles 10 and 30 

for positive and negative PCRs used in the analysis. Using Matlab (see Appendix A), a polynomial 

curve fit was done for each temperature and transmission data. The time taken to attain maximum 

temperature and minimum transmission were extracted from the data. The difference between 

these times was recorded for different cycle number. Figures 7.11 shows the result of the Matlab 
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code (see Appendix B) used to plot the difference in time (phase shift) between the maximum of 

the fitted temperature curve and the minimum of the transmission curve versus the cycle number 

for each PCR experiment. From the graph, there is a profound difference between the positive and 

negative PCRs between cycles 10 and 20.  

 

Figure 7.7. Transmission and Temperature Curves for Cycle 10 of a Negative PCR 

 



69 
 

 

Figure 7.8: Transmission and Temperature Curves for Cycle 30 of a Negative PCR 

 

 

Figure 7.9: Transmission and Temperature Curves for Cycle 10 of a Positive PCR 
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Figure 7.10: Transmission and Temperature Curves for Cycle 30 of a Positive PCR 
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Figure 7.11: Time phase shift versus the cycle number for Positive and Negative PCRs 

 Phase Shift Logistic Function Modelling 

To further investigate if there is a clearer trend between negative PCRs and positive PCRs of 

varying concentrations, we modeled the phase shift data in section 7.3 using logistic function. 

Although logistic function was primarily developed to model population growth, it can be 

extended to model S-shaped curves for which the graph of phase shift versus cycle number depicts 

as show in figure 7.12. A logistic curve is an “S” shaped curve and it is also known as a sigmoid 

curve. It is commonly represented by the following equation: 

  7.1 

Region of Profound Change 
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𝑓(𝑡) =
𝐿

1 + 𝑒−𝛼(𝑡−𝑡0)
 

 

   

where 𝑡0 is the symmetric inflection point or the t-value of the sigmoid’s midpoint, 𝐿 is the curve’s 

maximum value or saturation point or the value as t tends to infinity, and  𝛼 is the time decay 

constant or the steepness of the curve. For different PCR experiments, we extracted the phase shift 

data using the Matlab code in Appendix B and did a logistic curve fit using Mathematica (see 

Appendix C). Figure 7.12 shows the result of the curve fit from our Mathematica code. From the 

results of the logistic curve fits, we then extracted the two important parameters: the symmetric 

inflection point and the time decay constant. These parameters were compared to each other using 

a simple plot to determine any difference between negative and positive PCRs. As shown in figure 

7.13, the minimum point of inflection for negative PCR is around -5.5. We have determined by 

experiments that the maximum decay constant is between 0.7 and 0.8; a line drawn at 30 degrees 

from the point of intersection between the minimum point of inflection and half the maximum 

decay constant gives the dividing line between positive and negative PCRs. Also, this line helps 

to distinguish between positive PCRs of varying starting DNA concentrations. For example, 

positive PCRs are below the dividing line while the negative PCRs are above the line. For the 

positive PCRs, the higher concentration of DNA tends to be further from the dividing line while 

the lower concentrations are closer to the dividing line. Although the result shows a poor 

discrimination for 1000 starting copy number, our system is able to discriminate between positive 

PCRs with DNA starting concentration of 10,000 copy number and greater. This is comparable to 

most commercial PCR systems which requires more than 10^4 starting copy number. 
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Figure 7.12: Logistic curve fits and original phase shift data plot of different PCR experiments. 

The vertical axis is the normalized transmission while the horizontal axis is the Cycle Number 
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Figure 7.13: Plot of Symmetric Inflection point (𝑡0) against Decay Constant (𝛼) 

Having explored amplitude monitoring and phase monitoring in this chapter, the results obtained 

show that phase monitoring of DNA amplification using our plasmonic system has the potential 

to achieve lower limit of detection and higher throughput compared to the amplitude monitoring.   
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 Conclusion  

In this work we have demonstrated a label-free LSPR plasmonic PCR system that is capable of 

detecting DNA as low as 10,000 genome copies using phase shift monitoring. This is comparable 

to many conventional PCR systems with similar limit of detection and offers better advantages in 

terms of cost, speed and high throughput. Our system permits continuous monitoring of PCR 

reaction unlike label-based PCR systems that only provide endpoint readout. The risks associated 

with the use of isotope-labels are eliminated in our system since no label is required. Also, the 

amount of labor required in sample preparation common with most label-based conventional PCR 

is reduced making the process less complicated.  

Our PCR system was successfully adapted to run loop-mediated isothermal amplification (LAMP). 

It has the potential to carryout rapid PCR and quantify amplicon production in real time. It also 

utilizes standard size PCR tubes and the components used in the optical design do not require the 

usual complicated process of fabrication associated with most convention PCR systems. It is also 

easy to operate hence, our system can be effectively utilized as a POC diagnostic device. As such 

our plasmonic PCR system can be easily deployed in developing countries to help combat the 

spread of diseases such as Ebola. It can also be used for forensic purposes. 

 Future Work 

The plasmonic PCR system described in this work is a one channel system, which means only one 

PCR reaction can be carried out at a time thereby increasing the time it takes to run several PCR 

reactions. This could be a major limitation in clinical application where several samples of PCR 

are required. This can be improved upon by incorporating a multi-channel heating system by 

splitting a high-power laser beam into lower power beamlets for thermocycling. Also, the 808nm 
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edge emitting semiconductor laser used in this work for heating is bulky and therefore makes it 

difficult to design a miniaturized system; another type of semiconductor lasers diodes such as the 

vertical-cavity surface-emitting laser(VCSEL) can be used as alternative for more efficient heating 

and precision in sensing.  

The detection or monitoring system in this work can be improved upon by designing the 

compartment of the system in such a way that it is less prone to optical background noise. A better 

cage system would be useful for this purpose. Also, experiments carried out on the system show 

that the heating laser contributes a significant amount of noise to the system and as such interferes 

with the output from the probe laser. Although, we overcame this challenge by taking the lock-in 

reading only when the laser and fan were turned off, there was a significant increase in the time 

taken for a PCR reaction to be completed. Good optical filtering could be employed in future work 

to solve this problem.   

An alternative sensing method involving the use of another nanoparticle as optical sensor can be 

employed in future work. This would help eliminate errors arising from the shift in resonance of 

the nanoparticle used for heating.       
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Appendix A 
 

Matlab function slope to extract data from the region of interest (from ramp up to cooling) 

 

clc; 

clear all; 

filename = 'Negative Controls Matlab Analysis'; 

sheet = 1; 

M = xlsread(filename, sheet); 

cycle = M(:, 1); 

time = M(:, 2); 

temp = M(:, 3); 

trans = M(:, 4); 

NumberofCycles=30; 

holdTime = 0.0; 

Dmin = 80.01; % Denaturation Minimum limit 

Dmax = 100.05; % Denaturation Maximum limit 

Amin = 57.01; % Annealing Minimum limit 

Amax = 62.05; % Annealing Maximum limit 

Emin = 71.01; % Annealing Minimum limit 

Emax = 73.05; % Annealing Maximum limit 

  

indexcycle={}; 

for k=1:max(cycle) 

    indexcycle{k}=find(cycle==k); 

end 

  

for y=1:length(indexcycle) 

  

    for x=1: length(indexcycle{y}) 

         

         newCycle{y}(x) = cycle(indexcycle{y}(x)); 

         newTime{y}(x) = time(indexcycle{y}(x)); 

         newTemp{y}(x) = temp(indexcycle{y}(x)); 

         newTrans{y}(x) = trans(indexcycle{y}(x)); 

         

  

    end 

    

end 

  

  

for j=1:length(indexcycle) 

     

    %% Extracting Denaturation to Elongation Data 
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    indexDtemp{j} = find(newTemp{j}>Dmin & newTemp{j}<Dmax); 

    firstIndex(j) = indexDtemp{j}(1); % get the first element of the indexDtemp when 

denaturation started 

    lastIndex(j) = length(newTemp{j}); % End of newTemp or data point of temperature 

    newIndexDtemp{j} = (firstIndex(j)):1:lastIndex(j);  % New index of temperature beginning 

from the denaturation temp. 

     

    rampDIndex{j} = 1:1:(firstIndex(j)); % Heating to denaturation phase 

     

    for x=1: length(newIndexDtemp{j}) % Extracting data from denaturation stage to elongation 

stage 

        dToeCycle{j}(x) = newCycle{j}(newIndexDtemp{j}(x)); 

        dToeTime{j}(x) = newTime{j}(newIndexDtemp{j}(x)); 

        dToeTemp{j}(x) = newTemp{j}(newIndexDtemp{j}(x)); 

        dToeTrans{j}(x) = newTrans{j}(newIndexDtemp{j}(x)); 

       

    end 

     

    for x=1: length(rampDIndex{j}) 

                 

        % Heating to Denaturation phase 

        rampCycle{j}(x) = newCycle{j}(rampDIndex{j}(x));  

        rampTime{j}(x) = newTime{j}(rampDIndex{j}(x)); 

        rampTemp{j}(x) = newTemp{j}(rampDIndex{j}(x)); 

        rampTrans{j}(x) = newTrans{j}(rampDIndex{j}(x)); 

    end 

     

    %% Extracting Annealing to Elongation Data 

     

    indexAtemp{j} = find(dToeTemp{j}>Amin & dToeTemp{j}<Amax); % Get annealing 

Temperature 

    firstAIndex(j) = indexAtemp{j}(1); % get first measure of annealing temperature 

    lastAIndex(j) = length(dToeTemp{j}); % temperature up measure to elongation 

    newIndexAtemp{j} = (firstAIndex(j)):1:lastAIndex(j); % Index from annealing to elongation 

     

     

    coolIndex{j} = 1:1:(firstAIndex(j)); % cooling from denaturation to annealing phase 

     

     

    for x=1: length(coolIndex{j}) 

                 

        % Heating to Denaturation phase 

        coolCycle{j}(x) = dToeCycle{j}(coolIndex{j}(x));  

        coolTime{j}(x) = dToeTime{j}(coolIndex{j}(x)); 

        coolTemp{j}(x) = dToeTemp{j}(coolIndex{j}(x)); 

        coolTrans{j}(x) = dToeTrans{j}(coolIndex{j}(x)); 
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    end  

     

end 

  

 %% Extracting Data from heating to denaturation to cooling to annealing 

     

    for x=1: 30 

         

        trans1=rampTrans{x}; 

        trans2=coolTrans{x}; 

        aedTrans{x} = horzcat(trans1,trans2); 

        normAEDTrans{x} = (aedTrans{x} - min(aedTrans{x}))./range(aedTrans{x}); 

         

        time2=coolTime{x}; 

        time1=rampTime{x}; 

        aedTime{x} = horzcat(time1,time2); 

         

        temp2=coolTemp{x}; 

        temp1=rampTemp{x}; 

        aedTemp{x} = horzcat(temp1,temp2); 

    

    end 

   

for i=1:30 

    [p,S] = polyfit(aedTime{i},normAEDTrans{i},10); 

    f{i} = polyval(p,aedTime{i}); 

    [m, Indices] = min(f{i}); 

    minTime = aedTime{i}(Indices); 

     

    title(['Order is: ',num2str(10),' norm is: ',num2str(S.normr)]) 

     

     

     

    [p2,S2] = polyfit(aedTime{i},aedTemp{i},10); 

    f2{i} = polyval(p2,aedTime{i}); 

    [m2, Indices2] = max(f2{i}); 

    maxTime2 = aedTime{i}(Indices2); 

    

    title(['Order is: ',num2str(10),' norm is: ',num2str(S.normr)]) 

  

    phi(i) = minTime - maxTime2; 

end 

 

    

     

    ax1 = subplot(2,1,1); 
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    plot(ax1, aedTime{30},normAEDTrans{30},'*',aedTime{30},f{30},'-') 

    title('Normalized Transmission Versus Time for Cycle 30'); 

    legend('raw Data', 'fitted Data'); 

    xlabel('Time (S)'); 

    ylabel('Normalized Transmission'); 

    ax2 = subplot(2,1,2); 

    plot(ax2, aedTime{30},aedTemp{30},'*',aedTime{30},f2{30},'-') 

    title('Temperature Versus Time for Cycle 30') 

    legend('raw Data', 'fitted Data'); 

    xlabel('Time (S)'); 

    ylabel('Temperature (Celsius)'); 
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Appendix B 
 

Matlab Code for Phase shift Versus Cycle Number  

 

clc; 

clear all; 

excelFilename = 'PhaseShift_Raw_Data_2018_06_28'; 

sheet = 21; 

for i=1:sheet 

    phi(:,i) = phaseShift(excelFilename, i); 

end 

cycle=transpose([1:1:30]); 

slopeTrans= [cycle, phi]; 

[rows columns] = size(slopeTrans); 

  

for i=2:columns 

    ylim([-1 5]) 

    xlim([1 30]) 

    if i<=14 

       h1=scatter(slopeTrans(:,1), slopeTrans(:,i), 'r', '+'); 

        

       hold all; 

    else 

       h2=scatter(slopeTrans(:,1), slopeTrans(:,i),'k', 'o'); 

       hold all; 

    end 

end 

  

legend([h1 h2],{'Positive PCRs','Negative PCRs'}) 

xlabel('Cycle Number'); 

ylabel('Phase Shift (s)'); 

title('Graph of Phase Shift Versus Cycle Number for Positive and Negative PCRs'); 
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Appendix C 
 

Mathematica  Code for Logistic Curve Fit 

 

data=Import["phase shift.csv"] 

 (*extract positive and negative data sets*) 

datap=data[[All,2;;14]]; datan=data[[All,15;;22]] 

 (*Using this one for 4 parameter fit; 

parameters b and c seem to have best 

discrimination*) 

(*calculate fitting parameters for positive 

and negative data sets and store in 4 column 

array*) 

pos4=ConstantArray[0,{13,4}]; 

Do[pos4[[i-1]]={a,b,c,d}/.FindFit[data[[All,i]], 

aLogisticSigmoid[bx+c]+d,{a,b,c,d},x,Method→NMinimize], 

{i,2,14}]; 

neg4=ConstantArray[0,{8,4}]; 

Do[neg4[[i-14]]={a,b,c,d}/.FindFit[data[[All,i]], 

aLogisticSigmoid[bx+c]+d,{a,b,c,d},x,Method→NMinimize], 

{i,15,22}] 

Table[ListPlot[{datap[[All,j]],Table[ 

pos4[[j,1]]LogisticSigmoid[pos4[[j,2]]x+pos4[[j,3]]]+pos4[[j,4]],{x,1,30}]}, 

Joined→{False,True},PlotRange→{0,4}],{j,1,13}] 

 

Table[ListPlot[{datan[[All,j]],Table[ 

neg4[[j,1]]LogisticSigmoid[neg4[[j,2]]x+neg4[[j,3]]]+neg4[[j,4]],{x,1,30}]}, 

Joined→{False,True},PlotRange→{0,4}],{j,1,8}] 

 

TableForm[pos4] 

2.92583 0.395101 -7.0981 0.493037 

3.04304 0.358982 -6.25649 0.388838 

2.66334 0.479434 -8.21819 0.44915 

3.22426 0.543575 -11.191 0.365119 

3.22426 0.543575 -11.191 0.365119 

3.29356 0.336181 -4.71811 0.241461 

-1602.18 -2.58866 -1.68775 1.91164 
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3.07728 0.372247 -6.18132 0.335212 

3.38647 0.36109 -5.07473 0.262368 

2.74919 0.404984 -4.88982 0.535055 

2.61681 0.727673 -8.80839 0.639474 

2.4605 0.298075 -3.3478 0.603744 

3.18636 0.338688 -5.44949 0.407712 

(*drop #8 since no fit was 

found*) 

pos4d=Drop[pos4,{7}] 

{{2.92583,0.395101,-7.0981,0.493037},{3.04304,0.358982,-6.25649,0.388838}, {2.66334,0.479434,-

8.21819,0.44915},{3.22426,0.543575,-11.191,0.365119}, 

{3.22426,0.543575,-11.191,0.365119},{3.29356,0.336181,-4.71811,0.241461}, {3.07728,0.372247,-

6.18132,0.335212},{3.38647,0.36109,-5.07473,0.262368}, 

{2.74919,0.404984,-4.88982,0.535055},{2.61681,0.727673,-8.80839,0.639474}, 

{2.4605,0.298075,-3.3478,0.603744},{3.18636,0.338688,-5.44949,0.407712}} 

TableForm[pos4d] 

2.92583 0.395101 -7.0981 0.493037 

3.04304 0.358982 -6.25649 0.388838 

2.66334 0.479434 -8.21819 0.44915 

3.22426 0.543575 -11.191 0.365119 

3.22426 0.543575 -11.191 0.365119 

3.29356 0.336181 -4.71811 0.241461 

3.07728 0.372247 -6.18132 0.335212 

3.38647 0.36109 -5.07473 0.262368 

2.74919 0.404984 -4.88982 0.535055 

2.61681 0.727673 -8.80839 0.639474 

2.4605 0.298075 -3.3478 0.603744 3.18636 0.338688 -

5.44949 0.407712 

TableForm[neg4] 

2.55338 0.40529 -4.4082 0.542152 

2.97907 0.257169 -2.97887 0.316223 

2.65415 0.453973 -5.3458 0.579533 

2.55944 0.362402 -4.23792 0.394001 
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1.9669 0.401596 -3.32165 1.04525 

3.54624 0.25641 -2.88314 0.217227 

2.92109 0.299212 -3.31617 0.498122 

3.48245 0.435218 -4.81627 0.225032 

plot = ListPlot[{ 

Transpose[{pos4d[[1;;5,2]],pos4d[[1;;5,3]]}], 

Transpose[{pos4d[[6;;8,2]],pos4d[[6;;8,3]]}], 

Transpose[{pos4d[[9;;12,2]],pos4d[[9;;12,3]]}], 

Transpose[{neg4[[All,2]],neg4[[All,3]]}] 

},PlotMarkers→{Automatic,15},PlotStyle→{Hue[0.2,0.5,0.7],Red,Red,Gray}

, 

LabelStyle→Directive[Medium,Bold],AxesLabel→{b,c}, 

PlotLegends→{"100,000","10,000","1000",Negative}] 

   

Export C:\Users\gucheh\OneDrive - McGillUniversity\PLASMONICPCR 

EXPERIMENTS\MatLab\PhaseShiftAnanlysis\Andy'sAnalysis plot.jpg,plot  

 

GraphicsGrid[{ 

Prepend[Table[ListPlot[{datap[[All,j]], 

Table[pos4[[j,1]]LogisticSigmoid[pos4[[j,2]]x+pos4[[j,3]]]+pos4[[j,4]], 

{x,1,30}]},Joined→{False,True},PlotRange→{0,4}, 

AxesLabel→{"Cycle","Phase shift (s)"}],{j,1,5}],Text["100,000"]], 

Prepend[Table[ListPlot[{datap[[All,j]], 

Table[pos4[[j,1]]LogisticSigmoid[pos4[[j,2]]x+pos4[[j,3]]]+pos4[[j,4]], 

{x,1,30}]},Joined→{False,True},PlotRange→{0,4}, 

AxesLabel→{"Cycle","Phase shift (s)"}],{j,6,9}],Text["10,000"]], 

Prepend[Table[ListPlot[{datap[[All,j]], 

Table[pos4[[j,1]]LogisticSigmoid[pos4[[j,2]]x+pos4[[j,3]]]+pos4[[j,4]], 

{x,1,30}]},Joined→{False,True},PlotRange→{0,4}, 

AxesLabel→{"Cycle","Phase shift (s)"}],{j,10,13}],Text["1000"]], 

Prepend[Table[ListPlot[{datan[[All,j]], 

Table[neg4[[j,1]]LogisticSigmoid[neg4[[j,2]]x+neg4[[j,3]]]+neg4[[j,4]], 

{x,1,30}]},Joined→{False,True},PlotRange→{0,4}, 

AxesLabel→{"Cycle","Phase shift (s)"}],{j,1,8}],Text["Negative"]] 

}] 
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