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Abstract 

 

In response to the need of the world's medical community for accurate and immediate 

identification of infectious diseases, many researchers have focused on adapting the gold-standard 

molecular diagnostic method, polymerase chain reaction (PCR), to point-of-care (POC) 

applications. Despite all advances in microfluidic PCR as an alternative to bulky, slow, and power-

intensive conventional thermocyclers, a simple-to-operate/fabricate PCR device is still lacking. 

In this thesis, we introduce a miniature plasmonic PCR thermocycler in which fast DNA 

amplification is derived from efficient photothermal heating of suspended gold nanorods (AuNRs) 

inside PCR reaction by a small-scale vertical-cavity surface-emitting laser (VCSEL). Using this 

method, we demonstrate 30 cycle-assay time of sub-ten-minute for successful Chlamydia 

Trachomatis DNA amplification in 20 µL total PCR sample volume containing 2.5 nM AuNRs. 

Furthermore, we report an ultrasensitive real-time amplicon detection strategy which is based on 

cycle-by-cycle monitoring 260 nm absorption of PCR reaction. This was accomplished by 

irradiating PCR sample with a UV LED and collecting the transmitted optical power by a 

photodetector. UV absorption dependency on nucleotides’ structural degree of freedom gives rise 

to distinctive features in the shape of UV amplification curves for PCR results determination 

(success/fail) and amplicon quantification with a high detection sensitivity of one DNA copy. This 

is the first demonstration of a compact plasmonic thermocycler combined with a real-time 

fluorophore-free quantitative amplicon detection system. The small footprint of the proposed PCR 

device stems from hardware miniaturization while abundant sample volume facilitates highly 

sensitive detection and fluid-handling required for on-field sample analysis. This simple, portable, 

and rapid PCR device is the first proof-of-concept demonstration of combining plasmonic DNA 

amplification and UV detection towards POC molecular diagnostics. More importantly, the real-

time detection method is universal and purely optical solely dependent on standard PCR reagent 

(nucleotides) circumventing the need for the complicated and costly design of target-specific 

probes.  
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Résumé  

 

Face au besoin du corps médical de méthodes d’identification précises et immédiates des maladies 

infectieuses, de nombreux chercheurs se sont concentrés sur l'adaptation de la méthode de 

diagnostic moléculaire de référence, la réaction de polymérisation en chaîne (Polymerase Chain 

Reaction en anglais, PCR) et ses applications cliniques directes (applications au point de service 

ou point-of-care en anglais, POC). Même si les dernières avancées permettent une PCR 

microfluidique moins encombrante, moins lente et moins consommatrice d’énergie qu’un 

thermocycleur conventionnel, un dispositif de PCR plus simple d’utilisation et de fabrication reste 

nécessaire. 

Dans cette thèse, nous présentons un thermocycleur PCR plasmonique miniature dans lequel 

l'amplification rapide de l'ADN découle d'un chauffage photothermique efficace de nanorods d'or 

(AuNRs) en suspension, au sein d'une réaction PCR, par une diode laser à cavité verticale et 

émission de surface (vertical cavity surface emitting laser ou VCSEL) de petite échelle. En utilisant 

cette méthode, nous démontrons une durée de test inférieure à dix minutes, pour un test de 30 

cycles, et une amplification réussie de l'ADN de Chlamydia Trachomatis dans un volume total 

d'échantillon de PCR de 20 µL contenant 2.5 nM d’AuNRs. Par ailleurs, nous développons une 

stratégie de détection d'amplicon en temps réel ultra-sensible basée sur une surveillance cycle par 

cycle de la réaction PCR d’absorption à 260 nm. Ceci a pu être réalisé en irradiant un échantillon 

de PCR à l’aide d’une LED UV et en collectant la puissance optique transmise avec un 

photodétecteur. La détermination des résultats de la PCR (succès/échec) ainsi que la quantification 

de l’amplicon, avec une haute sensibilité de détection, dépendent alors de l’absorption d’UV, 

absorption directement liée au degré de liberté structurelle des nucléotides donnant lieu à des 

caractéristiques distinctes sous la forme de courbe d’amplification UV. C'est ainsi la première mise 

au point d'un thermocycleur plasmonique compact combiné à un système de détection d'amplicon 

quantitatif sans fluorophore en temps réel. La petite taille du dispositif de PCR proposé vient de la 

miniaturisation du matériel, tandis qu'un volume d'échantillon abondant facilite une détection 

hautement sensible et la manipulation des fluides nécessaires pour l'analyse des échantillons sur le 

terrain. Ce dispositif simple, portable et rapide de PCR est une première démonstration de 

validation de concept combinant l'amplification de l'ADN plasmonique et la détection UV envers 
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le diagnostic moléculaire POC. De surcroit, cette méthode de détection en temps réel est 

universelle et purement optique et donc uniquement dépendante du réactif PCR standard 

(nucléotides), évitant la nécessité d'une conception complexe et coûteuse de sondes cible-

spécifiques. 
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1.1 Problem statement 

Point-of-care (POC) testing refers to analytical testing activities provided outside the clinical 

laboratory and performed by non-laboratory personnel near the site of the patient to provide instant 

availability of results. This facilitates quick medical decisions and enhances healthcare outcomes. 

POC testing devices should be easy-to-operate, portable, and handheld electronics or molecular 

collection tools. It is expected that faster and more accurate POC diagnostic tests will play a 

significant role in expanding health care in low- and middle-income countries where diagnostic 

challenges exist due to poor clinical laboratory infrastructures, lack of skilled technicians, and cost 

constraints [1, 2]. Therefore, many studies have focused on adapting different diagnostic tests such 

as polymerase chain reaction (PCR) platforms to POC settings.  

The current global pandemic of Coronavirus disease 2019 has alerted us once again to the 

importance of POC diagnostics testing to provide timely and sensitive pathogen detection. PCR is 

a technology specifically designed for sensitive and specific nucleic acid sequence quantification 

and has always been in the center of attention to be adapted for POC applications. The high 

sensitivity and specificity of PCR assays originate from enzymatic amplification of specific 

sequences of low-abundance target nucleic acids via repetitive thermal cycling. In a standard PCR, 

15-100 µL PCR sample [3] undergoes sequential three PCR steps at different set temperatures 

(denaturation: 94-98 ºC, annealing: 45-55 ºC, and elongation: 72 ºC) in a device called 

thermocycler [4]. Conventional Peltier-based thermocyclers are mainly confined to laboratories 

owing to their lack of speed, large dimensions, and high-power requirements. Thus, many 

academic and industrial groups have made a great deal of effort to adapt PCR assay to POC 

platform in which short turnaround time, easy portability, assay simplicity, and low power 

consumption are requisite features particularly in resource-limited settings or during mass testing. 

These advances towards a POC-suitable PCR assay can be categorized in two groups: microfluidic 

https://searchmobilecomputing.techtarget.com/definition/handheld
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and photonic PCR. Microfluidic PCRs offer sub-minute amplification timescale by reducing 

sample and device thermal mass and increasing surface-to-volume ratio (SA/V) up to 20 mm2µL-1 

[5-7]. However, one major hurdle restricting the practicality of microfluidic PCR for POC testing 

is their intrinsic size often referred as macro-to-micro interface [8]. This originates from the fact 

that reagents are available and pipetted in µL-mL volumes while in the microfluidic device, the 

reaction occurs within the microchambers with pL-nL capacity or in the form of nanodroplets. 

From POC diagnostic standpoint, liquid-handling for these miniature-sized PCR assays require 

highly precise pipetting skill, and this will be challenging for their on-site application by untrained 

non-laboratory users. Therefore, in order to eliminate operational errors and difficulties in sample 

preparation, microfluidic fluid handling should move towards an automated assay. Other 

challenges with microfluidics such as sensitivity loss due to shortened optical path length (OPL), 

recovery of nL-pL sample for post-PCR manipulation or analysis (e.g., sequencing or cloning), 

and fabrication of microchips and micropipettes have led researchers to investigate more cost-

efficient and easy-to-fabricate/operate PCR assays. 

In the first generation of photonic PCR thermocyclers, a large broadband IR source (halogen or 

tungsten lamp) of at least 50 W was used to irradiate small sample volume of 2, 0.28, 0.16 µL to 

achieve heating rate of 10.1, 13.4, 65 ºC.s-1, respectively by making use of the natural optical 

absorbance of the sample [9-11]. Plasmonic PCR on the contrary exploits the very high optical 

absorbance of metallic nanoparticles (suspended in the sample) or thin films (embedded in the 

heating chamber walls) and enables heating rates of up to 72.7 ºC.s-1 for larger sample volumes of 

25 µL with significantly reduced optical power (2 W) [12-15]. Although plasmonic thermocyclers 

have shortened time per PCR cycle down to few seconds (≤ 20 s.Cycle
-1

), their portability and 

scalability due to employment of large laser diodes still need to be improved for POC testing 

adaptation. LEDs have been proposed to reduce the cost and size of plasmonic thermocyclers; 

however, due to broad spectral power distribution and high-divergence beam, high-power LEDs 

(>3 W) with the addition of focusing lenses are necessary to obtain photothermal efficiency 

comparable to laser-based plasmonic thermocyclers [14-16].  

For a complete analytical POC diagnostic device, real-time amplicon quantification should be 

incorporated into these thermocyclers. One of the first steps towards a POC-suitable quantitative 

PCR (qPCR) assay was traditional fluorimeters integration into microfluidic thermocyclers 
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through their miniaturization and conversion to on-chip mode [17, 18]. However, this leads to 

shortened OPL and consequently degrades the detection sensitivity. Furthermore, other challenges 

associated with the fluorescence detection method such as costly and laborious labeling process, 

limited shelf life of fluorescent dyes, and loss of detection sensitivity due to intensity-dependent 

photobleaching event make this detection method less practical for POC applications. Surface 

plasmon resonance (SPR) sensors are another promising real-time detection strategy. Since the 

detection mechanism in SPR sensor is based on monitoring spectral shift in resonance wavelength, 

bulky spectrophotometers are part of detection system [19-23]. Hence, despite its high detection 

sensitivity owing to near-field surface interactions sensing mechanism, SPR biosensor has not 

advanced beyond proof-of-concept laboratory demonstration due to the size of 

spectrophotometers, high sensor chips/instrumentation cost, labor-intensive target-specific surface 

functionalization, and short shelf life. 

In response to these challenges, this thesis is focused on developing a rapid, compacted, and robust 

plasmonic thermocycler combined with a real-time label-free amplicon detection method ideal for 

POC testing. In this thesis, the previously proposed laser induced-plasmonic thermocyclers are 

miniaturized by replacing large laser diode with vertical cavity surface emitting laser (VCSEL). 

Owing to the compact form factor of VCSELs and their low beam divergence as well as circular 

beam characteristics, by placing a VCSEL in proximity to the bottom of the PCR tube, maximum 

light coupling efficiency is obtained. This leads to uniform and efficient photothermal heating of 

PCR reaction in a simple optical setup without adding any optical components (e.g., optical fibers 

or lenses). Real-time amplicon quantification was accomplished by monitoring UV absorption of 

PCR reaction at the elongation stage of every PCR cycle. The plot of UV transmission against 

cycles (UV amplification curve) serves as a fingerprint to identify PCR results (success/fail) and 

quantify target DNA concentration. Finally, a mathematical model for DNA quantification was 

calibrated using experimental results from real-time UV transmission measurements of plasmonic 

PCR thermocycling. The effect of different PCR parameters on template amplification was 

investigated using the calibrated model. We have used Zemax optical design, COMSOL 

Multiphysics, and MATLAB software for the simulations presented in this thesis. 
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1.2 Significance of the work 

The key contributions of this thesis towards the advancement of a POC-ideal PCR device are: 

1. Introduction of VCSEL-based plasmonic thermocycler to enhance POC adaptability of 

plasmonic PCR devices. 

2. Development of an optical model to maximize VCSEL-to-tube beam coupling efficiency. 

3. Experimental investigation of optimal plasmonic PCR condition including set 

temperatures, hold-times, cooling rate, and AuNRs concentration to maximize amplicon 

yield. 

The previously demonstrated real-time UV monitoring of plasmonic PCR method by Tran et al. 

[24] was significantly advanced by: 

4. Undertaking rigorous measurements of the UV absorption of all PCR components by UV-

vis spectroscopy and UV detection system to understand their impact on amplicon UV 

monitoring. 

5. Development of an optical model for UV detection system to improve signal-to-noise ratio 

and subsequently the detection sensitivity. 

6. Classification of PCR results based on the shape of UV curves via testing various positive 

and negative controls. 

7. Measuring the quality of experimental results (repeatability) both for PCR results 

classification and amplicon quantification technique based on UV threshold cycles. 

8. Numerical model analysis of UV transmission data to study the impact of different PCR 

conditions (e.g., PCR hold-times and UV exposure time duration) on PCR overall 

efficiency.  

1.3 Research aims 

1. Development of VCSEL-based plasmonic PCR thermocycler for Chlamydia Trachomatis 

DNA amplification: An attempt towards PCR-based point-of-care testing. 

2. Integrating real-time UV detection of amplicons in plasmonic PCR thermocycler. 
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1.4 Research objectives 

The main objectives of this thesis are: 

1. Designing the VCSEL-based plasmonic thermal cycler for high temperature stability, beam 

coupling efficiency, photothermal efficiency, and PCR efficiency. 

2. Optimizing plasmonic PCR condition and AuNRs concentration for fast thermocycling and 

maximum amplicon yield. 

3. Investigating system reliability for different PCR polymerases to validate our 

methodology. 

4. Advancement of UV monitoring system by: 

a. Improving signal-to-noise ratio and subsequently detection sensitivity. 

b. Testing the system performance by using PCR positive and various negative 

controls. 

c. Measuring the detection sensitivity (limit of detection) of the system. 

d. Quantifying maximum and minimum detectable dNTPs concentration 

5. Measurement of the repeatability of plasmonic DNA amplification and amplicon 

quantification. 

6. Numerical model analysis of UV transmission data to study PCR controlling parameters 

for optimal efficiency. 

1.5 Thesis outline 

The content of this thesis has been published in the aforementioned journal and conference papers. 

The following demonstrates the structure of this thesis, and the reference to the publications is 

presented in brackets for each chapter. 

• Chapter 2: reviews 

o The fundamental principles of polymerase chain reaction (PCR). 

o Modern optical thermocyclers used in PCR assay. These optical thermocyclers are 

compared in terms of their speed, practicality for POC testing, and light-to-heat 

conversion efficiency [J1]. 
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o Optical biosensing methods used to date for qualitative and quantitative analysis of 

PCR products. The focus is to study and compare these optical DNA detection 

strategies with respect to their sensitivity and POC compatibility [J1]. 

• Chapter 3 [J2, C1, & C3]: presents 

o The principle of plasmonic DNA amplification. 

o The design and development of VCSEL-based plasmonic thermocycler with high 

temperature stability and ramping rate. 

o Zemax optical model to optimize VCSEL-tube separation distance for maximum 

beam coupling efficiency. 

o Successful DNA amplification in VCSEL-based plasmonic thermocycler. 

o The comparison between conventional thermocycler and VCSEL-based plasmonic 

thermocycler in terms of amplicon yield. 

o The experiments to test system reliability and performance under different 

conditions (e.g., different controls and polymerases). 

o The study of AuNRs robustness in plasmonic PCR reaction using spectroscopy, 

electron microscopy, and MATLAB image processing toolbox. 

o Plasmonic PCR protocol optimization to enhance heating and cooling rate. 

o Heat transfer model to prove the presence of thermal lag in the system and 

subsequently to determine the limit of cooling rate enhancement. 

• Chapter 4 [J2, C2, & C3]: presents 

o The principle of real-time UV monitoring of PCR-amplified target DNA. 

o The design and development of real-time UV monitoring system for PCR product 

detection. 

o Development of Zemax optical model for UV detection. 

o Investigation of safe UV exposure limit without compromising PCR yield. 

o Demonstration of PCR kinetics in UV amplification curve. 

o Analysis of UV transmission data to classify PCR results (fail/success). 

o Quantification of amplicon limit of detection (LOD) in the UV system. 

o Analysis of each PCR ingredients’ impact on UV amplification curve. 

o Quantification of detectable dNTPs concentration range by our UV detection 

system. 
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o Measurement of the repeatability of UV experiments. 

o The comparison between UV- and fluorescence-based detection of amplicons in 

terms of their LOD. 

• Chapter 5 [C4]: includes 

o A brief explanation of the mathematical model presented by Booth et al. 

o The model calibration based on experimental UV amplification curves. 

o The study of different PCR conditions impact on overall efficiency using the 

calibrated model. 

• Chapter 6: 

o Summarizes the major work. 

o Presents the applications of the proposed work. 

o Provides recommendations for future research directions. 
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2.1 Introduction 

Timely and accurate pathogen detection is essential to maximize patient safety, prevent disease 

transmission, and reduce health care costs. Control over target abundance during sample collection 

is challenging; thus, many pathogen detection strategies such as widely used and commercialized 

lateral flow assay fail to detect low-abundance nucleic acids. Nucleic acid amplification techniques 

such as polymerase chain reaction (PCR) provide detectable target concentration via enzymatic 

amplification. However, its practicality for POC testing is limited due to its size, assay time, and 

power consumption as well as skilled labor requirements. Consequently, a great deal of effort has 

been made to introduce a rapid portable and automated PCR device suitable for POC applications 

via optical or electrochemical means. Although, electrochemical methods are advantageous in 

certain applications, optical strategies are considered to have more multiplex capabilities, less cost-

per-test, as well as less intervention in PCR reaction due to absence of electrodes. Conventional 

optical biosensing systems used for qualitative and quantitative analysis of PCR products such as 

UV-visible spectroscopy do not meet POC requirements. Therefore, miniaturization of traditional 

optical detection systems and novel optical biosensors are also considered. This chapter highlights 

the recent advances in optical amplification and detection of nucleic acids in PCR assay for their 

integration in POC settings. In particular, we describe advantages and shortcomings associated 

with different photonic approaches used in PCR-based DNA amplification and detection and 

compare these methodologies in terms of their sensitivity, simplicity, and practicality for POC 

applications. 

2.2 A brief history of PCR development towards photonic PCR 

The importance of identification and detection of pathogenic disease has been proven throughout 

history. Infectious diseases such as smallpox and the 1918 influenza pandemic with a global death 
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toll of over 300 million and 50 million respectively remain a dire warning for public health and 

safety [25-27]. The availability of vaccines and antibiotics since the mid-twentieth century have 

eradicated two major infections (smallpox and rinderpest) and protected global health against 

many infectious diseases [28, 29]. In 2015, the World Health Organization (WHO) reported that 

17.1 million lives were saved thanks to the measles vaccines since 2000. Despite all the 

immunization and enhanced public health measures, the appearance of new pandemic viral 

infections has always been a threat, and many entering human population by host switching such 

as the emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in December 

2019 [30]. Hence, accurate and timely diagnostic tests are a fundamental need for determination 

of correct antibiotic to prevent antibiotic resistance and control the spread of life-threatening 

infectious diseases [31]. Conventional microbiological techniques such as traditional culture and 

serological methods suffer from low sensitivity, long turnaround time, and false negative results 

for patients receiving antibiotic therapy [32, 33]. Thus, the world’s medical community has 

directed their attention to DNA/protein-based techniques, namely, nucleic acid amplification test 

(NAAT) for rapid and sensitive detection of pathogens in various fields from food industry, water 

and environment, forensic science to clinical applications [34, 35]. NAAT, also known as 

Polymerase Chain Reaction (PCR), was invented by Kary B. Mullis in 1985 [36]. PCR employs 

thermo-stable polymerase to generate millions of copies of specific segment of deoxyribonucleic 

acid (DNA) by thermocycling five core ingredients (DNA target sequence, thermostable 

polymerase, buffer, forward/reverse primers, and nitrogenous bases) typically through three 

sequential steps (denaturation, annealing and elongation) at different discrete temperatures. The 

set temperatures are around 94-98, 45-55, and 72 ºC to allow separation of target DNA duplexes, 

hybridization of two primer sequences to complementary upstream and downstream of the specific 

region of denatured DNAs, and extension of annealed primers by incorporating four types of 

nucleotides (adenine (A), thymine (T), guanine (G), and cytosine (C)), respectively. These set 

temperatures are dependent on length of double stranded DNA (dsDNA), DNA sequence, and 

polymerase type. Melting temperature increases for longer DNA and more G-C bonded base pairs 

(bp) present in dsDNA. In fact, melting temperature is an indicator for scientists to reveal the base 

content of DNA [37]. Optimization of PCR temperatures governs PCR efficiency. As a case in 

point, polymerase inactivation and formation of primer dimers are the result of high melting 

temperature and suboptimal annealing temperature [38, 39]. Additionally, PCR efficiency is 
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dependent on other features such as PCR protocol (number of cycles and hold-times at each PCR 

step), DNA template structure and sequence, occurrence of undesired molecular interference, and 

reagents concentration [40]. The three-step thermal cycling is considered one PCR cycle, and 

normally a complete PCR process consists of 30 to 40 cycles carried out continuously in a device 

called thermocycler. In conventional PCR machines/thermocyclers, the 15-100 µL sample is 

placed in a thin walled polypropylene tube in contact with thermally conductive metal/solid-state 

Peltier blocks, and temperature regulation is carried out by thermoelectric energy conversion and 

heat conduction through metal blocks, PCR chamber, and finally PCR reaction. Therefore, power 

requirement, amplification time, and ramping rate depend on thermal properties and mass of metal 

blocks. Typically, Peltier-based PCR thermocyclers require approximately an hour and up to 1000 

W electrical power to complete 30 to 40 PCR cycles due to large thermal mass and poor heat 

transfer between metal blocks and plastic tube. An example of such system is LightCycler® 1536 

from Roche Molecular Systems, Inc. with heating and cooling rate of 4.8 and 2 ºC/s, amplification 

time of 50 min, 55 kg weight, and power consumption of 1500 VA. Consequently, conventional 

PCR machines are confined to medical laboratories, and despite their high sensitivity and 

specificity, these machines are not accessible, cost-efficient, and fast enough to be deployed for 

point-of-care (POC) testing in resource-limited settings or during mass testing. Rapid therapeutic 

turnaround time is an important factor to decrease mortality rate and control the spread of disease. 

As a case in point, even with high sensitivity of one parasite.μL-1, PCR is ineffective for malaria 

detection in endemic areas due to slow PCR process resulting in the death of one child every 2 min 

[41, 42]. Another example is the current situation in many countries struggling to keep up with the 

high demand for COVID-19 testing exceeding laboratory testing capacity. 

It is reported that PCR assay is the most reliable and accurate test for detection of COVID-19; 

however, due to high cost ($125/test) and slow turnaround time (at least 2-4 days), fast and 

inexpensive antibody-based testing kits are more popular [43]. False negative results have higher 

chances of occurrence in antibody tests than PCR [44]. This will jeopardize not only the health of 

test takers due to delayed treatment but also public health, as self-isolation is neglected, and the 

risk of unknowingly transmitting the virus to others is heightened. Consequently, both academic 

and industrial groups have focused on adapting PCR assay to POC diagnostics by minimizing time 

span between sample preparation and test results as well as reducing the PCR devices footprint 

while maintaining sensitivity. Factors such as optimal surface-to-volume ratio (SA/V), thermal 
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properties/mass of heating material/reaction vessel, and effective contact between heat source and 

reaction chamber can be tailored to improve heat transfer and shorten reaction time. The first step 

in PCR development was to increase SA/V and lower reaction volume for rapid heat transfer. As 

a result, the plastic PCR tube was replaced with at least five times higher SA/V glass or plastic 

capillary tube. Witter et al. took the second step by eliminating heavy metal blocks and directing 

hot and cold air onto glass capillaries [45]. Their method reduced the size of thermocyclers as well 

as amplification time; one PCR cycle only in 1 s. This was shortly employed in commercial PCR 

devices outpacing the Peltier-based heating/cooling instruments. Later, the same group used hot 

and cold water baths to thermocycle 1 to 5 µL PCR sample in 0.4 –2 s using a stepper motor to 

mechanically rotate the sample between water baths at denaturation and annealing temperatures 

[46]. The temperature was measured by a fine wire thermocouple in a parallel/control tube. In this 

method, rapid thermocycling is achieved by maintaining 1 liter of water at 95 ºC and 74 ºC with 

the use of electric hot plates. Although, these PCR instruments are an excellent diagnostic tool in 

medical laboratories, their size, speed, and power requirement do not meet the ASSURED 

(Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-free, and 

deliverable to users) criteria required for POC applications [47]. For example, PCR thermocycling 

with hot and cold water requires unnecessary heating of 1 liter of water at 95 ºC and 74 ºC for 

thermocycling 1 µL sample volume. Furthermore, water baths are made in 4.5 quart stainless steel 

dressing jars which results in not much reduction in hardware size compared to benchtop PCR 

machines. 

Microchip PCRs possess all the POC testing requirements owing to both sample size and 

equipment miniaturization. The enhancement of SA/V from 8 mm2µL-1 for capillary tubes to 10, 

17.5, and 20 mm2µL-1 for on-chip PCRs provides faster heat transfer, reduces the length of assay 

time and sample/reagents consumption without compromising the PCR specificity and sensitivity 

[7]. One of the commonly used material in micro-PCR chips is silicon due to its well-established 

fabrication technology, ease of mass production, resistance to high temperature, and superior 

thermal conductivity [48]. Recently, a disposable silicon-based micro-qPCR chip was introduced 

by Bajo et al. which integrates electrical heating, resistance thermometry, and label-free 

electrochemical amplicon sensing [49]. Silicon microchips were also used for real-time 

fluorescence-based PCR with improved sensitivity for the detection of pathogen genomes of both 
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viruses and bacteria compared to standard PCR system [50]. The well-developed silicon industry 

allows facile fabrication of thousands of consistently sized nanoscale reaction wells by etching 

silicon substrate to enable precise sample partitioning for digital PCR. The advantage of digital 

signal (high and low) detection is simpler instrumentation, as the optical sensor needs to only 

detect the difference between a positive and negative partition. The ratio of positive to negative 

partitions can then be related to the number of DNA copy numbers in the sample, using Poisson 

statistics. Although digital PCR enables sensitive and absolute target quantification, the 

commercially available digital PCR instruments have multi-step PCR process using multiple 

devices apart from PCR thermocycler such as automated chip loader and chip reader [51]. 

Consequently, for the use of digital PCR in field testing, the workflow should be more automated 

and carried out in a single device. Moreover, silicon-based micro-PCR chip has its own 

complications. For instance, bare silicon inhibits PCR, the opacity of silicon degrades optical 

detection, high thermal conductivity of silicon requires proper thermal isolation, and combination 

of micro-PCR and micro capillary electrophoresis is not feasible due to high electrical conductivity 

of silicon [48]. 

Microfluidic PCR systems are categorized into two groups of time and space domain PCR [6, 52-

54]. Time domain or static chamber PCR is attributed to microfabricated PCR device resembles to 

traditional thermocyclers in which the sample is stationary, and contact/noncontact methods are 

used to regulate the reaction temperature. In time domain PCR with contact heating, resistive 

heaters and miniaturized Peltier-based ceramic blocks were employed for temperature regulation 

[55]. One main problem with contact heating resistors fabrication is the complicated and highly 

required precision in thin film metals deposition and patterning as well as sample placement to be 

in contact with heaters. Although, static microchip PCRs reduced amplification time and power 

consumption by lowering sample size and heat capacity of total PCR system, these systems are 

still slow and power-intensive due to thermal inertia as a result of unnecessary heating of resistive 

film heaters and metal heating blocks. To overcome these limitations, many groups explored non-

contact sample heating via hot air stream, induction heating, infrared (IR), and microwave 

radiation benefiting from strong IR absorption of water and water molecules rotation in response 

to applied electric field [56-58]. Another solution to reduce thermal mass of PCR device is using 

a space domain configuration in which the sample flows through microchannels/zones at three 

different PCR temperatures. In flow-through/space domain PCR sample moves in capillary tube 
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(off chip) [59], serpentine microchannel (on chip) [60], and radial/circular channel design (on/off 

chip) [61] using syringe pump [62], centrifugal force [63], capillary force [64], magnetic force 

[65] to direct PCR solutions to different zone temperatures. In serpentine flow-through PCR, the 

interaction of biomolecules with chamber walls due to continuous and repetitive travel of sample 

solution leads to lower sensitivity and PCR yield. During the design procedure of serpentine flow-

through PCR, the number of cycles is configured on microchip; hence, after chip fabrication, 

amplification time and cycle number cannot be altered. However, the problems with flow-through 

PCR were solved in circular flow-through PCR in which not only sample travels shorter distance, 

but also the number of cycles can be adjusted [66, 67]. 

Although, literature is rife with advancement in microfluidic PCRs, the adaptation of micro devices 

to macro-environment (macro-to-micro interface) encounters with some difficulties which is often 

neglected in research studies. The idea of sample and equipment miniaturization was built upon 

faster PCR devices suitable for POC application; however, the practicality of these devices for on 

field sample analysis is controversial. Microchambers are designed for nanolitre and picolitre 

sample volume, whereas typical reagents volume is in the order of microlitres. This becomes more 

critical when a microfluidic device is introduced as a POC device in which sample loading and 

fluid handling can be performed by non-laboratory personnel. 

In light of the challenges associated with contact heating methods and microfluidic PCRs, photonic 

PCR pioneered by Landers group became popular among researchers to introduce faster and more 

POC compatible PCR devices [68]. Light to heat conversion eliminates the need for a heat transfer 

medium with good thermal contact. In these systems, electromagnetic (EM) radiation is absorbed 

by the target medium (i.e., PCR reaction) directly, and thereby this reduces thermal mass by 

eliminating unnecessary heating of microchamber, vessel, or PCR tube, consequently increasing 

heating rate. The absence of heat transfer medium also increases cooling rate, as the heat is only 

removed from sample, e.g., not from Peltier blocks. Other factors controlling heating and cooling 

rate in photonic PCR devices are the spectral power distribution of the light source, focusing power 

of optical elements, sample volume, SA/V of PCR chamber, PCR chamber material, nanoparticles 

(NPs) concentration in nanoPCR devices, and type of sealant. It should be noted that photonic 

thermocyclers facilitate rapid enzymatic amplification of low abundant target/nucleic acid in 

sample; however, in order to quantify amplicons and subsequently learn PCR results, a detection 
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strategy should be integrated into these thermocyclers for a complete analytical PCR assay. 

Therefore, some groups tried to adapt conventional optical detection systems for POC applications 

through miniaturization (e.g., capillary electrophoresis and fluorescence detection), while others 

investigated novel optical methodologies such as nanoengineered optical probes. These detection 

paradigms are integrated into conventional, microfluidic, or optical thermocyclers for a complete 

PCR-based diagnostic device. Thus, the combination of PCR thermocyclers with these optical 

biosensors makes them powerful and sensitive diagnostic tools since the common problem of low 

target concentration in test sample is resolved by their amplification in PCR assay. 

In this chapter, we categorize optical methodologies used in PCR assay in two groups. First, 

photonic thermocyclers having been developed to date for fast target amplification are presented 

and compared in terms of their speed, practicality for POC testing, and light-to-heat conversion 

efficiency. In the second half of this chapter, optical strategies used for PCR product detection are 

described with emphasis on the challenges within their fabrication, target detection, and their 

translation to POC platforms. Lastly, sensitivity or limit of detection (LOD), the most critical 

performance parameter in diagnostic test, is listed and compared for each work. 

2.3 Optical amplification 

IR-mediated and laser-assisted heating of PCR solution can be categorized in two groups: i) optical 

intrinsic and extrinsic heating (Figure 2.1). In the former category, PCR solution is irradiated by a 

broadband IR light source benefiting from intrinsic optical absorption property of the most copious 

PCR ingredient, water. Since water has high absorption in IR region (2.66, 2.78, and 6.2-8.5 µm), 

upon exposure to IR light, the optical energy is absorbed through intramolecular vibrational 

transitions, and this excitation energy is converted to heat. In the second category (extrinsic 

heating), the absorption property of PCR reaction is enhanced with the addition of an extrinsic 

element, i.e., noble metal NPs or thin noble metal film. Hence, with laser irradiation at their 

plasmon wavelength, these NPs act as nanoheaters inside PCR reaction. Consequently, for the 

light-assisted PCR thermocyclers proposed to date, light sources such as tungsten filament/halogen 

lamp, LED, and laser diode were used, and their output optical power was directed on a PCR 

capillary tube, microchip, or conventional plastic tube. Researchers employed different optical 

components such as lenses or gold-coated mirror to focus and reflect stray radiation back on to 

PCR sample. In some studies, the visible radiation of broadband IR light source is blocked by 
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long-pass IR filter to eliminate visible wavelength interference with PCR components and allow 

accurate fluorescence measurements in real-time PCR. Cooling in photonic PCR devices is carried 

out by natural or forced convection either by chilled or at room temperature air. In case of droplet-

based microfluidics (water-in-oil emulsions), PCR reaction droplets are cooled by the dispersed 

phase of water-in-oil emulsions through natural convection. Temperature is measured via inserting 

a thermocouple into PCR chamber or a dummy chamber close to PCR chamber which is filled up 

with PCR buffer and receives the same amount of optical power as PCR solution. However, 

insertion of any type of contact sensing probe inside PCR reaction requires surface passivation to 

avoid PCR inhibition. This will add to system complexity and fabrication cost. As a result, some 

studies utilized non-contact temperature reading methods such as detecting IR thermal radiation 

or adding temperature sensitive dyes into PCR reaction for laser induced fluorescence 

thermometry [69]. In order to prevent sample evaporation and bubble formation, PCR fluid is 

mostly sealed by mineral oil, epoxy glue, Teflon septa, PCR sealing tape, acrylic adhesive, or silica 

gel. A closed-loop temperature control system is also typically included. 

The non-contact nature of photonic PCR devices and the ability to control fluids motion by light 

circumvent the need for complicated fabrication of heaters (e.g., thermoelectric heater/cooler and 

resistive heaters), fluidic circuitry components (e.g., pumps and valves). Furthermore, light source 

can be placed far from PCR chamber or outside the microchip which allows fabrication of simpler 

devices and even disposable PCR sample containers. In other words, PCR microchips are only the 

housing of sample without integrated pumps, valves, and heaters; thus, the fabrication cost is 

significantly reduced, and microchips can be disposed after each PCR experiment to preclude the 

necessity of cleaning, drying, and repassivation of PCR chamber after each run and to prevent run-

to-run cross contamination.  

 

https://en.wikipedia.org/wiki/Thermal_radiation
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Figure 2.1 Classification of optical thermocyclers based on intrinsic and extrinsic optical heating of PCR reaction. 

2.3.1 Broadband IR-mediated PCR (Optical intrinsic heating) 

One of the first optical ultrafast temperature cycling was proposed by Landers and coworkers in 

which a 50 W tungsten filament lamp irradiated a 160 nL PCR sample placed in a fused-silica 

capillary [11]. Since the lamp radiation wavelength (0.35-3 µm) overlaps with water 

intramolecular vibrational wavelengths in IR range (≈3 µm and 6.2-8.5 µm) with high absorption 

coefficient of approximately 10
4
-10

6
 cm-1  [70], the optical power of lamp is absorbed and 

increases the amplitude of molecular vibration and consequently the water temperature. Moreover, 

the capillary made of fused-silica is highly absorptive in IR region leading to better photon-to-heat 

conversion. The capillary vessel provides high SA/V, and compressed air at 20 ºC was used to 

maximize the cooling rate. Since shorter wavelength of light (<600 nm) are detrimental to DNA, 

to avoid photolysis a long pass filter was used between the PCR capillary and light source. This 

IR-mediated PCR system was able to amplify 500 bp λ-bacteriophage DNA with heating and 

cooling rates of 30 and 15 times faster than conventional thermocyclers. Later, the same group 

used polymeric/glass microdevices with convective fan, non-contact temperature reading method 

(IR pyrometer), and gold coated parabolic mirror to focus scattered light on sample to achieve 

faster thermocycling and avoid contact-based temperature sensor (thermocouple) PCR inhibition 

[71]. Other groups utilized the idea of IR-mediated PCR on microchips to obtain faster 

thermocycling by reducing sample size [9, 72]. Figure 2.2 demonstrates two different setups used 

for IR heating of sample in microchips and the resulting PCR temperature profile. Giordano and 

coworkers focused 50 W tungsten lamp IR radiation via plano-convex lens on 2 mm (W)×5.5 mm 
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(L)×150 mm (H) polyimide microchip containing 1.7 µL PCR reaction [73]. Additionally, similar 

to previous works, a gold-coated mirror and long pass filter were used to reflect back scattered 

light on PCR chamber as well as to selectively transmit IR radiation of the light source. In order 

to measure temperature directly with a type-T thermocouple, polyethylene glycol was added to 

PCR fluid to avoid polymerase inactivation. Finally, amplification of 500 bp λ-bacteriophage DNA 

was confirmed via capillary electrophoresis. Later, Landers group proposed surface passivated 

glass microchip performing DNA extraction from whole blood, optical amplification of 380 bp β-

globin gene, and microchip electrophoresis with laser induced fluorescence technique [57]. Their 

method was a breakthrough in photonic PCR by introducing a complete micro-total analysis 

system from whole blood DNA extraction to identification of amplified DNAs. The simplicity in 

design of IR-mediated PCR devices encouraged researchers to integrate optical amplification 

methods with sample preparatory microchips such as solid-phase extraction procedure for DNA 

purification. This can be seen in Legendre et al. work in which solid-phase extraction bed via DNA 

adsorption on silica surface was interfaced with photonic PCR domain on a single microchip [74]. 

  

 
 

Figure 2.2 (a) Layout of infrared PUC19 amplification and fluorescence detection on glass microchip. (b) 

Temperature profile and real-time fluorescence measurement 304 bp PUC19 amplification. Reprinted from Ref. 

[72], Copyright (2012), with permission from American Chemical Society. Schematic of (c) Polyester-toner (PeT) 

microchip with a PCR chamber and a dummy chamber for temperature measurement and (d) IR heating and forced 

air cooling setup for PeT microchip. Reprinted from Ref. [9], Copyright (2015), with permission from Elsevier. 

(a)      (b)   

 

 

 

 

 

 

(c)      (d)           
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For faster thermocycling, the chamber material is required to be transparent and less IR absorptive 

than water. PMMA or plastic is an example of a suitable material choice which was used for 

fabrication of IR-mediated oscillatory thermocycler equipped with fan and linear motor to cool 

and oscillate reaction chamber [75, 76]. Microchip substrates made of silicon are also of interest 

due to its high thermal conductivity and well-established mass production. Silicon was shown to 

provide uniform heating throughout the sample, high compatibility with biomolecules, and low-

cost fabrication making it an excellent material to be utilized for miniature POC devices [77]. 

Table 2.1 demonstrates list of photonic PCR devices with broadband IR lamp proposed to date. It 

is of great importance to compare these optical thermocyclers in terms of their speed and 

optothermal efficiency. To fulfill this, the thermal energy (Q) needed to increase sample 

temperature from elongation to denaturation (∆TE→D=TD-T
E
) and from annealing to elongation 

step (∆TA→E=TE-T
A

) for one PCR cycle is calculated using heat capacity of water (C) and sample 

mass (m) in each study. 

Q
cycle

(j)=mC(∆TE→D+∆TA→E) (2.1) 

The power (Pphotothermal) required to increase sample temperature in one cycle can be estimated by 

the ratio of Q
cycle

 and heating duration of one PCR cycle. Heating duration per cycle 

(tTE→TD
+tTA→TE

) is calculated using the reported heating rate and total temperature increase per 

cycle (∆TE→D+∆TA→E) in each study, and for studies in which heating rate is not provided, the 

total cycle duration (tcycle) was used to obtain Pphotothermal. 

Pphotothermal=
Q

cycle

tTE→TD
+tTA→TE

 (2.2) 

The photothermal efficiency (η
photon→heat

) is obtained by using the ratio of calculated Pphotothermal 

to the optical power emanating from the light source (Pin). For studies with unreported heating 

rate, the calculation of Pphotothermal with tcycle leads to lower efficiency. 

η
photon→heat

=
Pphotothermal

Pin

 (2.3) 
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Table 2.1 Photothermal efficiency in photonic PCR devices using broadband IR lamp. 
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[68] T NS CA Glass microchambers 5 17±0.4 10 20 0.83 208.97 NA 

[11] T 50 CA Glass capillary tube 0.16 38.4 65 20 0.02 43.5 0.087 

[73] T 50 NC Polyimide microchip 1.7 16 10 10 0.18 71.04 0.142 

[57] NS NS NC 
Passivated glass 

microchamber 
5 25.71 NS NS 0.71 27.64 NA 

[77] H 100 Fan Silicon microreactor 7 81.6 4 4 1.17 117.03 0.117 

[78] T 50 Fan Glass microchip 0.28 24.4 13.4 6.4 0.04 5.50 0.011 

[74] T 50 Fan Glass microchip 0.33 32 NS NS 0.05 1.42 0.003 

[71] T 50 Fan Glass microchambers 0.55 37.6 NS NS 0.06 1.65 0.003 

[72] T 50 CA Glass microchamber 10 <60 NS NS 1.67 27.86 0.056 

[79] T 50 CA Glass microchamber 2 NS NS NS 0.33 NA NA 

[9] T 50 Fan PeT microchip 2 70 
10.1

±0.7 

12±

0.9 
0.23 84.53 0.169 

[75] NS 100 Fan 

PMMA-based chamber 

within oscillatory 

reactor 

10 100 1.73 1.26 1.55 72.30 0.072 

 

T: Tungsten, H: Halogen, NS: Not Specified, CA: Compressed Air, NC: Natural Convection, NA: Not Applicable. 

2.3.2 Laser-assisted nanodroplet PCR (Optical intrinsic heating)  

Lasers produce collimated beam with low divergence and narrow spectral bandwidth compared to 

broadband IR light sources. These intrinsic characteristics of lasers have motivated many groups 

to replace IR light sources with lasers in optical thermocyclers. The superiority of lasers was 

mainly revealed in microfluidic PCR devices in which more focused light beam is desired for small 

sample volume [80]. Moreover, the output optical power of lasers is concentrated at one specific 
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wavelength (monochromatic beam) which targets absorption wavelength maximum of PCR 

solution/water leading to higher photothermal efficiency. This contrasts with IR lamps having their 

power distributed over a broad IR spectrum, and only the small wavelength range overlapping with 

water absorption peak wavelengths contributes to photothermal effect. As a case in point, Pak 

developed a laser-mediated PCR using a 1450 nm laser diode with 580 mW power collimated on 

a PMMA-based microchip loaded with 820 nL PCR reaction, and their device was able to amplify 

500 bp λ-bacteriophage DNA in 10 min [81]. The manipulation of light in microfluidics to control 

flow rates, flow direction, mixing, and separating chemicals obviates the need of classical 

microfluidic components such as microvalves or external pumps. By incorporating this capability 

of light in fluidic circuitry, new generation of valve-less and pump-less PCR microfluidics were 

introduced as droplet-based PCR. Discrete nanoliter or picolitre volume of PCR reaction in the 

form of droplet is pipetted in an immiscible liquid (oil) providing high SA/V for rapid heat transfer. 

The size and shape of droplets depend on the viscosity of immiscible phase, hydrophilicity of 

channel surface, and channel geometry [82]. Two fundamental forces govern droplets motion in 

oil phase: thermal Maragoni effect and convection current. Surface Marangoni flow is induced by 

surface temperature and tension gradient between two fluids which applies a net force on droplet 

leading to mass transfer or motion [83]. The temperature difference between water droplet and oil 

phase originates from oil weaker absorption in IR region compared to water and nonuniform 

heating of water-in-oil emulsions. Also, the photothermal heating of oil generates convective 

current in oil phase which is used to control droplets motion. The velocity of droplets in oil is 

dependent on droplets size and oil viscosity, i.e., smaller droplets move faster in oil bath with 

lower viscosity. Deceleration and immobilization of droplets can be controlled by reducing laser 

power and as a result lowering the amount of heat generated in oil. The oil’s viscous drag force 

decreases droplets velocity to be finally settled and immobilized. 

Terazono et al. demonstrated a real-time droplet-based PCR in which 10-30 nL PCR droplets were 

placed on a glass plate using glass micropipettes. The plate was covered with mineral oil at a 

constant annealing temperature (60 ºC) [84]. The IR heating and real-time detection were executed 

with a 1 W laser (λ0=1.48 µm) and a mercury lamp, respectively, and they were both focused on 

PCR droplets through an objective lens. During amplification, an inverted microscope was used to 

detect spatial distribution of the droplet’s fluorescence emission containing SYBR Green I. Laser-

assisted amplification and detection was completed in 3.5 min for 50 cycles. 
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In the absence of temperature sensor in droplet microfluidic, a relationship between laser 

irradiation power and temperature of droplet is established, so that temperature is regulated by 

laser power modulation. To obtain this relationship, first, the temperature of droplets is calibrated 

based on the fluorescence quenching of a temperature sensitive fluorescence dye (e.g., rhodamine 

B) as a result of applying heat to droplets. Next, the fluorescence intensity response to the 

temperature variation as a result of applying heat via laser irradiation is recorded. Finally, using 

the emission intensity-temperature and emission intensity-laser power relations, the relationship 

between irradiation power and temperature can be estimated. Results from this work indicated that 

with laser power of 0.9 W the heating rate can reach up to 33.6 ºC/s. This method of laser power-

temperature calibration necessitates formation of uniform-sized droplets since the laser power 

adjustment for specific heating rate is only valid for particular size of droplet which in this work 

is droplets with 20-30 µm diameter. Droplets with higher diameter (D > 20-30 µm) will be slow 

in reaching the denaturation stage, and smaller droplets often evaporate. Therefore, droplets are 

often placed on a dish by using a micropipette equipped with a linear actuator to control their 

motion and create uniform-sized droplets (Figure 2.3.a and Figure 2.3.c) [85]. Other works utilized 

lower laser power (30 mW and 50 mW) at 1.46 µm with disposable plastic substrate and 

micropipettes to amplify PCR droplets of 20 to 100 nL dispersed into oil phase [85, 86]. Their 

method was able to replicate 187 bp eukaryotic 18S rRNA gene in 370 s for 40 PCR cycles. The 

selection of laser wavelength favors a strong absorption band in liquid water while plastic and oil 

have weak absorption at that wavelength. Similar to the Terazono study, other droplet-based PCR 

studies use real-time fluorescence detection method via microscope imaging of droplet arrays. In 

study conducted by Hettiarachchi et al., light-assisted droplet-based PCR was used to perform cell 

lysis and amplification of 133 bp eukaryotic 18S rRNA gene via reverse-transcription polymerase 

chain reactions (RT-PCR) in less than 15 min. MDA-MB-231 breast cancer cells, lysis buffer, 

PCR reagents were positioned as three separate droplets on Petri dish surface, and by directing or 

defocusing laser beam at a target droplet, the target droplet is moved towards or away from other 

droplets for droplets combination, separation, and heating (Figure 2.3.d) [87].  
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Figure 2.3 (a) Droplet array loaded in mineral oil using home-built contact printing system. (b) Laser-assisted 

heating of droplet with 200 µm beam size at FWHM. Reprinted from Ref. [85] with permission from the Royal 

Society of Chemistry. (c) Schematic description of laser-irradiated nanodroplets dispersed in mineral oil for PCR 

on a microscope stage. (d) Droplets of phosphate-buffered saline containing single MDA-MB-231 breast cancer 

cells (1) and lysis buffer (2) are optically combined to perform cell lysis (3), and PCR reagents droplet (4) will be 

coalesced with lysed droplet (5) via laser beam manipulation for amplification (6). Reprinted from Ref. [87], 

Copyright (2012), with permission from Springer Nature. 

One of the challenges with PCR droplet-in-oil emulsion is the precise optical alignment of laser 

and microscope on droplets with diameter of hundreds of micrometers to achieve optimal light to 

heat conversion and sensitive detection. Suboptimal alignment between laser and droplet leads to 

temperature rise in the surrounding medium such as plastic substrate/polystyrene Petri dish which 

undergoes temperature-dependent deformation around denaturation temperature (TD). Moreover, 

the dispersed sample in oil is difficult to recover for post-PCR manipulations or detection 

particularly for on-site sample analysis. Also, as discussed earlier, droplets are not immobile upon 

laser irradiation, and they move with different velocities leading to cross-contamination between 

samples. The more challenging aspect is to control the movement of cell droplet towards the PCR 

reagents droplet with the help of laser beam for a complete PCR from cell lysis to amplicon 

(a)                    (b) 

 

 

 

 

 

 

(c)              (d) 
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generation. Lastly, temperature-laser power calibration starts with relating fluorescence intensity 

to temperature and later relating laser power to fluorescence intensity and temperature. This 

calibration method depends on the droplet size, type of laser, and microchip design. Hence, the 

relationship between laser power and temperature is unique for different droplet microfluidic, and 

its calibration process is considered labor-intensive and more liable to operational errors. Various 

laser-assisted droplet-based microfluidics presented since 2008 is demonstrated in Table 2.2. The 

photon-to-heat conversion efficiency (η
photon→heat

) for each study can be calculated using Druett 

equation [88]. Assuming only conductive heat loss, for a perfect sphere at temperature T1 

suspended in fluid at temperature T0, the energy per second (Psphere) required to maintain sphere’s 

temperature constant at T1, can be calculated as follows: 

Psphere=2πk(T1-T0)D (2.4) 

Where k is the thermal conductivity of fluid, and D is the diameter of the suspended sphere. For 

the case of droplet-based PCR, the required power (Psphere) to keep droplet with diameter D at 

denaturation temperature ( TD = 90-95 ºC) while suspended in mineral oil with thermal 

conductivity of 0.15
W

mK
 at annealing temperature (TA =55-60 ºC) can be calculated as is shown in 

Table 2.2. Analogous to photothermal efficiency (η
photon→heat

) stated for optical PCR devices with 

broadband IR light source, the ratio of Psphere to laser power (Pin) gives the efficiency of photon-

to-heat conversion (η
photon→heat

) in droplet PCR assay. 

η
photon→heat

=
Psphere

Pin

 (2.5) 

As is shown in Table 2.2, the maximum η
photon→heat

 is 0.44 indicating the most efficient optical 

droplet-based PCR presented to date. 
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Table 2.2 Comparison of droplet-based PCR devices in terms of their speed and photothermal efficiency. 
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[84] 1000 LD 1480 200-300 90-95/60 10-30 4.2 0.66-0.99 0.07-0.1 

[85] 25-50 LD 1460 300 95/60 12 9 9.9 19.8-39.6 

[86] 30 LD 1460 300-400 93/58 30 9.25 9.9-13.2 33-44 

[87] 20-40 LD 1460 200 95/55 NS 14 7.54 18.8-37.7 
 

LD: Laser Diode, NS: Not Specified. 

Furthermore, using the total amplification time and number of cycles presented in each study, we 

can obtain the time per cycle (tcycle); however, heating and cooling rates are lacking in these 

studies. Therefore, here, we modeled these droplets with the same diameters stated in each work 

by COMSOL Multiphysics simulation software to obtain time transient thermal cooling of 

droplets. In this model, COMSOL module for heat transfer in solids and fluids was used to derive 

time dependent thermal cooling of a droplet with dimeter D at denaturation temperature (TD=90 

ºC) dispersed in mineral oil at constant annealing temperature (TA=60 ºC). Next, water-in-oil 

emulsion is placed in a polystyrene Petri dish with 2 mm thickness. The size of Petri dish is similar 

to conventional disposable Petri dish available in market (100 mm×15 mm). Figure 2.4 shows our 

COMSOL model geometry and time-dependent cooling temperature profile for droplets with 

different sizes. For the sake of better visibility of droplet in Figure 2.4.a, the droplet diameter is 

set at 2 mm. 
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Figure 2.4 (a) COMSOL 3D geometry to obtain time-dependent temperature cooling of droplet centered in mineral 

oil. (b) 2D and (c) 3D plot of time-dependent thermal cooling of droplet with varying diameter (D). 

(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

(c) 

 

 

 



 

26 

 

The simulation presented above was based on the analysis of a single droplet in the center of an 

oil bath. However, in droplet-based PCR, droplet arrays are placed in the oil bath. It is expected 

that the relation between D and cooling time (t) will follow the single droplet analysis. In order to 

confirm this, a droplet array of 5×5 at pitches of 2 mm with 400 µm diameter is placed in the same 

COMSOL model (Figure 2.5), and time-dependent thermal cooling for the droplets is studied. The 

results demonstrate that the central droplet in 5×5 droplet array has the same cooling rate as a 

single droplet in oil; furthermore, the droplets on outer side of the array cool as fast as the central 

droplet. Hence, heating and cooling time durations per cycle for each study are calculated based 

on single droplet model. 

 
 

Figure 2.5 (a) COMSOL geometry used for time-dependent heat-transfer analysis of 5×5 droplet array. (b) close-

up view of model geometry for 5×5 droplet array. 

Using single droplet model, the droplet diameter and oil temperature used in each study was 

implemented to the model to obtain time duration between denaturation and annealing step 

(tTD→TA
) in that study (Figure 2.6). Consequently, by subtracting cooling time duration from total 

cycle time (tcycle), the heating time duration (tTA→TD
) can be calculated for each study (Table 2.3). 

Smaller tTA→TD
 is the result of finer optical alignment and better beam focusing on PCR droplet. 

 

(a)                     (b)                                                                                         
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Figure 2.6 Time-dependent cooling from denaturation to annealing stage for aforementioned droplet PCR studies 

using single droplet COMSOL model. 

 

 

Table 2.3 Comparison between heating and cooling time durations for different droplet PCR devices. 
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[84] 0.5 3.7 
Bacillus subtilis DNA/1, 10, and 

1000 
72 KOD plus polymerase  

[85] 1.2 7.8 Eukaryotic 18S rRNA gene/8000 187 
Taqman Fast Universal PCR 

Master Mix  

[86] 1.8 7.45 
Eukaryotic 18S rRNA gene/120-

160 
187 

Taqman Fast Universal PCR 

Master Mix  

[87] 0.7 13.3 
Eukaryotic 18S rRNA gene; 

BRCA1 gene /NS 

133 

/255 

PerfeCTa SYBR Green 

FastMix ⚫ 
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2.3.3 NanoPCR 

2.3.3.1 Nanomaterial-assisted PCR 

Researchers have been investigating methods to overcome PCR obstacles governing PCR 

efficiency; for instance, many articles reported unsuccessful attempts to amplify DNA with high 

GC content and high melting temperature [89]. The most practiced methods are reagent 

concentration (primers, polymerase, DNA, and magnesium ions) and PCR protocols 

(temperatures, hold-times, and cycle numbers) optimization, enzyme modification, as well as 

designing touchdown and nested PCR strategies [90]. Alternatively, the implementation of PCR 

additives such as betaine [91, 92], tetramethyl-ammonium chloride [93], formamide [94], and 

glycerol [95], was another approach to enhance PCR efficiency by focusing on complete DNA 

denaturation and stability. The second group of additives is nanomaterials which the span of their 

application varies from cell lysis, PCR specificity/efficiency/selectivity enhancement, to lowering 

limit of detection in qPCR. Due to their superior electrical, optical, mechanic, magnetic, and 

structural properties, nanomaterials such as gold/silver nanoparticles (AuNPs and AgNPs) [96, 

97], carbon nanotubes (CNTs) [98], quantum dots (QDs) [99], graphene oxide (GO), reduced 

graphene oxide (rGO) [100], titanium oxide nanoparticles (TiO2NPs) [101], and other metallic 

nanomaterials and nanocomposites [102] have been extensively used in PCR assay. All 

nanomaterials provide high SA/V and easy tunability in their physical dimensions which give rise 

to their high thermal conductivity and activation of particular optical, electrical, or chemical 

properties. In addition, since each nanomaterial has unique features, their utilisation is application-

dependent. For instance, AuNPs are popular for their stability and biocompatibility, and facile 

surface modification, CNTs for their mechanical strength, and GO for their fluorescence 

quenching ability, hydrophilic quality, and easy covalent functionalization [103].  

Nanomaterial-assisted PCR also known as nanoPCR, was initially introduced as an approach to 

enhance thermal conductivity of nanofluids (dispersion of nanomaterials in base fluid) due to heat 

transfer property of nanomaterials. After numerous developments in microfluidic PCR, researchers 

remarked that addition of nanomaterials inside PCR reaction accelerates the rate of amplification 

in conventional PCR platforms precluding the necessity of sample and equipment miniaturization 

to improve heat transfer and consequently shorten amplification time. NanoPCR enables rapid 

temperature ramping while maintaining the conventional PCR sample volume (20-25 µL) which 
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makes on-site sample loading and analysis with much more convenience, and it also facilitates 

sample retrieval and post-PCR manipulations. A greater sample volume provides higher optical 

path length (OPL) which favors optical detection strategies since light undergoes more absorption 

and scattering events. The presence of nanomaterials inside the PCR reaction revealed other 

advantages such as higher amplification efficiency and lower off-target priming. Li et al. studied 

the impact of 0.4 nM citrated-stabilized AuNPs on 283 bp λ-bacteriophage DNA amplification for 

35 cycles [104]. Their results showed that the presence of AuNPs not only increases PCR yield 

without any loss in specificity but also allows amplification at suboptimal annealing temperatures 

as low as 25 ºC to 40 ºC which eliminates the need for touch-down PCR process and decreases the 

formation of primer dimers. However, there is an optimal range for AuNPs concentration, as higher 

concentrations (~1 nM) inhibit PCR. Moreover, it was reported that suspension of 0.7 nM of 

AuNPs with 13 nm diameter in PCR reaction reduced the amplification time by half and enhanced 

the sensitivity in real-time amplicon detection more than 10
4
 fold using LightCycler PCR machine 

(Roche Diagnostic Systems, Penzberg, Germany) [105]. The reason for the enhanced PCR yield 

and thermocycling rate is associated with high thermal capacity and conductivity of AuNPs which 

increase the heat conductivity of nanofluids on whole significantly [106, 107]. Others found that 

the presence of AuNPs improves the stability of nanofluids compared to microfluids due to 

stochastic motion (Brownian motion) of nanosized particles [108, 109]. Complementary to what 

Li et al. reported, other studies hypothesized that AuNPs only increase the amplification efficiency 

of shorter DNA templates than longer extended products, and the effective concertation of 

polymerase particularly Taq and Tfl is lowered due to surface interaction between AuNPs and 

polymerase [110]. In order to compensate formation of polymerase-conjugated AuNPs, bovine 

serum albumin (BSA) as a polymerase displacer on the surface of AuNPs and higher amount of 

polymerase can be used. Later, Mandal et al. demonstrated that higher PCR yield originated from 

both heat-transfer enhancement and strong surface interaction of AuNPs with Taq polymerase 

[111]. UV-visible spectroscopy of gold colloid with Taq, primer, and DNA showed 8 nm, 2 nm, 

and zero redshift in the plasmon wavelength of AuNPs indicating AuNPs higher affinity to Taq 

polymerase. Also, by circular dichroism, it was reported that the melting temperature of AuNPs-

Taq complex was increased by 8 ºC in comparison with pure Taq. This implies that adsorption of 

Taq on surface of AuNPs make polymerase molecules more active at normal extension 

temperature between 68 to 72 ºC even during the final cycles of PCR leading to higher PCR yield. 
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The interaction between AuNPs is enzyme-specific, and for each type of polymerase, AuNPs’ 

optimal concentration should be obtained [112]. The nature of AuNPs interaction with PCR 

ingredients is not fully understood; some studies observed that the affinity between Pfu DNA 

polymerase and AuNPs originates from electrostatic interaction and Au–NH2 bond [113], while 

other studies indicate the PCR output enhancement is owing to formation of AuNPs-DNA clusters 

[114]. On the contrary, Haber et al. reported that addition of AuNPs did not enrich the efficiency 

and specificity of their PCR assay using different type of DNA templates [115].  

In conclusion, nanomaterial-assisted DNA amplification within traditional thermocyclers has the 

potential to enhance sensitivity, specify, and thermocycling speed. It has been hypothesized that 

two mechanisms govern this enhancement effect: (1) thermal physical property of nanomaterials 

and (2) their high reactivity to PCR ingredients. However, to achieve this enhancement effect both 

in DNA amplification and detection, the concentration of nanomaterial, polymerase, and DNA as 

well as PCR condition (e.g., PCR stage temperatures) should be optimized particularly for qPCR 

assay [115]. Finding the optimal nanomaterial concentration based on the type and concentration 

of DNA and polymerase is the key; otherwise, excess nanomaterial concentration inhibits PCR 

process, and lowering nanomaterial concentration have no impact on PCR yield [116]. The 

aforementioned advancements in nanoPCR were accomplished without utilizing optical feature of 

nanomaterials. Inclusion of nanomaterials inside biological reaction mixture and benefiting from 

their optical and photothermal properties founded a new research area to develop novel therapeutic 

and diagnostic modalities. Photonic PCR has already been a fully fledged active research domain, 

and by incorporating nanomaterials, it has been upgraded to a faster, more sensitive, and more 

suitable tool for POC applications. 

2.3.3.2 Optical nanoPCR (Optical extrinsic heating) 

In optical intrinsic heating, photothermal efficiency and subsequently heating rate are restricted to 

water optical absorption, power of light source at water absorption peak wavelength, and focusing 

power of optical elements. As an alternative, metallic NPs can be used in PCR reaction to increase 

optical absorption by several orders of magnitude (optical extrinsic heating), and consequently 

higher photothermal efficiency can be obtained. Moreover, the photothermal efficiency is further 

enhanced due to employment of lower power light sources, i.e., lasers. The enhanced optical 

properties of subwavelength-sized conductive NPs arise when an oscillating electromagnetic (EM) 
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field excites the free electrons in conduction band coherently. The electron cloud deviates from its 

original location, and an effective restorative force owing to curved surface of particles oscillates 

the electron clouds with respect to ionic stationary core of NP in an electromechanical manner 

[117]. This oscillation leads to accumulation of charges (dipoles) on the surface of NPs. This dipole 

oscillations are the result of both incident EM field and restorative force [118]. If the resonance 

oscillation on the surface of NPs and the frequency of EM waves are in phase, an enhanced local 

field named as localised surface plasmon resonance (LSPR) is generated inside and outside of NPs. 

Mie’s solution to Maxwell’s equation for an EM wave interacted with spherical particle together 

with proper boundary conditions reveals a series of normal modes/multipole oscillation in the 

extinction cross section (Cext=Cabs+Csca) of NPs. Using a dipole approximation, the Cext can be 

calculated as follows for a homogenous metallic sphere smaller than 20 nm [119]: 

Cext(w)=9
w

c
εm

3
2 V

ε2(w)

[ε1(w)+2εm(w)]2+ε2(w)
2
 (2.6) 

Where εm  is dielectric constant of surrounding medium, ε1(w)+iε2(w)  is the wavelength-

dependent complex dielectric function of the bulk metal, V is the volume of the spherical NP, w 

is the angular frequency of incident EM wave, and c is the speed of light in vacuum. The real and 

imaginary parts of dielectric function determine the SPR position and its bandwidth, respectively. 

The resonance condition is met when the denominator of equation (2.6) is zero. For most noble 

metal NPs, the imaginary part of their dielectric constant is small leaving to the only condition of 

ε1(w)=-2εm(w) for the SPR to occur. 

The coefficient of εm(w) in the denominator of equation (2.8), often referred to as geometry-

dependent factor (κ), is dependent on the shape of NP. Equation (2.7) shows that how κ factor 

governs the ratio between the spectral shift in resonance wavelength maximum (∆λLSPR) and 

refractive index (RI) change in surrounding medium (∆nm ) [120]: 

∆λLSPR

∆nm

∝√κ (2.7) 

This explains why NPs with greater κ factor exhibit more spectral shift due to RI changes in their 

surrounding, i.e., NPs with greater κ factor provide higher detection sensitivity. The value of κ is 
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equal to 2 and 3 for small spherical and ellipsoid NPs, respectively, and it can increase up to 20 

for gold nanorods (AuNRs) with high aspect ratio (AR) which explains the great interest in the 

application of nanorods and nanostarts in biosensing [120]. 

Moreover, equation (2.8) shows how absorption spectrum of NPs varies with the change in the 

size of NPs. In fact, more calculations on Mie theory show that Csca and Cabs are proportional to 

the sixth and third power of NP radius, respectively. The larger the NP becomes (>20 nm), EM 

wave polarizes NPs inhomogeneously and generates higher order modes which redshift the 

plasmon band and broaden the absorption bandwidth. Jain et al. studied size normalized optical 

properties of AuNPs, and the results in their study showed that AuNRs with high AR have higher 

absorption (Cabs) and scattering coefficient (Csca) compared to nanoshells and nanospheres [121]. 

Furthermore, the effective radius of AuNRs (reff) is an important factor which should be tailored 

based on the application. reff can be derived from NR volume (V) [122]: 

reff=(
3V

4π
)

1/3

 (2.8) 

AuNRs having small reff are more photoabsorbing and suitable for photothermal destruction of 

cancer cells, while AuNRs with larger reff have higher scattering coefficient and are mostly used 

in imaging applications. Another advantage associated with AuNRs is their facile resonance 

tunability by changing their geometry. By increasing the length of nanorods, the longitudinal and 

transverse modes are redshifted to higher wavelengths in NIR range which favors in vivo imaging 

and therapeutic applications due to high tissue transmittivity and low hemoglobin absorption in 

NIR range [123]. The wavelength maximum of suspended AuNRs in aqueous solution can be 

modulated by varying their aspect ratio (AR) using the following equation [124]: 

λmax(nm)=95AR+420 (2.9) 

Where λmax is the wavelength maximum in nanometer unit. Moreover, SPR band intensity and 

wavelength depend on the metal type. For instance, SPR band for copper, silver, and gold 

nanosphere is located in visible region, whereas other metals have weak and broad SPR band in 

UV region [125, 126]. Consequently, spectral properties of noble metal NPs are determined by 

their size, shape, material, dielectric function of surrounding medium, and the particle separation 
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distance. As an alternative to LSPR, surface plasmon polaritons (SPPs) also offers enhanced 

optical properties upon light illumination on a planar thin metal film at specific angle. In contrast 

to LSPR with direct light excitation, phase-matching techniques such as using prism or grating 

couplers should be implemented to induce SPPs. EM field decreases exponentially as it propagates 

away from thin metal film into dielectric layer. The decay length of LSPRs (~10 nm) is typically 

much shorter than SPPs (~200 nm).  

Addition of AuNPs inside PCR solution enhances optical absorption coefficient and subsequently 

light-to-heat conversion efficiency. This absorption enhancement can be tailored by changing 

AuNPs concertation allowing to obtain higher photothermal efficiency with smaller sample 

volume. This is in contrast to intrinsic heating in which photothermal efficiency is restricted to 

water absorption coefficient and fixed OPL. For instance, the molar extinction coefficient of 

AuNRs (Nanopartz, Loveland, CO) used in PCR plasmonic thermocycler were 9.8×10
8
 M-1cm-1 

at their plasmonic wavelength (808 nm) [12]. Considering AuNRs negligible scattering coefficient 

at 808 nm, their absorption coefficient per cm OPL and per molar concentration  

(Cabs=Cext-Csca) is approximately 10
6
 times higher than pure water at its absorption wavelength 

maximum (3 µm) targeted by broad band IR lamps discussed in the previous section. Thus, laser-

induced heating of AuNPs (optical extrinsic heating) leads to higher photothermal efficiency and 

subsequently offers faster thermocyclers in comparison with intrinsic heating method. The first 

demonstration of plasmonic thermocyclers is the study conducted by Roche et al. in 2012 [127]. 

They added citrate capped gold nanospheres of 60 nm diameter with final concentration of 4.4 pM 

to 25 µL PCR reaction. A continuous wave 532 nm laser with 2.7 W optical power excited 

suspended gold nanospheres in PCR solution. Laser-induced excitation of AuNPs alters electron 

distribution in AuNPs conduction band and increases the electrons temperature to thousands of 

degrees Kelvin owing to minute electron heat capacity. Electrons deexcitation occurs via electron-

electron scattering within 500 fs to reach to an equilibrium fermi electron distribution [128]. The 

new fermi electron distribution thermalizes by electron-phonon coupling within the gold 

nanospheres lattice in 2-5 ps [129]. It is then the phonon-phonon interaction with the surrounding 

medium which dissipates energy of the resonance of the oscillating dipole in the form of heat to 

the water shell around the AuNPs. The relaxation time (τ) for energy dissipation of excited AuNPs 

in aqueous solution can be estimated by [130]: 
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τ =0 .64r(nm)
2
 (2.10) 

Where r is the radius of NP in nanometer unit, and for the case of AuNRs, reff should be used. The 

heat-transfer time (τ) is independent of initial temperature of AuNPs and aggregation events since 

heat-transfer coefficient, heat-transfer effective area, mass, and other optothermal properties of 

aqueous AuNPs suspension remain constant during deexcitation [131]. Therefore, a relaxation 

time of around 108 ps is expected from AuNPs with 13 nm radius suspended in PCR solution to 

reach thermal equilibrium. The AuNPs relaxation with a fixed laser power under a steady state 

condition gives rise to temperature increase with respect to ambient temperature (T-Tambient) in 

aqueous solution which can be calculated by [13, 132]: 

T-Tambient=P
εabs

εscat

(
1-10

-Aλ

hS
) η (2.11) 

Where P is the laser power, εabs is the molar absorption coefficient, εscat is the molar scattering 

coefficient, Aλ is the absorbance at wavelength of laser radiation, η is the AuNPs photothermal 

efficiency, h is the heat transfer coefficient, and S is the cross-sectional area perpendicular to 

conduction. Based on Beer-Lambert law, Aλ can be calculated as follows: 

Aλ=εext×c×OPL (2.12) 

Where εext is the molar extinction coefficient of solute (AuNPs), c is the concentration of solute 

(AuNPs), and OPL is the optical path length for propagating laser beam. This photothermal 

temperature increase together with a cooling fan was used in Roche et al.’s study to thermocycle 

PCR reaction for 30 cycles in less than 10 min. Moreover, they reported that by using BSA in 

plasmonic PCR solution, polymerase inactivation due to formation of AuNP and polymerase 

adduct was prevented, and it allowed using higher AuNPs concentration up to 6.6 pM for faster 

temperature ramping. Further improvements in their plasmonic thermocycler resulted in 

manipulation of AuNRs with AR of 4.1 with plasmon wavelength of 808 nm [12]. The AuNRs 

were pegylated to avoid polymerase adsorption on AuNRs and obviate the need for BSA. In 

contrast to their previous work, a non-contact temperature reading (IR thermopile) was utilised to 

avoid contamination and PCR inhibition, and the laser wavelength selection (808 nm) offered the 

flexibility of combining their plasmonic thermocycler with typical fluorescence measurements in 
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visible region. Their modified plasmonic thermocycler with increased AuNRs concentration 

between 10 to 50 nM was able to perform cell lysis and amplification of 25 µL PCR reaction 

containing human glucokinase gene (1 ng-50 ng) under one minute using KAPA2G fast 

polymerase enzyme. This plasmonic thermocycler was combined with real-time detection method 

deploying spectral shift in plasmon wavelength of AuNRs owing to RI change of surrounding 

medium as a result of amplicon generation. In other studies, this plasmon-driven ultrafast PCR 

was used with modifications on the plasmonic amplification hardware together with a different 

real-time detection method [133, 134].  

As an alternative to AuNRs, thin Au film embedded in PCR chamber wall was used as plasmonic 

medium in the study conducted by Son et al. [135]. The 4 mm diameter PCR wells were formed 

in PMMA sheet, and a 120 nm thick Au film was deposited on the PMMA sheet. Furthermore, in 

contrast to previous plasmonic thermocyclers, they replaced expensive laser diodes with more 

cost-effective light source, LED (wavelength of 447.5 nm and optical power of 890 mW). A plano-

convex lens with 16 mm focal length was used on LED to focus light beam on 10 µL PCR sample 

located in PCR wells. Their photonic thermocycler was able to complete 30 PCR cycles in 5 min 

with heating and cooling rate of 12.7 and 6.6 ºC/s, respectively for 98 bp λ-bacteriophage DNA 

amplification. In this optical design, since efficient light-to-heat conversion is limited to a thin 

layer of PCR reaction in contact with Au film, utilisation of smaller sample volume provides more 

efficient photothermal effect and uniform heating. Therefore, Son et al. upgraded their Au film 

based-photonic PCR for a better temperature uniformity throughout sample (Figure 2.7) [15]. An 

optical cavity was made of two parallel Au films deposited on PMMA substrate, and the Au film 

thicknesses were optimized for maximum photon absorption and heat distribution across the 

sample. The optical cavity provides light confinement between the two Au films, so that most of 

the trapped photons will be eventually absorbed by the cavity medium, PCR solution. Temperature 

reading was carried out by a thermocouple placed in a reference chamber adjacent to PCR 

chamber. The LED distance from reference and PCR chamber were adjusted such that i) the 

chambers are located at beam waist for maximum beam delivery, and ii) equal optical power is 

absorbed by both chambers for accurate temperature reading. The height of the optical cavity 

governs the amplification speed and PCR efficiency; a cavity with 200, 400, and 750 µm height 

was shown to provide a total amplification time of 6.8, 9.3, and 14.7 min for 40 cycles, 
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respectively. However, amplicon yield decreases with smaller cavity height and faster 

thermocycling. 

 

 

 

 

 

Figure 2.7 (a) Schematic of 2-layer Au film optical cavity for maximum photon absorption by cavity medium (PCR 

solution). (b) Optical setup with a PCR chamber and reference/thermocouple chamber positioned at lens focal 

length. (c) Heating and cooling rate dependence on Au films’ separation distance. (d) Thermocycling curve for 

PCR and reference chamber. Reprinted from Ref. [15], Copyright (2015), with permission from Wiley‐VCH. 

An Example of an alternative AuNP morphology used in plasmonic PCR can be found in Lee et 

al. study in which suspended PEGylated silica coated gold bipyramid NPs (PEG-Si-AuBPs) in test 

solution offer numerous advantages over gold nanospheres and AuNRs [16]. First, the silica shell 

makes AuBPs more thermally stable and acts as a spacer to increase the particle–chromophore 

distance to avoid photobleaching in qPCR. Second, it has been reported that AuBPs demonstrate 
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fluorescence emission enhancement by factor of 1.4 in comparison with gold nanosphere owing 

to strong electric field near their sharp edges [136], and lastly, their plasmon band (846 nm) are 

far from the excitation and emission wavelength of widely used fluorescence dyes. In their 

plasmonic amplification strategy, the PCR sample contained PEG-Si-AuBPs with 18.3 optical 

density, fast KAPA2G polymerase, M13mp18 DNA template, and SYBR Green I dye for real-

time detection. An IR-LED and a fan were placed above and below the PCR tube to carry out 40 

cycles of plasmonic amplification and detection in less than 8 min. 

Other researchers have explored various nanomaterials to introduce novel rapid and energy-

efficient thermocyclers. Li et al. incorporated iron oxide nanoclusters (Fe3O4 NCs) with high 

temperature stability, magnetization, and absorption at 808 and 1064 nm wavelength inside 10 µL 

PCR sample [137]. The optical properties of Fe3O4 NCs together with an 808 nm laser diode with 

460 mW power was utilized to amplify defective mitochondrial DNA (mtDNA) mtDNA from skin 

fibroblasts in 7 min for 30 cycles. Temperature regulation was measured by a K-type 

thermocouple, and to capture mtDNA from 500 cells µL-1 , they benefited from magnetic 

properties of NCs@gelatin with the presence of carbodiimide hydrochloride/N-

hydroxysulfosuccinimide on amine-functionalized sequence-specific mtDNA probe. Finally, real-

time fluorescence (Sybr Green) detection with a 450 nm laser diode and CMOS camera detector 

was employed, and the lowest detectable mtDNA concentration was 50 pg. 

Although, many other optical PCR devices were proposed, they could not compete with plasmonic 

PCRs in terms of shortened assay time, higher PCR/photon-to-heat conversion efficiency, as well 

as simplicity in sample preparation and device fabrication. An example of such optical non-

plasmonic PCR systems is the microfluidic chip designed by Liu’s group. The microchip consists 

of a PMMA layer for PCR reaction, a second PMMA layer located below PCR chamber for 

conducting oil, and a 100 µm copper layer sandwiched between PCR and oil chamber [138]. The 

oil chamber is a square shape spiral channel connected to an oil tank through peristaltic pump. 

Multi-walled carbon nanotubes (MWNTs) with 4 mg/ml concentration were suspended in oil, so 

that upon 850 nm LED illumination (20 W), the MWNTs generate heat inside oil flowing through 

spiral channel beneath the copper layer. Consequently, owing to high thermal conductivity of 

copper, the heat is transferred to PCR chamber layer. The pump draws the cold oil back to tank, 

and the photothermal effect in tank reheats the oil for the following PCR cycle. Using pulse width 
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modulation on LED’s and pump’s voltage signal, the LED’s optical power and oil flow rate is 

controlled to regulate the PCR reaction’s temperature. This light-assisted microfluidic device 

completed 30 cycles of human papillomavirus (HPV) gene amplification (amplicon size: 140 bp) 

in 50 min comparable to conventional thermocyclers. 

In Table 2.4, a more detailed overview of the discussed articles is listed. The photothermal 

efficiency (η
photon→heat

) of each plasmonic thermocycler was calculated using the same approach 

used in broadband IR-mediated PCR thermocyclers (equation (2.1)-(2.3)). For studies in which 

heating rate was not reported, the η
photon→heat

 is not calculated. 

Table 2.4 Photonic nanomaterial-assisted PCR devices with their calculated photothermal efficiency. 
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[127] LD 2.7 532 AuNS 6.6 pM 25 20 
7.62 

/3.33 
4.08 0.80 29.5 

[135] LED 3.5 447.5 Au film3 NA 5 10 12.79/6.6 0.73 0.27 7.65 

[15] LED2 20 447.5 Au film4 NA 10 22.5 3.5/2.35 1.09 0.15 0.73 

[137] LD 0.46 808 Fe3O4 2500 p.p.m 10 15 NS/NS 1.55 NS NS 

[16] LED 3.8 850 AuBP 18.3 OD 10 11.25 14.12/9.4 0.98 0.59 15.5 

[138] LED 20 850 MWNT 4 mg/ml 20 100 1.5/2 2.93 0.13 0.63 

[139] 
Halogen 

Lamp 
250 NA AuNF NS 25 45 NS/NS 3.87 NS NS 

 

LD: Laser diode, AuNS: Au-nanosphere, AuBP: Au-bipyramid nanoparticle, MWNT: Multiwalled carbon 

nanotube, AuNF: Au-dendritic nanoforest, NA: Not applicable, NS: Not specified, 1Nanomaterial 

concentration,27 LEDs of 3 W, 3120 nm thick Au film, 410 nm thick top and 120 nm thick bottom Au film. 
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2.4 Optical detection 

Optical detection of amplicons relies on converting the change in PCR ingredient concentration 

(measurand) as a result of DNA replication to a change in one of the characteristics of light wave 

(intensity, wavelength, phase, or polarization) as an optical output. The optical output 

measurement is performed either without sample displacement (in situ) or by sample withdrawal 

from PCR chamber (ex situ). The classification of different PCR product detection methods is 

shown in Figure 2.8. In situ detection offers significant advantages over ex situ detection, as post-

PCR sample preparation steps specific to each detection method (e.g., gel electrophoresis, SPR, or 

SERS) are eliminated. Thus, the assay format is simplified, and it requires less user intervention 

making it ideal for POC applications. Furthermore, sample contamination due to sample carryover 

and subsequently false PCR results are minimized. 

Real-time optical detection of amplicons is performed on stationary sample (in situ) during PCR 

process. In real-time detection, amplicon concentration is correlated to an optical signal on a cycle-

by-cycle basis, and quantification is achieved by tracing optical response variations for different 

initial DNA concentrations. Since the detection occurs after every cycle, it allows for the 

measurement of reaction kinetics. On the other hand, end-point PCR refers to optical detection of 

amplicons after amplification or other preparatory steps (e.g., sample purification, labeling, 

incubation, and/or heating) on stationary or displaced PCR sample. This is in contrast to real-time 

PCR in which optical biosensors are present in reaction from the beginning of PCR. For successful 

integration of PCR assay to POC testing, minimal user intervention during operation is necessary 

to avoid user error, contamination, and subsequently false results. Thus, in situ real-time PCR 

devices are considered more user-friendly and simple detection platforms. 

 

Figure 2.8 Classification of optical PCR product detection. 
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Optical detection methods have advantages over other sensing methods such as electrochemical 

assay since optical signal is less influenced by variations in temperature, pH, and ionic 

concentration which are the potential problems in electrochemical detection of analytes by 

electrodes [140]. Another advantage of optical detection is its multiplex detection capability. 

Optical multiplexing is mainly realized through two approaches: spatial and spectral multiplexing. 

Spatial multiplexing is pixel/area-based quantification in which multiple targets are spatially 

separated into different PCR wells, chambers, or pots, and the pixel intensity values of commercial 

CCD or CMOS image sensors are correlated to different target locations [86, 141]. In the second 

approach, multiple targets are spectrally separated by using unique identifiers or labels such as 

different colored dyes [17] or different sized nanoprobes (e.g., quantum dots) [142], and their 

detection is achieved often by employing multiple optical filters and detectors specific to the 

wavelength of each identifier. Therefore, this increases the cost and size of the detection system 

making it less practical for POC testing. One proposed solution to lessen the number of optical 

components in spectral multiplexing is to modulate the light source for each label at specific 

frequency, and through demodulation of total signal on one detector, the presence of different 

targets is revealed [79]. 

A summary of various optical detection techniques used in PCR assay is presented in Table 2.5, 

and they are compared in terms of their POC compatibility. In some studies, PCR was used as a 

signal-enhancing approach via target amplification for sensitive and reliable detection of low-

abundance nucleic acids, while others were specifically focusing on a simple field-applicable 

detection platform integrated in a portable PCR thermocycler. 

In the following section of this chapter, the principles of the aforementioned optical detection 

strategies are discussed. We presented studies contributing to the advancement of each optical 

detection technique in PCR assay towards their integration for POC applications. In Table 2.6, 

representative examples of these studies are gathered, and the critical performance parameter of a 

diagnostic test, limit of detection (LOD), for each study is presented for better comparison. 
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Table 2.5 Comparison of optical detection methods used in PCR assay and their POC adaptability. 
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 POC compatibility 

T
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Benefits Challenges 

Absorption R/E N F* Simple instrumentation Sensitivity loss for M1 P/T 

Molecular 
fluorescence 

R N ⚫ High sensitivity 

-Costly 

- Sensitivity loss for M1 

-Low sensitivity for MUX2 

-High background 

P/T/M 

Fluorescent NPs E N ⚫ 

-Low background 

-Cost-effective 

-High sensitivity 

-High spectral MUX 

-Long detection time 

-Target-specific probe3 
T 

SPR R/E N ⚫ 

Low background 

-Costly 

-Post-processing steps 

-Long detection time 

-Surface regeneration step 

-Target-specific probe3,4 

P/T 

SEF E N F T 

SERS R/E C ⚫ T/M 

Colorimetric E C F* 

-No light sources 

-No detector5 

-Cost-effective 

-Low sensitivity 

-Long detection time 

- Sensitivity loss for M1 

T 

Optical waveguide E N F* 
-Miniature 

-High sensitivity 

-Complex fabrication design 

- Surface regeneration step 

- Target-specific probe3 

-Costly6 

T 

Chemiluminescence E N F 
-No light sources 

-Low background 

-Low sensitivity 

-Long detection time 

-Sensitivity loss for M1 

-Sensitive photodetector 

T 

 

R: Real-time, E: Endpoint, N: Numerical (quantitative), C: Categorical (qualitative), F: Feasible, *Only spatial multiplexing, 
MUX: Multiplexing, P: Plasmonic, T: Traditional, M: Microfluidic, 1Due to shortened OPL, 2Due to small Stokes shift & 
overlap of emission peaks, 3Requires target specific probe even for qualitative detection, 4Valid for SEF and SERS, 5For 
lower LOD spectroscopy is used, 6Requires tunable laser which is bulky and expensive. 
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Table 2.6 Representative examples of various optical detection methods used for PCR product detection. 

Ref. 
Optical detection 

method 
Target DNA LOD Optical biosensor Detection 

[143] Absorption C. Trachomatis  
104 DNA copies/20 

µL 
Label-free R 

[144] Fluorescence E. coli O157:H7 10 DNA copies/µL FAM probe R 

[17] Fluorescence+CE 
Bacteriophage 
phiX174 RF1 

50 DNA copies/25 
µL 

FAM probe R 

[20] SPR 
Human genomic 

DNA 
0.2 ng/µL Au substrate-thiolated primers R 

[145] SPR imaging 
BCR/ABL 
fusion gene 

10.29 nM 
Au arrays chip-thiolated oligo 

probe 
R 

[22] FO-PCR-MA 
Mycobacterium 

bovis 
0.4 µM 

FO sensor/AuNPs-oligo 
probes 

R 

[21] FO-SPR 
Anti-IgE 
aptamer1 

0.1 fg/µL 
FO sensor/AuNPs-thiolated 

primers 
R 

[146] SEF 
Recombinant 

plasmids 
100 fmol 

Au surface-PNA probe + Cy5-
labeled primers 

E 

[147] SERS FemA gene2 1 nM4 Dyed SERS primers+AgNPs E 

[148] Colorimetric Emetic B.cereus 
92 CFU/mL (naked 

eye) 
Unmodified AuNPs E 

[149] Colorimetric HIV 
1.2 copies/µL 
(naked eye) 

AuNP-oligo E 

[150] Colorimetric 
Bacillus 
anthracis 

10 pg (naked eye) AuNP-oligo E 

[142] QD-based LFA MRSA 103copies/ml QD-SA E 

[151] QD-based LFA S. aureus3 3 CFU/mL QD-SA E 

[152] UCNP-based LFA HIV I virus 
103pathogen 

particles 
UCNPs-anti-Dig E 

[153] Interferometry 
apoE gene 

polymorphisms 
10 pM-10 µM 

Au deposited PAA layer chip-
thiolated DNA probe 

E 

[154] Chemiluminescence HPRT1 gene 
137 DNA copies/50 

µL 
SA-HRP+Chemiluminogenic 

substrate 
E 

 

CE: Capillary electrophoresis, FO-PCR-MA: Fiber optic PCR melting assay, FO: Fiber optic, SPR: Surface plasmon 
resonance, SEF: Surface-enhanced fluorescence, SERS: Surface-enhanced Raman scattering, QD: Quantum dot, UCNP: 
Up-converting nanoparticles, MRSA: Methicillin resistant Staphylococcus aureus, HPRT1: Hypoxanthine 
hosphoribosyltransferase-1, SA: Streptavidin, Dig: Digoxigenin, PAA: Porous anodic alumina, HRP: Horseradish 
peroxidase, R: Real-time, E: Endpoint, 1Anti-immunoglobulin E (IgE) aptamer, 2of Staphylococcus epidermidis, 
3Staphylococcus aureus, 4By using 1 nM of SERS primer. 
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2.4.1 Absorbance detection 

UV-visible absorption spectroscopy is a well-established optical method in which light attenuation 

at different wavelengths is measured and correlated to the presence of absorbing species/analytes 

with unique internal energy level distribution responsible for wavelength-dependent light 

absorption. Hence, based on Beer-Lambert law (equation (2.12)), UV-visible spectroscopy of a 

solution at a fixed OPL reveals absorption peaks which can be used to identify the composition 

and concentration of the absorbing media. Since proteins and nucleic acids are strong UV 

absorbers, absorption-based detection in PCR assay is a promising technique for their quantitative 

detection. This technique is mostly used as an end-point spectral measurement of PCR products 

by bulky spectrometers. Recently, Tran et al. demonstrated an in situ real-time PCR product 

detection method based on measuring the transmitted 260 nm light from a UV LED through PCR 

reaction at every PCR cycle [24, 143]. Since free nucleotides are strong UV absorbers, their 

consumption to extend new dsDNAs during elongation stage of PCR leads to a cycle-to-cycle 

increase in UV transmission signal (Figure 2.9.a). Using this method, a LOD of 10
4
 DNA copies 

per 20 µL PCR reaction was achieved. It is noteworthy that incorporating this detection method in 

microfluidic devices is challenging due to reduction in sample size and subsequently the OPL, and 

this will directly influence the detection sensitivity according to Beer-Lambert law. Also, in 

absorption detection, PCR chamber material should be selected such that it is transparent to the 

probe wavelength to minimize signal loss. This makes absorption measurements less practical for 

Peltier-based thermocyclers where PCR chambers are typically surrounded by a heating block. 

 

 

Figure 2.9 (a) UV amplification curve obtained from real-time UV monitoring of plasmonically amplified C. 

Trachomatis DNA with varying starting copy numbers (105-10). (b) Gel image of samples with varying initial 

DNA concentrations amplified in plasmonic thermocycler [143]. 

(a)       (b) 
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2.4.2 Fluorescence detection 

2.4.2.1 Fluorescent reporter molecules 

Fluorescence analysis of PCR product is the most common optical detection method which owes 

its high sensitivity and selectivity to advances in molecular fluorescent labeling techniques such 

as FRET probes, molecular beacons, and scorpion primers. In this method, the intensity of the 

fluorescence signal acquired by exciting a fluorescent dye or probe at every cycle is correlated to 

newly generated dsDNAs. The most common fluorescence formats are i) sequence-independent 

fluorescent dyes (intercalating dyes) and ii) sequence-specific probes, and the format selection 

depends on the required specificity in detection. Using the former fluorescence format, 

fluorescence emission occurs when intercalators insert between base pairs of dsDNA (e.g., SYBR 

Green I); however, for the sequence-specific probes such as hydrolysis probes (TaqMan), the 

fluorescence emission occurs when the fluorescence reporter and quencher are separated by 5'→3
'
 

of exonuclease activity of Taq polymerase for target DNA extension [155]. Intercalators are cost-

efficient; however, they bind to any generated dsDNA resulting in false positive signal from 

formation of primer-dimers. Also, their addition between dsDNA base pairs perturbs DNA 

structure and stability [156]. On the contrary, sequence specific probes target the sequence of 

interest in DNA templates and allow simultaneous detection of multiple targets within a single 

reaction, but their proper design to unfold (e.g., molecular beacons and scorpion primers) and 

hybridize (e.g., Taqman) upon target presence make them costly compared to intercalators [157]. 

Fluorescence emission is induced by broad band sources (e.g., arc mercury lamp) [158, 159], laser 

diodes [160, 161], and mostly LEDs [162, 163] owing to their long lifetime, low energy 

consumption and low cost. Optical components such as filters and lenses are used particularly with 

broad band light source and LED to selectively pass the desired excitation wavelength and lower 

the beam divergence. The detection of fluorescence signal is accomplished by instruments such as 

photodetectors, pixelated detectors for array-based systems, spectrofluorometers, and fluorescence 

microscopes/scanners. The fluorescence detection sensitivity is restricted by three phenomena: i) 

background signal (autofluorescence and unbound/non-specifically bound probes), ii) Stokes shift 

enabling the separation of target fluorescence signal from Rayleigh-scattered excitation light and 

other fluorescent probes, and iii) fluorescence lifetime in excited states depending on excitation 

light intensity and exposure time (photobleaching) [164]. Thus, emission filters are needed to 
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detect the desired wavelength and exclude background fluorescence or optical signals generated 

by other fluorescent probes. The fluorescence emission is a three-step process which is depicted 

in Figure 2.10: i) fluorophore molecule absorbs the energy of incident photons (hνex) to populate 

excited singlet electronic states within femtosecond time scale, ii) the non-radiative decay of 

excited molecule in the form of vibrations or heat within picoseconds, and iii) radiative decay of 

excited molecule to ground state within nanoseconds (hνem<hνex). Since the non-radiative decay 

occurs several orders of magnitude faster than fluorescent transition, there is always a competition 

between the two processes to deexcite the fluorophore molecule. Quantum yield is a measure of 

efficiency of fluorescent transition to all other non-fluorescent transitions [165]: 

η
Q

=
kf

kf+knf

 (2.13) 

Where kf is the rate constant for fluorescence decay, and knr is the rate constant for non-fluorescent 

transitions, i.e., internal conversion, non-radiative relaxation, quenching, intersystem crossing, and 

phosphorescence. The quantum yield can also be expressed as the ratio of absorbed photons to the 

emitted photons through fluorescence, and its value never exceeds unity. Finally, the fluorescence 

optical power at detection sight can be estimated as follows: 

Pout=Pinη
O

η
A

η
Q

 (2.14) 

Where Pin is the incident optical power from light source, η
O

 is the efficiency of optical system to 

selectively detect emitted optical power from the target fluorophore and exclude optical power 

from light source, and η
A

 is the absorbance (Aλ) calculated by Beer-Lambert law (equation (2.12)). 

Since PCR kinetics have 4 phases of baseline, exponential, linear, and plateau, the plot of Pout 

against cycles (amplification curve) have the same 4 phase-sigmoidal behaviour as PCR kinetics. 

The crossing point at which the exponential generation of amplicons exceeds the background 

signal is referred as threshold cycle which is linearly inversely proportional to the logarithm of 

starting DNA concentration. Hence, the absolute quantification of the template concentration is 

achieved by comparing the threshold cycle of the target’s amplification curve with the threshold 

cycles of the standard/calibration curve generated from amplification of samples with known 

concentrations (calibrator). On the other hand, relative quantification is based on the amplification 
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of internal reference genes (e.g., 18s rRNA, GAPDH, or beta-actin) and is expressed as a ratio of 

the threshold cycle of the target to the reference gene. By far, fluorescence detection is the most 

widely and commonly used method for real-time nucleic acid analysis which is considered a gold 

standard technique after traditional endpoint detection method, gel electrophoresis. 

 

Figure 2.10 Jablonski diagram explaining the occurrence of fluorescence and phosphorescence. 

Today, recent advances in fluorescence detection are centered around its integration into PCR 

microdevices. For instance, fluorescent PCR combined with capillary electrophoresis (CE) 

separation was performed on a microfluidic chip for single and multiple color fluorescence 

detection with average run time of approximately 1 h [17, 160]. The study presented by Easley et 

al. demonstrates one of the most advanced qPCR-CE microchips capable of executing DNA 

purification through solid-phase extraction (SPE) from whole blood, DNA amplification, 

microchip electrophoresis, and laser-induced fluorescence detection in less than 30 min [166]. One 

major challenge with qPCR-CE microfluidics is that at each PCR cycle, an aliquot of the sample 

undergoing amplification should be withdrawn for CE analysis and amplicon quantitation without 

perturbing the PCR kinetics. Moreover, in order to avoid the injection of unextended and denatured 

amplicons to CE channel, the PCR process should be suspended during elongation stage of every 

cycle, and the PCR reactor is maintained at elongation temperature during sample transfer. Finally, 

for qPCR-CE microchip design, PCR reactor should be positioned far enough from CE separation 
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channel, so that the heat generated in PCR chamber does not disturb CE analysis. Hence, PCR 

suspension and sample migration from PCR reactor to CE channel at every cycle lengthen the 

assay time. 

Microfluidic qPCR that excludes CE has led to much simpler and less time-consuming assay. 

Carballo et al. presented a disposable thermoplastic continuous flow PCR chip with an optical 

fluorescence detection system equipped with 490 nm LED and optical power meter to measure 

fluorescence emission of FAM probes [144]. Another example of real-time continuous flow PCR 

assay was proposed by Hatch et al. via incorporating 0.1-10 µL PCR droplets passing through 40 

wraps of fluorinated ethylene propylene (FEP) tubing to perform 40 thermal cycles by using thin 

film resistive heaters (Figure 2.11) [167]. To carry out multiplex real-time detection, the excitation 

light of a blue LED couples into 37 silica optical fibres, and each optical fiber is connected to a 

wrapped FEP tubing for every cycle fluorescence measurement. On the other side of the detection 

system, the emitted fluorescence signal from droplets at every cycle goes through another set of 

fibers (emission fibers) to be finally incident on a 64-channel multi-anode PMT. In this work, some 

factors should be carefully observed to be able to successfully amplify and detect targets. For 

example, in order to preserve the droplets sequence in tubing, the droplet diameter must be larger 

than the inner dimeter of the tubing. Also, the optical alignment and coupling angle of fibers to 

tubing should be carefully designed. In flow-through qPCR, the assay time depends on the length 

and diameter of channels as well as sample flow rate. This means that after system fabrication, the 

assay time can no longer be altered. Another challenge is that the sensitivity of detection can be 

easily degraded by cross-contamination and loss of reagents due to their adsorption to flow channel 

surfaces. However, these complications were alleviated in Zhu et al. work in which a disposable 

cost-efficient static microfluidic chip made of polydimethylsiloxane (PDMS) was coupled with an 

on-chip qualitative fluorescent detection [18]. 

A strategy towards a more compact, inexpensive, and yet simple qPCR device is to reduce the 

number of optical elements and detectors by using color-blind fluorescence detection. In color-

blind method proposed by Schrell et al., fluorescence emission from each individual fluorophore 

is encoded by pulsing the excitation laser at different rates, and the total emitted fluorescence 

signal is collected on one single detector [79]. Consequently, the contribution of each 

fluorophore’s emission intensity is determined by demodulating the photodetector signal using 
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series of fast Fourier transform (FFT). Since an IR-mediated heating thermocycler was used in 

Schrell’s study, the modulation frequencies were selected such that the temperature-dependent IR 

lamp pulses do not contaminate the probe laser modulation frequencies. One advantage of color-

blind fluorescence detection method is that the required optical setup for detection of each 

individual dye such as dichroic mirror, bandpass filter, and detector is omitted leading to a less 

populated and costly optical detection system.  

Generally, fluorescence detection is considered as a powerful tool for sensitive and selective 

detection of various biomolecules and cells due to substantially available fluorophores and 

advanced labeling techniques; however, some challenges has limited its practicality for a fully 

automated and cost-effective POC device. For instance, the labeling procedure is a laborious step 

needs to be performed by skilled technicians from fluid handling to incubating, mixing, and 

washing. Moreover, fluorophore dyes are expensive and have short shelf life. Also, factors such 

as pH level of solution, high background noise induced by overlap of emission peaks of multiple 

targets, and autofluorescence impact fluorescence assay performance. Hence, label-free detection 

techniques discussed in the following section are extensively investigated to overcome these 

challenges. 

 

Figure 2.11 Overview of the system design of real-time continuous flow PCR assay introduced by Hatch et al. 

Reprinted from Ref. [167] with permission from the Royal Society of Chemistry.  
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2.4.2.2 Fluorescent nanoparticles 

Quantum dots with their size range of 1-10 nm are semiconductor nanocrystals that offer size-

tunable absorption and emission cross-sections [168]. These luminescent inorganic nanoparticles 

can be excited by UV to blue-green light source (i.e., broad excitation spectrum), while mostly 

emitting from green to IR region with narrow and symmetric emission spectra. Contrary to organic 

fluorescent dyes with a relatively small Stokes shift between their excitation and emission peaks, 

QDs offer larger Stokes shift especially by exciting at shorter wavelength (UV light) and 

significantly larger extinction coefficient (>2×10
6
 cm-1M-1) [169, 170]. This improves detection 

sensitivity by reducing background signal. Moreover, QDs exhibit higher photostability and higher 

resistance to biological degradation in comparison with organic dyes or fluorescent proteins. The 

fluorescence lifetime of QDs is approximately 10 times more than the organic dyes (QDs:10-100 

ns vs. organic dyes: 1-10 ns). Also, QDs have typically multi-exponential decay dynamics in 

contrast to mono-exponential decay of organic dyes [171]. These characteristics make QD-based 

biosensing a powerful tool for fluorescence multiplexing. 

QDs are widely employed in lateral flow assay (LFA) for nucleic acid endpoint detection. The 

PCR-amplified amplicons labeled at both ends with biotin and digoxigenin (Dig) are captured by 

QDs- streptavidin (QD-SA) conjugates and anti-Dig antibody on LFA strip [151]. As a result, upon 

UV light exposure, the fluorescence emission of QDs leads to qualitative detection of target DNA. 

QD-based LFA was further enhanced for multiplex quantitative amplicon detection [142]. After 

amplifying two different genes with labeled primers, PCR products are immobilized and captured 

on test strips by two different sized QD-SA conjugates and two types of antibodies (Figure 2.12.a). 

The excitation light of a 455 nm LED goes through a filter and dichroic mirror to be finally incident 

on QD-labeled PCR complex, and the fluorescence intensity is captured by the camera of a 

smartphone after passing through a planoconvex lens and gelatin filter. Next, the concentration of 

targets is quantified by analyzing the pixel intensity of captured images from test strips using a 

mobile app (Figure 2.12.b and Figure 2.12.c). All the optical components are assembled into an 

optical module which accommodates test strips and a smartphone. Replacing costly fluorescent 

readers by smartphone camera reduces the overall cost of system making this methodology more 

applicable for POC testing. 
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QD-based LFA is a low-cost and practical analytical tool for POC testing; however, it should be 

pointed out that LFA is an endpoint detection method, and after DNA amplification, the detection 

time needed for PCR products to flow through strips and interact with labelling agents is at least 

10-15 min. 

 

  

Figure 2.12 (a) Schematic illustration of PCR products amplified by modified forward and reverse primers and 

their detection on LFA strips through interaction with two different antibodies and two different sizes of 

streptavidin-modified QDs. Images of test strips and their intensity analysis by smartphone application for detection 

of (b) femA and (c) mecA genes with different concentrations by using 625 nm and 525 nm labeled-QDs, 

respectively. Reprinted from Ref. [142], Copyright (2019), with permission from Elsevier. 

Another generation of fluorophores are up-converting nanoparticles (UCNPs) which convert low 

energy photons in NIR range to high energy photons in visible range (anti-Stokes shift) via 

multiple absorption events or non-linear energy transfer process. Similar to QDs, UCNPs have 

narrow emission bands in visible region making them applicable in multiplex FRET-based target 

sensing for imaging and biodetection assays [168]. Other advantages of UCNPs are high SNR due 

to absence of high background noise generated by biological media autofluorescence, no 

photobleaching, and the possibility of using IR excitation light since biomolecules are transparent 

or have minimal absorption in IR wavelength region. UCNPs are available in different colors, and 

(a) 

 

 

 

 

 

 

 

(b)           (c) 
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their incorporation on LFA strips with an NIR or IR laser diode and a PMT makes them a powerful 

endpoint detection tool for viral and bacterial pathogens. 

Similar to QDs, UCNPs on LFA strips was used for PCR product detection. Chen et al. developed 

a POC-suitable polycarbonate microfluidic cassette able to perform cell lysis, nucleic acid 

isolation, PCR, and target labeling, and detection [152]. Liquid buffers and dry reagents were 

stored in storage pouches, and on-chip pumps and valves controlled the reaction flow for mixing, 

solid-phase extraction, thermocycling, and detection steps. A 980 nm light source was used to 

excite up-converting phosphor particles-dsDNA complex, and the emission intensity in visible 

region (450 nm) was collected to measure the fluorescence intensity for semi-quantitative 

amplicon detection. 

2.4.3 Plasmonic-based detection 

2.4.3.1 Surface plasmon resonance (SPR) sensor 

SPR sensor is considered as a label-free detection strategy which translates RI change at its metal-

dielectric interface to light wave characteristics. Biorecognition elements such as antibodies or 

aptamers are immobilized on the surface of thin metal film, and in the presence of target analyte, 

analyte molecules bind to molecular recognition ligands. This will result in RI change of SPR 

sensor’s surrounding medium (dielectric medium) and subsequently a change in propagation 

constant of surface plasmon; thus, light coupling condition with the surface plasmon will be altered 

in the form of change in coupling angle, coupling wavelength, phase, intensity, and polarization 

[172]. For the case of LSPR, no special coupling instrument (e.g., grating coupler or prism) is 

needed to excite resonant oscillation of electrons in conduction band. Therefore, after direct light 

coupling, plasmonic NPs act as a transducer capable of converting local RI change due to binding 

events to spectral shift in their scattering and extinction spectra measured by spectroscopy. For an 

ideal spherical nanoparticle with a thin coating film/analyte adsorbed on its surface, the amount of 

spectral shift can be estimated as follows [173]: 

∆λ=s×∆n (2.15) 

∆n=(na-ns)+[1-exp(-D/δd) ] (2.16) 



 

52 

 

Where s is LSPR sensitivity (nanometers spectral shift per one unit RI change), D is the distance 

from the center of nanosphere to the surface of adsorbed film, δd is the characteristic decay length 

for localized field, and na and ns are refractive indices of adsorbed film and surrounding medium, 

respectively. Equation (2.15) is valid for small variations in RI; however, for a significant amount 

of spectral shift, we have [173]: 

∆λ=s1×∆n+s2×∆n
2
 (2.17) 

Where s1 and s2 are sensitivity factors for bulk solution, and ∆n can be calculated using equation 

(2.16). 

Roche et al. demonstrated a label-free LSPR-based detection method in which the transmitted 

optical power of a laser diode at 650 nm through a PCR reaction mixture containing AuNRs was 

monitored [12]. This wavelength was selected due to it being close to the minimum absorption 

wavelength for these AuNRs (which had transverse and longitudinal resonances at 507 and 808 

nm, respectively). They reported a gradual cycle-to-cycle decrease in 650 nm transmission signal 

for positive PCR reactions which they hypothesized as being indicative of interaction between the 

generated amplicons and the AuNRs resulting in a red-shift in the absorption spectrum. 

Another approach to induce RI change for real-time PCR product detection is to employ 

functionalized PNA/oligo probes. These probes are immobilized on the surface of AuNPs or Au 

substrate via biotin-streptavidin or thiol–gold interactions. Since these biotinylated or thiolated 

probes are complementary to specific sequence in DNA template, their hybridization leads to a 

change in resonance angle, resonance wavelength, or reflected light intensity from the sensor chip. 

However, in order to make the sequence of interest in amplicons available for probe hybridization, 

the amplicons need to go though a post-amplification process such as denaturation and buffer 

addition, i.e., endpoint detection [174]. Thus, other studies advanced SPR/LSPR-based monitoring 

of binding events in real-time fashion for their better translation into POC applications. This can 

be found in Heip et al. study in which denatured DNAs are captured during amplification 

(denaturation stage of PCR) by thiolated oligonucleotide primers linked to Au-coated 

nanostructured biochip [20]. For real-time detection, the relative reflected intensity (RRI) from the 

surface of biochip was collected at the end of elongation of each PCR cycle by UV–vis 

spectrophotometer. For successful PCR, significant increase in RRI is observed from early cycles 
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(cycle 3 and 4), and RRI signal flattens out during last cycles similar to fluorescence signal 

saturation in plateau phase of qPCR. Amplicon quantification is achieved by the amount of 

increase in RRI signal. On the contrary, the negative control showed continuous flat RRI signal 

throughout all cycles. 

Fiber optic surface plasmon resonance (FO-SPR) sensing technology is another real-time 

technique in which suspended AuNPs and a fiber optic (FO) sensor are responsible for SPR signal 

amplification and detection, respectively [21]. During the annealing stage of PCR, the denatured 

DNA template is sandwiched between the FO sensor and the AuNPs through hybridization to its 

complementary thiolated forward and reverse primers immobilized on FO sensor and AuNPs, 

respectively (Figure 2.13.a). As thermal cycling progresses, the number of AuNPs and PCR 

products around FO sensor increase, leading to greater redshift in SPR wavelength, and threshold 

cycle in “SPR shift vs. time” curve is used for DNA template quantification (Figure 2.13.b). 

FO-SPR technology is also used in obtaining characteristic melting temperature of the target DNA 

for real-time multiplex amplification and detection [22, 23]. In fiber optic PCR melting assay (FO-

PCR-MA), the amplicons hybridized to FO-SPR sensor and AuNPs at both ends dissociates in the 

form of ssDNAs during denaturation stage of PCR (Figure 2.13.c). Thus, FO-SPR sensor and 

AuNPs are no longer bounded to each other, and this change in the mass/density of FO sensor’s 

surrounding medium is expressed as SPR signal shift. The first order derivative of SPR signal with 

respect to temperature after only few PCR cycles resolves melting point/peak (Tm) unique for each 

target (Figure 2.13.d). 

One main advantage of FO-SPR technology is that its detection threshold is lower than 

fluorescence-based detection; hence, successful PCR identification is detectable at earlier cycles 

leading to shorter assay time. Furthermore, in FO-SPR technology, complexities such as DNA 

labeling and reporters’ emission spectra overlap in multiplex detection occurring in fluorescent 

PCR or high-resolution melting (HRM) is precluded. One of the complications in fluorescence and 

absorbance detection is that the background interference contaminates the changes in the main 

signal. However, this is not an issue in LSPR biosensing, since LSPR measurements are sensitive 

to near-field/near-surface RI changes depending on size of nanoparticle. In addition, SPR sensors 

can provide much stronger signal intensity compared to absorption and fluorescence detection 
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method. For instance, it is reported that a single silver nanosphere with 80 nm diameter have a 

millionfold greater scattering cross-section than a fluorescein molecule [175]. 

 

 

 

 

Figure 2.13 (a) Functionalized FO-SPR sensor and AuNPs with forward and reverse primers, respectively and 

generation of amplicons on FO-SPR sensor. (b) Real-time measurement of SPR wavelength shift for varying DNA 

template concentration and plot of threshold cycles against logarithm of DNA concertation. Reprinted from Ref. 

[21], Copyright (2011), with permission from Wiley‐VCH. (c) Schematic representation of FO-PCR-MA for 

multiplex detection. (d) First order derivative of FO-SPR signal vs. temperature for resolving target-specific melting 

points. Reprinted from Ref. [22] with permission from the Royal Society of Chemistry. 
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2.4.3.2 Surface-enhanced fluorescence (SEF) 

Surface-enhanced fluorescence (SEF), also known as plasmon-enhanced fluorescence, is a 

fluorescence signal enhancement technique which arises when a fluorophore molecule is in close 

proximity to a noble metal film or nanoparticle. There are two mechanisms giving rise to SEF 

phenomenon: i) owing to enhanced electric field around metallic NP, fluorophore molecule gain 

stronger photon absorption property and ii) non-radiative decay of excited fluorophore molecule 

couples into SPR of NP [176], and consequently, plasmonic medium radiates light with enhanced 

intensity through elastic scattering at the same frequency of fluorophore emission. Moreover, this 

overlap between SPR and molecular absorption/emission spectra not only generates emission 

intensity enhancement, but also decreases fluorescence lifetime in the excited state leading to 

photostability improvement [176]. The fluorescence emission intensity enhancement factor varies 

from 10 for thin metal films [177] to 10
3
 for nanoantennas [178] allowing detection of as low as 

single molecule which is difficult to detect by fluorophore molecules due to their low optical cross 

section and poor stability [179]. Although, other potential alternatives to SEF were reported such 

as quantum dots with higher photostability and fluorescence intensity, their cost, toxicity, and 

irregular blinking in biological environment made them less favorable as biosensors in certain 

applications [180]. 

An example of PCR product detection by SEF can be found in the study conducted by of Yao et 

al. in which DNA template was amplified by using fluorophore labeled primers [146]. After 

amplification, PCR products underwent two separate steps: i) 6 h-purification via ethanol 

precipitation to remove salt, excess primers, and enzyme and ii) 10 min-denaturation process for 

PCR products conversion to labeled ssDNAs with higher binding affinity. Finally, they were 

exposed to their complementary DNA probes immobilized on Au surface for hybridization. The 

surface plasmon spectrometer showed that fluorescence signal increased with higher DNA 

concentrations, and the reported LOD was 100 fmol and 500 fmol using PNA and DNA probes on 

Au surface, respectively. Apart from the long post-PCR process, an extra wait time is necessary 

for PCR product interaction with functionalized Au surface which also follows a surface 

regeneration step to remove bound analytes and prepare it for the next analysis cycle. This makes 

SEF method a time-consuming and laborious detection technique less practical for POC testing. 
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2.4.3.3 Surface-enhanced Raman scattering (SERS) 

Surface-enhanced Raman scattering has become a powerful surface spectroscopic technology 

detecting low concentration of analytes through capturing molecular structure information. This 

phenomenon happens when a nanostructured metallic substrate is placed in the vicinity of a 

molecule. The incident EM field on the substrate goes through amplification by SPR excitation, 

and this concentrated EM field loses or gains energy upon interaction with the adjacent molecule 

via inelastic/Raman scattering. The inelastically scattered and plasmonically enhanced EM field 

contains information about the vibrational modes of the interacted molecule which is used as a 

fingerprint to detect target molecules [146]. In brief, there are two mechanisms contributing to 

SERS enhancement: i) EM enhancement due to LSPR and ii) chemical enhancement due to charge 

transfer between molecule and metal atoms. It is reported that SERS enhancement factor can be 

up to 10
15

 [181, 182]; therefore, one can achieve ultrahigh sensitive detection of a single molecule 

by using SERS using dense metallic nanostructures [183]. Since SERS spectroscopy measures 

molecular vibrations, the background environmental signal interference is excluded. Moreover, 

signal-to-noise-ratio (SNR) can be improved in SERS technology by simply shifting the excitation 

and Raman scattering wavelength into NIR biological transparency window, so that the 

background noise produced by complex biological materials is minimized. In addition, PCR-SERS 

assay offers greater number of DNA target detection in comparison with fluorescence multiplex 

detection. This is due to the fact that Raman bands of labels are 10-100 times narrower than 

excitation and emission bands of fluorescent dyes [184]. The other advantage of SERS over real-

time fluorescence assay is the absence of multiple excitation wavelengths and filters for multiplex 

detection. Also, SERS is capable of detecting dye-labeled oligonucleotide probes as low as 

7.5×10
-13 M which is considerably lower than the reported LOD values in fluorescence-based 

techniques [185]. Despite all these advantages, SERS-based amplicon detection is an endpoint 

detection technique which consists of numerous and laborious steps [186]: i) DNA amplification 

with labeled primers, ii) post-PCR denaturation step, iii) SERS probes addition to labeled ssDNAs 

for hybridization, iv) ssDNA-SERS complex immobilization on modified magnetic beads, v) 

washing and discarding magnetic beads, and vi) finally the pure ssDNA-SERS complex addition 

to SERS reagents (e.g., silver colloidal suspension) for Raman spectroscopic analysis. 
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One solution to reduce SERS-based detection steps is to use self-hybridized/self-complimentary 

SERS primers (Figure 2.14.a) [147]. During PCR, the closed primers denature to hybridize to their 

complementary sequence in DNA target, and their non-complementary region overhangs freely in 

solution. After PCR process, PCR reaction is added to plasmonic NPs colloid to allow the overhang 

regions adsorb on NPs (Figure 2.14.b), and thereby, an increase in SERS signal intensity is 

observed. The SERS signal detected for positive controls is significantly greater than negative 

controls enabling classification of PCR results (Figure 2.14.c and Figure 2.14.d). Using this 

method, the total assay time is 2 h, and the detection sensitivity is reliant on PCR efficiency, i.e., 

for better discrimination between positive and negative control based on SERS spectra, the PCR 

yield should be more than 50%. The other factor impacting the detection sensitivity is the 

competition between PCR ingredients to adsorb on the surface of NPs making NPs less available 

for SERS probes. 

  

  

Figure 2.14 (a) Schematic of closed SERS primer in the absence of target DNA. (b) Hybridization of target DNA 

to its complementary sequence in SERS probe setting free the dye labeled ssDNA parts of SERS primer to get 

adsorbed on negatively charged AgNPs. (c) SERS spectra for positive control (green), no template control (dark 

blue), negative PCR sample (red), and blank (light blue). (d) Discrimination of PCR results based on average SERS 

signal peak at 1632cm-1 for three positive, negative, and no DNA template controls. Reprinted from Ref. [147], 

Copyright (2011), with permission from American Chemical Society. 
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A breakthrough in SERS technology was the introduction of multiplexed real-time PCR-SERS 

assay carried out in a low-cost thermoplastic fluidic chip [187]. By using a dialysis membrane, the 

PCR chamber was isolated from the AgNPs colloid, and through SERS probe digestion by 

polymerase during PCR process, the SERS dye is released from the probe and passed through the 

pores of the dialysis membrane to interact with silver colloid. Thus, the membrane sealing to avoid 

AgNPs leakage to PCR chamber and pass only SERS dye is critical for proper functioning of this 

assay. The other challenge with this approach is the temperature dependency of SERS dye 

diffusion. Moreover, SERS performance is highly temperature dependent making its integration 

into real-time PCR assay more complicated than fluorescence- and absorption-based detection 

methods. Considering the inherent multistep process of PCR-SERS assay, costly SERS probe 

design, and its qualitative amplicon detection, this assay requires more improvements towards its 

practicality for POC applications. 

2.4.3.4 Plasmon coupling sensor (Colorimetric assay)  

LSPR is a sensitive optical transducer which translates changes in metallic nanostructure size, 

morphology, composition, local RI, and distribution/aggregation state into spectral shift in 

absorption or scattering spectrum. Based on previous discussion in this chapter, the spectral shift 

due to RI change of metallic NP’s surrounding medium is the basis of SPR sensor. On the contrary, 

in a colorimetric assay, the spectral shift is induced by changes in plasmonic NPs’ interparticle 

distance, size, as well as morphology upon target molecule presence. Accordingly, this spectral 

shift in optical properties of NPs manifests itself as a color change in plasmonic NPs colloidal 

solution which allows rapid and sensitive colorimetric target detection by naked eye or cost-

efficient optical devices [188]. The plasmonic coupling sensing is one of the methodologies used 

in colorimetric assay, and plasmon coupling is a phenomenon that can take place when the distance 

between two NPs is less than few nanometres (lower than the size of NPs); as a result, the electric 

field of each NP is the superposition of incident light field and the field induced by electric dipole 

oscillation of the neighboring NP. Jain et al. calculated that the plasmon wavelength maximum 

redshift for two-particle system (coupled particle) with respect to an isolated particle resonance 

maximum (∆λtwo-particle) is proportional to the following fraction [120]: 
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Where s is the interparticle distance (surface-to-surface), D is the NP diameter, and εm  is the 

surrounding medium dielectric constant. It should be noted that particles were assumed to be 

identical and spherical. From equation (2.18), it is evident that events such as aggregation or target-

induced forming cross-linking assembly lead to redshift in resonance wavelength. Therefore, the 

basis of colorimetric assay is to induce this reduction in interparticle distance upon target molecule 

presence by various forces, namely, electrostatic interaction, covalent bonding, hydrophobic 

interaction, and biologically specific interactions [189]. 

One approach to trigger plasmonic NP aggregation is to use thiolated primers to add a thiol group 

to the amplicon during the PCR process [190]. After amplification, thiolated amplicons are added 

to AuNPs colloid, and their cross-linking (covalent bonding) via thiol–gold interaction prevents 

salt-induced aggregation of NPs. Thus, color change is only observable when the target template 

is absent. Using the cross-linking between primer-functionalized AuNPs and amplicons, Cai et al. 

introduced a one-step and one-pot colorimetric detection eliminating post-PCR processing steps 

[191]. 

Additionally, other studies employed AuNP-oligos in an asymmetric PCR (aPCR) [150]. aPCR is 

a methodology of using unequal primers concentrations in which the strand of DNA template with 

excess primer amount amplifies in the form of dsDNA, while the other strand accumulates in the 

form of ssDNA due to depletion of lacking primer. After aPCR completion, the generated ssDNAs 

will be added to two sets of AuNPs-oligos complementary to different parts of target ssDNA to 

crosslink and bring AuNPs close to each other. 

It should be noted that these colorimetric amplicon detection methods require target-specific probe 

design even for qualitative testing of sample. This is in contrast to qualitative sample analysis via 

absorption or fluorescence detection in which no probe or intercalators, respectively, are required.  

This problem was solved by aPCR-amplified ssDNAs containing a universal tag, i.e., DNA 

template was amplified with limiting forward primer including a sequence complementary to a 

universal tag [149]. Thus, oligo probes on the surface of AuNPs are complementary to a portion 
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of universal tag making the assay universal for any target DNA detection. Another universal 

colorimetric amplicon detection strategy is to take advantage of target ssDNAs affinity to 

plasmonic NPs surface via electrostatic interaction (non-cross-linking method). As a result, the 

aPCR-amplfied ssDNAs interact with negatively charged AuNPs through non-covalent and non-

specific interaction (Figure 2.15.a). Adsorption of ssDNAs on AuNPs surface leads to more 

particle stability and protects AuNPs from salt-induced aggregation; hence, no spectral shift and 

no color change in solution is observed in a positive control. On the other hand, in the absence of 

target ssDNAs, AuNPs solution undergoes salt-induced color change. Quantification of amplicons 

is obtained both by spectroscopy (Figure 2.15.b) or by naked-eye color observation (Figure 2.15.c). 

One main advantage of colorimetric assay compared to other PCR product detection methods is 

the assay simplicity and cost-effectiveness due to absence of costly light sources, optical 

components, and detectors, particularly in non-cross-linking method with the additional advantage 

of using unfunctionalized plasmonic NPs. However, some considerations should be carefully 

observed to achieve valid colorimetric analysis. First, oligos/primers immobilized on NPs should 

have minimal complimentary base pairs to prevent AuNP-primer dimers conjugates aggregation 

and false positive results. Second, the design of probes is of great importance since detection 

sensitivity depends on the probe’s length. That is, with shorter cross linking oligos, less 

interparticle distance, and subsequently more spectral shift and higher detection sensitivity is 

achieved. On the other hand, shorter sequences have higher hybridization tendency at room 

temperature giving rise to particle aggregation and false positive results. Third, the colorimetric 

detection sensitivity is also dependent on sample volume and detection/wait time. In other words, 

through sample miniaturization, the number of particle aggregation events is decreased, and 

thereby the detection sensitivity is degraded. Also, in order to detect lower target concentration, 

longer incubation and detection time is needed after mixing amplified products with NPs. Finally, 

generally in colorimetric assay, the concentration of PCR ingredients especially polymerase and 

Mg2+ is required to be calibrated to prevent steric crowding of reagents molecules on NPs surface. 
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Figure 2.15 (a) Conceptual overview of colorimetric amplicon detection based on AuNPs protection against salt-

induced aggregation due to the presence of target ssDNA; however, in the absence of target, salt-induced 

aggregation of AuNPs leads to a visible color change from ruby-red to blue-purple. (b) The change in absorption 

spectra of AuNPs with varying concentrations of target (emetic B. cereus). (c) The absorbance ratio of PCR sample 

at 650 nm to 520 nm wavelength is plotted against different emetic B. cereus concentrations. Adapted from Ref. 

[148], Copyright (2017), with permission from Elsevier. 

2.4.4 Optical waveguide-based detection 

Optical waveguide interferometry is a label-free detection of biomolecules in which coherent light 

undergoes two identical paths: reference and sensing arm. The only difference between the two 

arms is that the sensing arm is functionalized with a probe to target analyte of interest. The binding 

events result in RI change and consequently phase shift in the beam propagating along the sensing 

arm. Equation (2.19) shows how RI change (n) in optical path length (OPL) alters the sensing 

beam phase (φ) with λ wavelength [192]. 

(a) 

 

 

 

 

 

 

 

(b)       (c) 
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φ=
2π×OPL×n

λ
 (2.19) 

Once the two split beams are optically combined, the interference pattern is analyzed to detect the 

presence of binding events. Since interferometric biosensors are highly sensitive, they were used 

to achieve a PCR-free detection method such as development of four optical channel waveguide 

by Ymeti et al. [193]. Therefore, optical waveguide-based detection coupled with PCR can provide 

superior detection sensitivity. In the study conducted by Kim et al., the detection of PCR-amplified 

DNA was achieved by reflectometric interferometry combined with LSPR [153]. In reflectometric 

interferometry, light from a tungsten halogen lamp (360-2000 nm) is incident on a specially 

fabricated and functionalized substrate, and the reflected interference from the substrate is captured 

and analyzed. The substrate was made of deposited AuNPs on a porous anodic alumina (PAA) 

layer chip which was functionalized by thiolated probe DNA, and upon target DNA hybridization, 

the plasmonically enhanced relative reflected intensity was increased and fringe wavelength was 

also redshifted. Consequently, a linear relationship between DNA concentration and relative 

reflected intensity as well as fringe wavelength shift was observed, and the lowest and highest 

limit of detection was reported as 10 pM and 10 µM. The upper limit is owing to the saturation of 

immobilized probes on Au deposited PAA layer chip surface by target DNA. 

One of the challenges associated with interferometric biosensors is that the length of arms should 

be long enough to achieve low detection limit. Furthermore, based on fringe period formula (
λL

d
), 

the fringe resolution depends on the spacing of two arms (d) and the detector distance from the 

arms’ output (L) [192]. Thus, for a maximum fringe resolution, the two arms should be sufficiently 

close without field overlapping creating coupled waveguides. Additionally, other critical factors 

such as required detector pixel pitch, detector distance from waveguide to maximize fringe 

resolution, and proper channel/arm width to avoid propagation of additional modes are of great 

importance in design fabrication. 

Optical ring resonator also gained attention as a promising amplicon sensor for POC testing due 

to its fast response and miniature size. A ring resonator, or resonant optical cavity, is an optical 

waveguide looped back on itself to accumulate and confine light energy by total internal reflection 

at specific wavelength [194]. Once the analytes bound to the surface of waveguide, the effective 
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RI in the path of evanescent field of the resonating light changes. Equation (2.20) shows how 

effective RI (neff) impacts the resonance wavelength of resonator (λ) [195]. 

mλ=2πRneff,          m=1,2,3,... . (2.20) 

Where R is the radius of ring resonator. The biomolecular binding events manifest themselves as 

a redshift in resonance wavelength which is used to quantify biomolecule concentration [196]. For 

instance, a silicon microring resonator functionalized by oligo probes was used for multiplex 

detection and quantification of aPCR-amplified ssDNAs [197, 198]. For quantification purpose, 

the plot of resonance wavelength shift against cycles was used to obtain threshold cycle. The 

threshold cycle in this methodology was defined as the cycle number at which wavelength shift is 

equal to 40% of its maximum value. Ring resonators gained increasing importance for biosensing 

due to their high sensitivity and easy on-chip integration. However, ring resonators suffer from 

side-wall surface roughness leading to larger surface scattering losses, a compromise in the Q-

factor, and subsequently limited sensitivity [199]. Furthermore, ring resonators require expensive 

and bulky tunable lasers which challenge their utilisation for POC testing. 

2.4.5 Chemiluminescence detection 

Chemiluminescence is a detection technique in which light emission occurs due to analyte binding 

and its subsequent electrochemical oxidation or reduction creating products in electronically 

excited states with short decay time [200]. As a result, the deexcitation of these products to ground 

state emits photons at specific wavelength. One advantage of this technique is the absence of light 

source, and consequently, the detected signal is not affected by external light scattering, 

background interference due to luminescent impurities, and source fluctuations [201]. Thus, all the 

captured photons at detection sight are true signal from a dark chemical reaction [202]. Moreover, 

since this approach only requires a luminescence reader, the simplification in system design (i.e., 

no light source) provides a more cost-effective, compact, and simple diagnostic tool for POC 

testing. 

The chemiluminescence detection of PCR products was accomplished in the study conducted by 

Kalligosfyri et al. by performing the following steps [154]: i) denaturation of biotin labeled PCR-

amplified dsDNAs, ii) hybridization to target probe, iii) adding streptavidin-horseradish 
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peroxidase conjugate combined with a chemiluminogenic substrate, iv) 1 min sample incubation, 

and v) finally the photochemical emission was detected by smartphone camera to obtain an 

analytical relationship between chemiluminescence intensity and target DNA concentration 

One challenge associated with detection of chemiluminescence is the weak light intensity resulting 

in lower detection sensitivity compared with other detection methods. To overcome this problem, 

chemiluminescent labels are coupled with plasmonic NPs to obtain signal amplification as a result 

of chemiluminescence emission peak overlap with the absorption band of plasmonic NP [201]. 

Another challenge is the need for sensitive detectors to capture low light intensity. Moreover, the 

features of luminometers to detect chemiluminescence of reactions depend on the kinetic 

behaviour of labels [203]. That is, transient labels with fast kinetics in orders of seconds require 

fast response detectors, while enzyme labels have steady-state kinetics in order of minutes or 

hours. 

2.5 Conclusions and perspectives 

In this chapter, modern optical strategies used in gold standard molecular diagnostic test, PCR, 

was summarized. In the first part of this chapter, we focused on the advances in rapid optical 

thermocyclers for the purpose of delivering high sensitivity and specificity of PCR assay to near-

patient testing by using optical absorption property of one PCR ingredient (water) or PCR 

additives, i.e., nanomaterials. Furthermore, studies benefited from sample miniaturization and 

microscale optofluidic techniques for the purpose of shorter assay time and simpler microfluidic 

designs were presented. In the second part, real-time (in situ) and endpoint (in situ and ex situ) 

optical detection methods together with their challenges were explained. Some studies improved 

the portability aspect of traditional optical detection systems such as spectrometers and 

fluorimeters through miniaturization and their conversion to on-chip detection mode. On the other 

hand, other studies explored novel detection paradigms by using nanoengineered optical probes 

(QDs, UCNPs, and plasmonic NPs) with their enhanced optical characteristics to overcome 

complications associated with conventional organic dyes and detection methods such as shortened 

OPL and high background. In contrast to optical volumetric detection techniques such as 

absorbance, fluorescence, interferometry, and chemiluminescence in which the whole bulk sample 

volume is assessed for target detection, in optical nano-biosensing methods, analyte binding events 

on nanoprobes’ surface are measured, and as a result, noise generated from non-specific molecules 
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interference in bulk sample volume is eliminated. However, nano-biosensors’ practicality for on-

field applications is limited owing to their high cost, short shelf life, and their surface 

functionalization requirement with target-specific bioreceptors. 

Apart from all complications with the aforementioned optical techniques used in PCR, the main 

challenge is to propel these proof-of-concept optical demonstrations towards the next generation 

of POC devices. First, from the manufacturing standpoint, in order to be a commercially available 

POC instrument, the mass fabrication of thermocyclers and biodetectors should be feasible and 

cost-effective. This is dependent on advances in optoelectronics industry, device fabrication 

process, and the required material in design (PDMS, paper, Si, etc). Second, field-testing should 

be less reliant on the skills of users to perform manual sample preparation and loading. The 

growing trend towards fully automated molecular diagnostic instrument reduces the dependency 

of the validity of results on user performance. Third, although multiple target PCR-based 

amplification and detection are successfully achieved in lab-based platforms, the capability of 

these new optical approaches for co-amplification and multiplex detection should be investigated 

for their POC testing integration. Next, the dual aspect of PCR process (amplification and 

detection) should be carried out in one POC-suitable device; thus, a new route for researchers is to 

combine these photonic thermocyclers with novel optical detection techniques into one platform 

since even the most sensitive optical detection method is impractical for on-site testing when target 

amplification is carried out in a convectional lab-based thermocycler. Additionally, the difficulties 

related to world-to-chip interface (µL-mL reagents pipetting into nL-pL PCR chambers) and chip-

to-world interface (user read-out modality) should be minimized in research environments, as these 

are critical factors dictating the degree of practicality of a device in real world testing condition. 

Finally, another promising trend is to add a validation layer to improve the accuracy of test results 

by incorporating multiple detection strategies into one device such as combination of colorimetric 

assay and FO-SPR technology in one optical detection system. The aforementioned challenges 

towards a PCR-based POC device open up new objectives for researchers to pursue, and with rapid 

development in the field of optofluidic, microfluidic, nanomaterial, and analytical methodologies, 

we expect the emergence of more powerful and POC-ideal PCR devices enabling lab-quality 

diagnostic results for rapid and accurate medical decisions. 
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3.1 Introduction 

Recent progress in microfluidics and optical systems has made enormous impact in the 

advancement of nucleic acid amplification and detection. However, commercial and currently 

reported microfluidic PCR devices have not yet found their utilization in point-of-care (POC) 

applications. This is due to long amplification time, high power requirement, and bulky size of 

commercial PCR machines or cost-inefficiency, complex fabrication, and operation of 

microfluidic chips. In this chapter, we present a compact PCR device in which fast amplification 

is accomplished by photothermal heating of gold nanorods (AuNRs) evenly dispersed in PCR 

reaction by a vertical-cavity surface-emitting laser (VCSEL). Although small-scale LEDs have 

replaced bulky laser diodes in POC diagnostic devices, VCSELs have the additional advantage of 

low-divergence and focused beam characteristics enabling effective photothermal effect and 

subsequently faster thermocycling with lower optical power. Furthermore, due to the compact 

form factor of VCSEL, it can be placed close to the PCR tube for maximum light coupling 

efficiency as well as uniform heating inside the PCR reaction without the need for any additional 

optical components. The amplification of 221 bp Chlamydia Trachomatis DNA was accomplished 

under ten minutes for 30 PCR thermal cycles from 60 to 85 °C. In addition, employing 

conventional PCR tubes with 20 µL PCR reaction provides ease in sample loading and simplicity 

in design for POC diagnostics. Abundant sample volume facilitates any post-PCR sample analysis. 

As it has been reported that larger sample volume favors lower limit of detection in real-time PCR, 

integration of our system with a quantitative detection method will deliver higher sensitivity in 

amplicon quantification [204, 205]. The AuNRs appears to be robust in PCR solution after 

prolonged laser irradiation, which leads to stable temperature regulation and consistent PCR 

results. In contrast to other plasmonic thermocyclers with embedded plasmonic materials in PCR 

chamber walls, AuNRs are disposable and more cost-effective precluding the risk of biofouling 
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and run-to-run cross contamination. Moreover, AuNRs offer a tunable absorption and heating rate 

by simply varying their concentration in PCR reaction. The proposed thermocycler has the 

potential to circumvent some of the limitations of current PCR thermocyclers with its simple, low-

cost, small footprint, and large sample volume for better adaptability to POC testing. 

3.2 Study Design 

3.2.1 Plasmonic PCR sample preparation 

Poly(enthylene glycol)-modified gold nanorods (PEG-AuNRs) with 50 nM particle concentration 

were purchased from Nanopartz (Loveland, CO). The forward primer with 5 µM initial 

concentration were used to amplify 221 bp C. Trachomatis DNA Strain LGV III with 4.5×10
5
 

stock concentration. Both primers and DNA template were purchased from ATCC (Manassas, 

VA). Hemo KlenTaq polymerase, Phusion® high-fidelity polymerase, and their buffers were 

purchased from New England Biolabs (Ipswich, MA), and KAPA2G Fast HotStart was purchased 

from Kapa Biosystems (Wilmington, MA). 2 mM dNTPs were purchased from ThermoFisher 

(Waltham, MA). 20 µL plasmonic PCR mixture was prepared by using 1 µL of PEG-AuNRs, 1 

µL of DNA template, and 0.6 µL of dNTPs. Primers, polymerase, and buffer volumes follow each 

polymerase PCR protocol indicated in Table 3.1. The rest of PCR sample volume is made of double 

distilled water (ddH2O). The same PCR protocol was used to prepare PCR reaction mixture for 

conventional PCR machine. The final PCR mixture was loaded in a 0.2 mL thin wall plastic tube, 

and plasmonic PCR samples were covered with 50 µL mineral oil to avoid water evaporation.  

Table 3.1 Positive PCR protocol for different polymerases. 

PCR component Volume (µL) 

5X Taq/Kapa2G/Phusion Reaction Buffer 4 

Taq/Kapa2G/Phusion polymerase 0.8/0.1/1 

dNTPs (2 mM) 0.6 

Forward Primer (5 µM) 0.6/1a, b 

Reverse Primer (5 µM) 0.6/1a, b 

DNA (104 copies) 1 

PEG-AuNRs (50 nM) 1 

ddH2O 11.4/11.3a/10.4b 

Total 20 
 

a, b Reagent volume used for Kapa2G and Phusion, respectively. 
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The preparation of different negative PCR samples follows Table 3.2. The negative controls are 

reactions missing one of the PCR ingredients, and as a result no bands are expected on gel image. 

These negative controls are run along with positive controls to verify the absence of contamination 

introduced into the master mix or into samples. 

Table 3.2 Negative Controls with Taq polymerase. 

PCR component 
Volume (µL) 

No DNA No Polymerase No Forward Primer 

5X Taq Reaction Buffer 4 4 4 

Taq polymerase 0.8 0 0.8 

dNTPs (2 mM) 0.6 0.6 0.6 

Forward Primer (5 µM) 0.6 0.6 0 

Reverse Primer (5 µM) 0.6 0.6 0.6 

DNA (104 copies) 0 1 1 

PEG-AuNRs (50 nM) 1 1 1 

d2H2O 12.4 12.2 12 

Total 20 20 20 
 

To achieve the different AuNRs concentration (2.5-29 nM), the volume of ddH2O (11.4 µL) was 

reduced and replaced by 50 nM AuNRs stock solution (Table 3.3). After amplification, PCR 

products along with Invitrogen 1 Kb Plus DNA ladder were separated by 1% agarose gel 

electrophoresis and visualized by using ethidium bromide under UV light. 

Table 3.3 Positive PCR protocol with Taq polymerase for 2.5-29 nM AuNRs concentration. 

AuNRs final concentration in 
PCR reaction (nM) 

PEG-AuNRs stock solution 
(µL) 

ddH2O 
(µL) 

Rest of PCR reagents 
(µL)  

2.5 1 11.4 

7.6 

4 1.6 10.8 

6 2.4 10 

8 3.2 9.2 

10 4 8.4 

12 4.8 7.6 

15 6 6.4 

20 8 4.4 

29 11.6 0.8 
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3.2.2 Laser selection 

As was stated in the previous section, the POC practicality of previous laser diode-based plasmonic 

thermocyclers is limited due to the size of laser diodes and their drivers. Furthermore, edge-

emitting diode lasers (EEDLs) have a rectangular cavity producing highly asymmetric elliptical 

beams with a divergence angle of 50º to 60º in the fast axis and 10º to 12º in the slow axis. 

Therefore, for properly collimating the output of EEDL complex optical solutions such as 

cylindrical fast axis collimator lens with high numerical aperture close to the diode facet is 

required. On the other hand, since VCSELs have optical cavities orthogonal to those of 

conventional EEDLs, they emit circularly symmetrical and less divergent beams (beam 

divergence<20º). 

To obtain optimum beam coupling into the bottom of the PCR tube, the light source should be 

placed at a proper distance with respect to laser beam divergence. Using Gaussian beam 

propagation, we obtained Figure 3.1 demonstrating the relation between beam waist-tube distance 

(z) and divergence angle (𝜃) for specific beam width (W(z)). Since 86% of Gaussian beam power 

is carried within W(z), for maximum laser-to-tube beam coupling and photothermal efficiency, the 

beam width should be less than the width of the PCR tube (Wtube=3 mm). For an EEDL with fast 

and slow axis divergence of 50º and 10º, the beam width on the fast axis is equal to Wtube at beam 

waist-tube distance of 3.44 mm, while at the same distance, the beam width on the slow axis is 

equal to 0.6 mm. For a VCSEL with a divergence angle of 20º, the beam width identical to tube 

width occurs at a waist-tube distance of 8.5 mm (W(8.5 mm)=Wtube=3 mm). 

This implies that the PCR tube should be at a much closer distance to EEDL to couple 86% of 

beam power on the fast axis into the tube compared to VCSEL. Thus, EEDL requires more 

complicated thermal management, as at a closer distance, the heat generated by PCR sample 

perturbs slope efficiency of EEDL or the poor heat dissipation of EEDL impacts PCR 

thermocycling. Additionally, even with efficient waste heat removal from both EEDL and tube, 

the asymmetric EEDL spot size (W⊥(3.4 mm)=3 mm vs. Wǀǀ(3.4 mm)=0.6 mm) results in uneven 

illumination and consequently nonuniform plasmonic heating. 

Thus, VCSEL can efficiently and uniformly focus the output beam on the PCR tube with a high 

coupling efficiency by simply placing VCSEL at a proper distance to the tube without the use of 

external optics.  Finally, as EEDL emits light parallel to their mounting surface/semiconductor 
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substrate, the substrate should be positioned vertical to the laser mounting, and thereby making 

EEDL array packaging more complex and costly. 

As a result, for our plasmonic thermocycler, VCSELs can be a better choice over EEDLs due to 

their higher quality of output beam profile and more cost-effective packaging, particularly for the 

case of laser array, which results in simpler and cheaper optical design, higher coupling efficiency, 

and uniform photothermal heating. 

 

Figure 3.1 Comparison between EEDL-tube and VCSEL-tube distance for optimum beam coupling. 

LEDs are another alternative to bulky laser diodes, but their high beam divergence and broad 

spectral power distribution necessitate using focusing optical elements and high-power LEDs. 

Similar to free space VCSEL, fibre-coupled diode laser provides circular and homogenized 

intensity profile with a symmetric and low divergent beam. The principal advantage of fibre design 

is the absence of optical alignment and its flexibility in positioning. Therefore, with the help of 

fibres, the laser source can be placed far from the thermocycling system, and light will be directed 

easily on the PCR tube. This system with the remotely placed laser source will require less thermal 

management, as the dissipated heat of the laser source will not impact the temperature-dependent 

PCR reactions. However, since the minimum required temperature in PCR process is 60 ºC, the 

dissipated heat of a closely placed light source to PCR reaction is negligible in comparison with 
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the “hot” PCR tube. The thermal images taken from VCSEL-based plasmonic thermocycler show 

that the maximum temperature increase for VCSEL is 3 °C when the tube’s temperature fluctuates 

between 55 to 80 °C (Figure 3.2). This confirms that heating laser has minimal to zero disturbance 

to temperature regulation and stability of PCR reaction when it is placed close to PCR reaction. 

Owing to its small footprint, VCSEL can be placed close to the PCR tube, so that its low-

divergence and the circular beam can be coupled into the domed bottom of the PCR tube without 

the need for focusing lenses. Therefore, this makes free-space VCSELs equally favorable as fibre-

coupled lasers in our application. 

However, the only factor which makes fibre-coupled lasers less practical for a POC device is the 

cost due to their packaging particularly for the case of multi-well/channel plasmonic PCR which 

requires efficient coupling of multiple laser arrays to optical fibres. For example, the cost for an 

808 nm fibre-coupled laser diode on Thorlabs ranges from $827 to $4,500 depending on packaging 

(pigtailed or butterfly) with maximum optical power of 250 mW. The cost for an 808 nm 3 W 

VCSEL is approximately $20, which can also provide high-quality beam characteristics as fibre-

coupled lasers. Thus, VCSEL-based plasmonic thermocycler is simpler and more cost-effective in 

design compared to the aforementioned light sources. 

 

(a) 
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Figure 3.2 Thermal images of VCSEL-based plasmonic thermocycler showing different system components’ 

temperature close to (a) denaturation and (b) annealing stage. 

3.2.3 VCSEL-to-tube coupling efficiency 

For efficient light-to-heat conversion and consequently high heating rate, the coupling efficiency 

of VCSEL’s optical power into domed bottom of PCR tube should be maximized by calibrating 

VCSEL-tube separation distance. To fulfill this, Zemax optical design software in non-sequential 

mode was used to model VCSEL-to-tube beam coupling. The model geometry is such that the 

cone axis of PCR tube is aligned with optical axis, and the material selected for tube and PCR 

reaction were polypropylene and water, respectively. In order to use ray-based paraxial gaussian 

beam propagation, we need to consider that whether the propagation is within or outside Rayleigh 

range. Considering the nominal wavelength (808 nm) and divergence angle (10 º) provided in its 

datasheet, the propagation is far outside the Rayleigh range in this model, so the beam width 

increases linearly with propagation distance. Thus, beam can be modeled as a point source with 

808 nm nominal wavelength. In this case, the beam waist is located in VCSEL housing, and the 

VCSEL output face is where the beam width is equal to VCSEL’s emission area (1.1 µm×1.1 µm). 

The 3D layout plot of non-sequential rays traced from the point source to the intensity 

measurement surface is shown in Figure 3.3. 

(b) 
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Figure 3.3 Zemax non-sequential model for VCSEL-based plasmonic thermocycler to maximize coupling 

efficiency. 

Next, the distance between VCSEL output face and tube was changed in the model, and the optical 

power at the intensity measurement surface was calculated. Figure 3.4.a and Figure 3.4.b 

demonstrate that with VCSEL-tube distance of 5 mm or less (pink region), 89-100% of VCSEL’s 

optical power is coupled into PCR tube. However, VCSEL-tube distance of more than 5 mm leads 

to significant coupling loss as a result of high beam divergence and laser beam total internal 

reflection in tube’s wall (Figure 3.4.c). After placing VCSEL at the appropriate distance below the 

tube ( ≈3 mm ), the VCSEL-induced photothermal effect was used to increase the sample 

temperature for thermocycling. 

 

(a) 
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Figure 3.4 Optical simulation for VCSEL-to-tube beam coupling. (a) Calculated coupling efficiency for different 

VCSEL-tube separation distances based on Zemax optical model. Optical configuration and ray-tracing diagram 

for VCSEL-tube separation of (b) 3 mm and (c) 10 mm. 

3.2.4 Instrument design 

Figure 3.5 illustrates the plasmonic thermocycler system setup. PCR tube containing 20 µL of 

plasmonic PCR reaction was positioned 3 mm above an 808 nm VCSEL (3 W at 3.8 A) purchased 

from Tyson Technology Co. (Shenzhen, China). LD3000R driver from Thorlabs was used to 

supply 2.5 A constant current to VCSEL, and thereby VCSEL output optical power of 

approximately 2 W was obtained. By varying DC voltage applied to current control pin of 

LD3000R, the VCSEL optical power and subsequently PCR sample temperature was modulated. 

A 14 V DC brushless cooling fan was positioned above PCR tube. An infrared (IR) pyrometer 

purchased from Optris GmbH (Berlin, Germany) was placed 10 mm from one side of PCR tube 

for temperature measurement. The IR pyrometer was calibrated using TS5 fiber optic thermometer 

from Micronor Inc. (Camarillo, CA). An Arduino Due microcontroller was connected to PWM 

pin of current source and fan power switch for VCSEL and fan modulation. 

(b) 

 

 

 

 

 

 

 

 

(c) 
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Figure 3.5 Design layout of VCSEL-based plasmonic thermocycler. 

3.3 Principle of operation 

Temperature regulation is a critical factor governing PCR process. Therefore, the first step is to 

calibrate IR pyrometer emissivity and transmissivity with a contact temperature probe for valid 

temperature measurement. Next, PCR set temperatures should be calibrated for the IR pyrometer. 

As was stated in the previous section, the typical denaturation temperature (TD) in conventional 

thermocyclers is 90-95 ºC. However, TD for plasmonic thermocycler is different owing to the 

following reasons. First, in general, noncontact (IR) temperature measurement has lower spatial 

and thermal resolution compared to contact thermocouples or nanothermometers (QDs or 

fluorescent dyes) [206]; as a result, they have intrinsically lower accuracy compared to contact 

measurements. Second, in micro/nanoscale level, the water shell around AuNR is at much higher 

temperature than the average bulk temperature measured by macro temperature probes, even for 

contact thermometers. This phenomenon is more intensified for IR pyrometer, as the temperature 

is measured from the “cold” surface of PCR tube before PCR tube, PCR solution, and AuNR 

temperature reach a final equilibrium temperature. Consequently, before thermal equilibrium, the 

externally measured temperature is at lower temperature compared to internal nanoscale 

temperature, i.e., thermal lag. One consequence of thermal lag is that hot AuNRs are in contact 

with temperature sensitive PCR ingredients, potentially causing thermal inactivation of 
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polymerase or thermal damage to other PCR ingredients. As a result, in VCSEL-based plasmonic 

thermocycler, the externally measured TD  is set lower (85 ºC) than typical denaturation 

temperature to compensate low thermal resolution of noncontact measurement and avoid reagents 

thermal damage. This is also experimentally investigated in section 0 by exploring the impact of 

various TD  on PCR efficiency. Other externally measured set temperatures for annealing and 

elongation stages are 60 and 72 ºC, respectively which were calibrated based on maximum PCR 

yield (section 0). Thus, the plasmonic PCR thermal cycling condition consists of 30-40 cycles of 

these three set temperatures with hold-times of 1, 5, and 1 s for denaturation, annealing, and 

elongation steps, respectively. 

After placing VCSEL at the appropriate distance below the tube (≈3 mm), AuNRs were excited at 

their plasmon wavelength with a 2 W 808 nm VCSEL. As a result of this excitation, the electron 

distribution in the AuNRs conduction band is altered, as the electrons undergo a rapid temperature 

increase. The irradiated/heated electrons deexcitation follows three steps: i) electron-electron 

scattering within 500 fs, ii) electron-phonon coupling in 2-5 ps, and iii) finally the phonon-phonon 

interaction with AuNR surrounding medium which dissipates energy of the dipole oscillations in 

the form of heat to the water shell around AuNR. Considering the AuNR effective radius (reff) of 

approximately 9 nm (reff=(3V/4π)
1/3

) in our experiment, their total relaxation time (τ) to heat up 

PCR solution is around 53 ps based on the model of Hu et al. (τ=0 .64reff(nm)
2
) [130]. The 

deexcitation of AuNRs in the form of heat energy results in temperature increase which can be 

calculated by using equation (2.11) presented in chapter 2. To perform PCR thermocycling, the 

VCSEL is turned on and off to reach denaturation ( TD=85 ºC), annealing (TA=60 ºC), and 

elongation (TE=72 ºC) temperatures (Figure 3.6.a). Fast cooling was obtained by using a fan. 

During hold-times at each PCR stage, the fan is turned off and temperature is kept constant only 

by toggling the VCSEL (Figure 3.6.b).  

After amplification, the plasmonic PCR efficiency is compared with PCR products obtained from 

a conventional PCR machine (Eppendorf Mastercycler® Gradient) which is programmed for 40 

cycles of 95, 60, and 72 ºC with 5 s hold-times for each PCR stage. After PCR process, both 

plasmonically and conventionally amplified PCR products go through gel electrophoresis and 

visualization under UV light for PCR efficiency comparison based on band intensities/brightness. 
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(a) 

 

(b) 

 

Figure 3.6 (a) Schematic of the VCSEL-based plasmonic thermocycler using suspended AuNRs as a light-to-heat 

converting medium and (b) conceptual illustration of VCSEL status during thermocycling. 

 

3.4 Experimental results and discussion 

3.4.1 DNA amplification in VCSEL-based plasmonic thermocycler  

20 µL PCR reaction containing 10
4
 starting copy of C. Trachomatis DNA underwent plasmonic 

amplification with the same set temperatures and hold-times discussed in the previous section. By 

using 2.5 nM AuNRs final concentration, the total amplification time for 30 cycles was 9.5 min 

(Figure 3.7.a) with average heating and cooling rate of 6 .29±0.1 4 and 3.3 ±0.077 º C. s-1 , 

respectively (Figure 3.7.b). The averages and standard deviations (SD) at each set temperature 

were derived from the thermocycling curve, and the results were 85.44±0.18 at 85 ºC, 60.15±0.12 
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at 60 ºC, and 72.1±0.15 at 72 ºC, demonstrating the ability of accurate temperature control and 

high temperature stability obtained from VCSEL-based plasmonic thermocycler. 

 
 

Figure 3.7 (a) An example of temperature profile of 30 thermocycles for successful DNA amplification. (b) Heating 

and cooling rates obtained from the temperature profile showing the average values (solid lines) with standard 

deviations (dashed lines). 

To compare amplification efficiency of our plasmonic thermocycler with conventional PCR 

machine, 20 µL PCR solution from the same master mix used for plasmonic amplification went 

through conventional amplification. PCR products were retrieved from both platforms (plasmonic 

and conventional) and were visualized by gel electrophoresis. The band intensities on gel image 

(Figure 3.8) show that VCSEL-based plasmonic thermocycler generates comparable amount of 

PCR products as conventional PCR machine. Moreover, negative controls (no DNA template and 

no polymerase) were performed in both platforms to confirm the validity of results. 

 

Figure 3.8 Gel electrophoresis image of PCR results. Band intensities obtained from conventional and plasmonic 

thermocyclers show comparable PCR efficiencies, and negative controls indicate a contamination-free master mix 

and validity of results. 

(a)                                                                             (b)                                         
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Additionally, the photothermal efficiency of the VCSEL-based plasmonic thermocycler was 

calculated using equations (2.1) to (2.3) in chapter 2. Both calculated %η
photon→heat

 and ramping 

rates of our plasmonic thermocycler is presented in Table 3.4, and they can be compared with other 

photonic nanomaterial-assisted PCR devices shown in Table 2.4.  

Table 3.4 Summary of VCSEL-based plasmonic thermocycler characteristics. 
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3.4.2 Study of AuNR robustness in plasmonic PCR reaction 

In order to investigate whether AuNRs are robust after prolonged CW VCSEL irradiation in PCR 

solution, their absorption spectra before and after PCR were compared using UV-vis 

spectrophotometer (DS-11 Series, DeNovix Inc.) with 10 mm pathlength. To do this, plasmonic 

positive 20 µL PCR reaction containing different polymerases (Klentaq, KAPA2G, and Phusion) 

were prepared and underwent both conventional and plasmonic thermocycling. Figure 3.9 shows 

that AuNRs optical absorption properties remain intact, i.e., no change in absorption peak and no 

spectral shift, for pre- and post-PCR samples amplified in plasmonic and conventional 

thermocyclers. Furthermore, PCR results on gel image (Figure 3.9.d) indicate that VCSEL-based 

plasmonic thermocycler protocol is not polymerase-specific, and despite using different 

polymerases with varying extension rates, the band intensities exhibit equally efficient DNA 

amplification in plasmonic and conventional platforms. 
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Figure 3.9 Normalized absorption spectra of plasmonic positive PCR reaction before and after PCR with (a) 

Klentaq, (b) KAPA2G, and (c) Phusion Polymerases. (d) Gel image for plasmonic and conventional DNA 

amplification using different polymerases, and the results on gel image demonstrate similar amplicon yield. 

Additionally, an alternative approach to confirm AuNRs stability is to investigate their size and 

shape before and after plasmonic amplification by using electron microscopy. To fulfil this, 

positive and negative PCR samples with Taq polymerase were thermocycled plasmonically. To 

perform electron microscopy, 4 µL drop of each sample suspension was drop cast onto a 200-mesh 

Cu TEM grid having carbon support film (Agar Scientific). After 60 s, the excess suspension was 

wicked off with filter paper and the grid allowed to dry under ambient conditions. The drop-cast 

samples were then imaged by the FEI Tecnai G2 F20 S/TEM equipped with EDAX Octane T Ultra 

W /Apollo XLT2 SDD and TEAM EDS Analysis System and Gatan Ultrascan 4000 4k x 4k CCD 

Camera System Model 895. The proprietary Gatan Digital Micrograph 16-bit images (DM3) were 

converted to unsigned 8-bit TIFF images. The captured AuNRs in TEM images from pre- and 

post-PCR samples show that their shape is unaffected (Figure 3.10). 
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Figure 3.10 An example of close up TEM images captured from AuNRs from (a) pre-PCR and (b) post-PCR 

samples demonstrating unaltered AuNRs size and morphology. 

However, in order to understand about possible changes in AuNR’s size before and after PCR, the 

perimeter of captured AuNRs in the TIFF images were calculated using MATLAB Image 

Processing Toolbox. The y-axis and x-axis in Figure 3.11 represent the normalized distribution of 

AuNRs’ perimeter (PN) for different controls and AuNRs’ perimeters in nanometers, respectively. 

Dense distribution is observed both for pre- and post PCR of positive and negative controls with 

AuNRs of perimeters between 100 and 150 nm, while the smaller and bigger AuNRs lie in the left 

and right tail of the normally distributed perimeter curve (Figure 3.11.a to Figure 3.11.d).  

The skewness of the bar graphs is the result of the polydispersity of colloidal AuNRs. The 

monodispersity of AuNPs depends on factors such as initial quantities of gold, reducing agent(s), 

and post-synthesis techniques (e.g., centrifugation) during its manufacturing process. Under 

electron microscopy, it is shown that the colloidal 808 nm AuNRs purchased from Nanopartz have 

a variety of dimensions resulting in the calculated perimeters ranging from 10 nm to 390 nm. The 

right skewness of the bar graphs indicates that more AuNRs with perimeters less than 200 nm were 

formed during fabrication. However, only AuNRs with a perimeter of approximately 140 nm and 

an AR of 4-4.15 will participate in plasmonic heating (equation (2.9)), as the VCSEL emission 

spectral BW ranges from 800 nm to 815 nm. 

The average of pre- and post-PCR normalized perimeter densities (PN_average) were calculated and 

plotted in Figure 3.11.e and Figure 3.11.f , and two gaussian curves were fitted to PN_average of pre 

and post-PCR.  

(a)            (b)                                                 
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Table 3.5 demonstrates the mean, median, and mode of PN_average for pre- and post-PCR samples. 

The FWHM of PN_average  for post-PCR samples were increased by 24 nm indicating possible 

change in AuNRs’ size as a result of thermocycling. However, this change has shown no impact 

on AuNR’s absorption spectra shown in Figure 3.9. Moreover, it should be noted that this change 

is dependent on the number of AuNRs that we could capture by TEM. 

It can be concluded that within the limits of the presented data via electron microscopy, UV-vis 

spectroscopy, and inhibition-free PCR tests, the AuNRs are sufficiently robust to be utilized in 40 

cycles of plasmonic PCR. 

 

      (a)           (b) 

 

 

 

 

 

 

 

      (c)           (d)  

     

 

 

 

                 

 

 

 

 

 

 

 

 

 

 

 

 



 

83 

 

 

 

Figure 3.11 Calculated AuNRs’ normalized perimeter densities for (a) Pre-PCR positive, (b) Post-PCR positive, 

(c) Pre-PCR negative, and (d) Post-PCR negative controls. Average of normalized (e) Pre-PCR and (f) post-PCR 

densities. 

 

Table 3.5 Mean, median, and mode of AuNRs perimeters data set for pre- and post-PCR samples 

 Mean Median Mode 

Pre-PCR 136.48 nm 155 nm 140 nm 

Post-PCR 139.41 nm 175 nm 130 nm 
 

3.4.3 Plasmonic PCR protocol optimization 

Heating rate enhancement can be accomplished by increasing AuNRs concentration. However, 

excessive concentration of AuNRs act as a PCR inhibitor due to AuNR’s surface interaction with 

PCR ingredients particularly DNA polymerase, and consequently AuNRs’ ability to modulate the 

(e) 

 

 

 

 

 

 

 

 

(f) 
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polymerase activity [207]. It has been stated that surface interaction of AuNPs with PCR reagents 

mediates the PCR yield rather than heat-transfer enhancement [110, 111]. Therefore, it is critical 

to study the maximum allowed AuNRs concentration for rapid thermocycling without degrading 

amplification efficiency. Positive PCR samples with final AuNRs concentration of 2.5-29 nM were 

prepared (Table 3.3) underwent conventional amplification, and PCR results on gel image (Figure 

3.12.a) show that excess AuNRs concentration up to 29 nM did not inhibit PCR or lower PCR 

efficiency. The results here confirm that shorter DNA amplification time (<9.5 min) can be 

obtained with our plasmonic thermocycler by increasing AuNRs concentration while maintaining 

the same amplification yield. 

The speed of VCSEL-based plasmonic thermocycler depends on other parameters such as air flow 

rates, PCR set temperatures, and hold-times at each PCR stage. Therefore, these parameters were 

optimized to obtain faster thermocycling for a POC-ideal PCR device. One key factor in these 

optimization experiments was to enhance the parameters to a degree without compromising PCR 

efficiency. To fulfil this, positive PCR samples were prepared from one master mix and underwent 

plasmonic amplification with various modifications in these parameters (Figure 3.12.b). The gel 

image demonstrates that PCR failed for shortened annealing hold-times (ta<5 s), but plasmonic 

PCR was successful with increased cooling rate (CR) up to 4.1 ºC.s-1  and 60 ºC annealing 

temperature (TA). However, higher cooling rate (CR=5 ºC.s-1) demonstrates efficient amplification 

only for the sample with decreased annealing temperature (TA=57 ºC). 

 

 

Figure 3.12 (a) Comparison of PCR yield using different AuNRs concentration in conventional thermocycler. The 

results reveal that AuNRs concentration can be increased up to 29 nM for faster DNA amplification without 

compromising PCR yield. (b) The gel image shows the impact of different PCR parameters on amplification 

efficiency. PCR failed for ta less than 5 s (lane 2 and 3). Successful PCR was obtained with CR of 4.1 ºC (lane 4). 

However, further increase in CR inhibits PCR (lane 5 and 6), and amplicon generation only occurs by lowering TA 

(lane 7). 

(a)                                                               (b)                                       
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The first explanation to this inconsistent observation is that with 5 ºC.s-1 cooling rate and increased 

annealing temperature (≥60 ºC), the effective time duration available for primers annealing is 

shortened, and thereby the annealing stage efficiency is decreased. The second explanation stems 

from the fact that the plastic tube loses heat faster than hot AuNRs inside PCR reaction (thermal 

lag), and consequently during sample cooling, IR temperature sensor measures the tube surface 

temperature which is at lower temperature than PCR solution. That is, before reaching to annealing 

stage, PCR solution is heated up to the next PCR stage, elongation. To confirm the presence of 

thermal lag, we used COMSOL Multiphysics to model time-dependent cooling of 20 µL PCR 

reaction at denaturation temperature. Similar to Zemax model, water was used as PCR reaction 

material with 85 ºC initial temperature. The water is placed in polypropylene PCR tube, covered 

with 50 µL mineral oil, and enclosed by domed cap (Figure 3.13.a). By using the COMSOL 

module for heat transfer in solids and fluids, the surface heat transfer coefficient (h0) was swept 

from 5 to 40 Wm-2.K-1 to model free and forced convection cooling. Line A and B were defined 

on the outer surface and in the center of the tube, respectively. Next, the time-dependent average 

temperature of line A (T̅line A) and line B (T̅line B) were calculated. The aim of this model was to 

measure the temperature difference between line A and B (T̅line B-T̅line A) while T̅line A is at 60 ºC 

(annealing temperature) for different heat transfer coefficient: 

(T̅line B-T̅line A)│T̅line A=60 ºC,   5≤h0≤40 Wm-2.K-1 (3.1) 

The bar graph in Figure 3.13.b shows that by increasing heat transfer coefficient to 40 Wm-2.K-1 

(i.e., cooling rate), (T̅line B-T̅line A)│T̅line A=60 ºC is intensified reaching to 6.9 ºC. The result here 

proves the presence of thermal lag, and it also implies that there is a limit to increase CR without 

hindering temperature-dependent PCR reactions. 
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Figure 3.13 COMSOL simulation to obtain time-dependent cooling temperature profiles of the different lines 

defined in (a) the model geometry of 20 µL water placed in a 0.2 mL PCR plastic tube. (b) The bar graph shows 

the impact of increased heat transfer coefficient (h0) on temperature difference between line A and B (thermal lag). 

Additionally, PCR set temperatures optimization is another factor to increase ramping rates and 

PCR yield. In other words, the lower TD and the greater TA result in less temperature difference 

between PCR stages and subsequently faster thermocycling. Therefore, positive PCR samples 

went through plasmonic thermocycling with different TD and TA, and the impact of various set 

temperatures on amplicon yield were explored based on the band intensity of samples in gel 

electrophoresis. Figure 3.14.a and Figure 3.14.b show that plasmonic DNA amplification fails for 

TA≥62 ℃ and TD>85 ℃. The optimal TA and TD are 60 ℃ and 85 ℃ which are the highest TA 

and the lowest TD for faster ramping rate giving the brightest band on gel.  

 

 

Figure 3.14 Comparison of PCR yield on gel image for different (a) TA and (b) TD. 

Using PCR-safe set temperatures (83-85, 53-60, and 72℃) and hold-times (1, 5, and 1s), the 

VCSEL-based plasmonic thermocycler was able to perform more than 80 successful plasmonic 

PCR tests under different conditions such as different polymerases, cooling rates, and VCSEL 

position. The failed positive PCR controls were mostly due to unoptimized PCR conditions such 

(a)                                             (b)                                             

(a)                                      (b) 
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as high denaturation and annealing temperature, short hold-times, extremely fast temperature 

ramping, or suboptimal reagents concentration. 

3.5 Summary 

In this chapter, we presented a novel compact rapid thermocycler through plasmonic photothermal 

heating of AuNRs excited by an 808 nm VCSEL. The small configuration of this thermocycler 

was achieved via a different laser type without sample miniaturization which compromises the 

convenience in sample loading and the sensitivity in quantification of PCR product. Also, 

flexibility in positioning the light source close to PCR tube demands no light focusing components 

resulting in a simpler design than other proposed plasmonic thermocyclers. The amplification of 

104 copies of C. Trachomatis DNA template was carried out in less than 10 min for 30 PCR cycles. 

The temperature stability during hold-times and reproducibility of successful PCR results indicate 

the robustness of AuNRs in PCR reaction and reliability of system. The UV-visible spectroscopy 

of pre- and post-PCR samples confirmed the unaltered optical properties of used AuNRs in our 

plasmonic thermocycler. Combining this portable, affordable, and low-powered VCSEL-based 

thermocycler with quantitative amplicon detection method delivers the same sensitivity and 

specificity of conventional PCR assay to POC diagnostics. The presented work can be further 

advanced to a multi-well plasmonic PCR on a VCSEL array to conduct multiplexed amplification. 
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4.1 Introduction 

Real-time amplicon detection would be an essential feature of in-field PCR testing. Despite all 

advances in real-time fluorescence- or SPR-based detection methods, they have not yet found their 

utilization in POC applications. This is due to the fact that they rely on relatively costly and bulky 

instruments (fluorometer, fluorescence filters, and spectrophotometer) as well as expensive and 

laborious target-specific probe design. In light of these challenges, in this chapter, the rapid 

VCSEL-based plasmonic thermocycler was combined with a POC-ideal detection strategy. The 

quantification of amplicons and determination of a success (amplification) and fail (no 

amplification) are accomplished by monitoring UV absorption of free nucleotides (dNTPs) in PCR 

reaction at every cycle. The structure dependency of UV absorption allows us to monitor the 

consumption of dNTPs for generated amplicons in PCR. The absence of fluorogenic probes and 

fully relying on optical measurements of one PCR ingredient eliminate false positive incidents due 

to “misprimed” amplification products, primer dimers, and degraded quencher molecule existing 

in fluorescent PCR. Also, maintaining the conventional sample volume of 20 µL further enhance 

the sensitivity and reliability in detection. The proposed real time PCR system would be ideal for 

POC applications due to its fast amplification, label-free quantification, simple and small 

configuration, and large reaction volume which leads to more convenience in fluid handling for 

on-site sample analysis. 

4.2 Study Design 

Figure 4.1 illustrates the complete amplification and detection system setup. The real-time 

amplicon detection system consists of a UV LED (Thorlabs, LED260J with ball lens and peak 

wavelength of 260 nm ± 5 nm and output optical power of 1 mW at 100 mA injection current) 

positioned perpendicular to the plane of PCR tube-IR pyrometer. A 2 A BiCMOS constant current 
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source (STCS2A) from STMicroelectronics was used to drive UV LED with 100 mA, and UV 

light modulation was executed by connecting PWM dimming pin of STCS2A to Arduino. 

PDA25K2-GaP photodetector from Thorlabs was used to capture transmitted UV optical power 

after passing through PCR sample. Finally, the signal of photodetector is collected by an ADS1115 

16-bit ADC to improve Arduino resolution and measurement accuracy, and then measured by 

Arduino’s I2C pins. 

 

Figure 4.1 Schematic of the VCSEL-based plasmonic thermocycler and real-time UV detection system. 

To maximize UV optical power at photodetector (Pdetector), we performed radiometric analysis in 

Zemax optical design software in non-sequential mode. The UV LED was modeled as a source 

radial with 1 mW output optical power (Psource), 260 nm nominal wavelength, 3 mm × 3 mm flat 

rectangular emitting region, and symmetric distribution of rays into a hemisphere. The far field 

intensity distribution of Thorlabs UV LED, provided in its datasheet, was used to define the 

relative intensity measured in the far field of the source radial at specific angles. Next, we modeled 

Thorlabs photodetector with a flat absorbing rectangular detector (2.2 mm × 2.2mm) to store the 

energy data from non-sequential source rays that strike it. The model geometry is such that the 

optical axis is perpendicular to cone axis of PCR tube (Figure 4.2.a), and the material selected for 

tube and PCR reaction were polypropylene and water, respectively. Owing to optical system 

assembly limitations in practice such as the thickness of optical cage system mounting plates and 

the thickness of PCR tube holder, the shortest distance to place UV LED and photodetector with 

respect to PCR tube is 9 mm, and thereby the same distances were considered in the optical model. 

Furthermore, we considered that the non-sequential rays from source radial were statistically 
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scattered at ray-surface intercepts. Figure 4.2.b displays the rectangular detector view together 

with spatially incoherent irradiance at detector. In this figure, the total power indicates that 9.83% 

of source radial optical power reaches at detector (
Pdetector

Psource
=0.098) with this optical setup. In order 

to enhance 
Pdetector

Psource
, two converging lenses were used, and their characteristics were optimized in 

no-sequential mode for maximum optical power at detector. We found that UV-AR coated double-

convex (DCX) lens (EFL: 6 mm and f/#: 1) from Edmund Optics were the best fit for the optimized 

converging lenses data. Therefore, the first DCX lens was placed between UV LED and PCR tube, 

and the second lens was placed between tube and photodetector (Figure 4.2.c). The center-to-

center separation distance between each lens and PCR tube is 9 mm. Using this optical setup, the 

Pdetector

Psource
 is 0.127 with an approximately 30% increase in comparison with no-lens setup (Figure 

4.2.d). Thus, we used 2-lens system for our real-time plasmonic PCR product detection. 

  

  

Figure 4.2 Optical simulation for UV detection system. Optical configuration and ray tracing diagram for (a) no-
lens system and (c) 2-lens system. Detector viewer for (b) no-lens and (d) 2-lens UV detection system. 

(a)       (b) 

 

 

 

 

 

 

 

 

(c)       (d) 
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4.3 Principle of operation 

As is shown in Figure 4.3, bases in nucleotides (dNTPs) are either pyrimidines or purines. Both 

pyrimidines and purines have heterocyclic rings which share around their delocalized electrons. 

The availability of these electrons makes electron-photon interactions in UV region; therefore, 

bases in dNTPs are strong UV absorbers [208].  

  

Figure 4.3 Pyrimidines and purines with one and two heterocyclic rings respectively [209]. 

Figure 4.4.a shows the absorption spectra of four different dNTPs. Although absorbance 

wavelength maximum is different for each dNTP; they have maximum UV absorbance at 260 nm 

(A260) after averaging out absorption spectra of four types of dNTPs [210]. If free dNTPs bind 

together to form ssDNAs, the delocalized electrons are less available to interact with photons due 

to stacking interactions between dNTPs, and as a result A260 drops roughly about 10% going from 

free nucleotides to ssDNA. The photon-electron interactions are further restricted when dNTPs 

bind with their complementary bases and form a dsDNA due to hydrogen-bonded base pairs and 

base pair’s hydrophobic characteristic. This leads to an approximately 27% decrease in UV 

absorption as a result of conformational change from ssDNA to dsDNA, i.e., hyperchromicity. 
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Figure 4.4 (a) Optical density for different dNTPs: adenine (A), thymine (T), guanine (G), and cytosine (C). (b) 
Change in UV absorbance based on conformational freedom of dNTPs [210]. 

This drop in UV absorbance as a result of change in dNTPs conformational freedom is the basis 

of our real-time UV detection. During PCR process, free dNTPs incorporation by polymerase to 

extend the new DNA strands results in a cycle-by-cycle drop in UV absorption of PCR solution 

(Figure 4.5).  

 

Figure 4.5 Schematic illustration of dNTPs consumption as PCR cycles proceed, and thereby cycle-by-cycle drop 

in A260. [dNTP] denotes dNTPs concentration. 

To monitor UV absorbance variation during thermocycling, the UV LED was turned on for 50 ms 

at the end of elongation stage of each cycle during plasmonic amplification (Figure 4.6), and the 

transmitted optical power through PCR reaction was collected by photodetector and plotted against 

cycles to generate UV amplification curve. To generate normalized UV amplification curve, the 

UV optical power values (as calculated from the photodetector voltage) were min-max normalized 

and plotted against cycles. The resulting normalized UV curves are used to determine PCR results 

and amplicon quantification. Finally, UV detection results are validated by gel electrophoresis. 

(a)                                                (b) 
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Figure 4.6 Conceptual illustration of the status of VCSEL and UV LED during plasmonic thermocycling. 

4.4 Experimental results and discussion 

4.4.1 UV absorption and exposure limit of PCR reaction 

The contribution of each PCR ingredients to UV absorption is measured using spectrophotometer 

(DS-11 Series, DeNovix Inc.). Figure 4.7.a shows the UV-vis spectrum of each PCR ingredient 

with the same final concentration as in positive PCR. It is evident that the dNTPs are the dominant 

UV absorbers, and 2.5 nM AuNRs and Taq polymerase are about 3 and 5 times less absorptive 

than dNTPs. The rest of reagents are at least 7 times weaker in absorbing 260 nm light compared 

to dNTPs. To understand the overall impact of PCR ingredients on UV absorption, a positive PCR 

sample underwent successful plasmonic PCR amplification, and the UV-vis spectra of pre- and 

post-PCR samples were compared. Figure 4.7.b shows that 260 nm absorption of pre-PCR sample 

decreased by approximately 27 % after successful amplification of target DNA. 

Furthermore, it is reported that Taq polymerase is highly UV sensitive due to the presence of strong 

UV absorptive aromatic amino acids (tryptophan, tyrosine, and phenylalanine) [211]. Thus, it is 

expected that polymerase inactivation can be an outcome of PCR sample’s UV overexposure. 

Moreover, prolonged UV radiation triggers DNA damage by producing a variety of mutagenic and 

cytotoxic DNA lesions such as cyclobutene pyrimidine dimers and 6-4 photoproducts [212, 213]. 

Since PCR requires relatively intact DNA strand for DNA synthesis by polymerase, these UV-

induced transition mutations in DNA structure result in PCR inhibition or poor PCR efficiency. 

Hence, it is critical to measure maximum allowed UV exposure time without distorting DNA 

structure and reducing polymerase activity. To test this, first, positive PCR samples were exposed 

to 1 mW UV LED for different total duration times from 20 to 320 s. Next, the UV exposed 
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samples underwent conventional amplification, and finally PCR products were visualized by gel 

electrophoresis to analyze the impact of different UV light doses on PCR efficiency. In the first 

set of experiment, Figure 4.7.c shows that 80 s of UV exposure time inhibits PCR. To obtain the 

precise time duration for UV tolerance limit of plasmonic PCR reaction, the second set of 

experiments with time duration of 50 to 80 s was examined. Figure 4.7.c shows that a total of 70 s 

duration of the UV exposure time limit produced a fainter band on the gel. In our real-time 

amplicon detection procedure, PCR reaction is irradiated for 50 ms per cycle making our method 

UV-safe for PCR ingredients and its progression. 

  

 

Figure 4.7 (a) Absorption spectra of different PCR reagents with the same concentration as in positive PCR. (b) 

Absorption spectra of positive PCR reaction before and after plasmonic thermocycling exhibits 260 nm absorption 

drop as a result of dNTPs conversion to dsDNAs. (c) Gel image of positive PCR samples exposed to 1 mW UV 

LED irradiation for different UV exposure time durations of 20-320 s and 50-80 s, and their impact on amplicon 

yield. 70 s UV exposure time shows less amplicon generation/faint band. 

4.4.2 Real-time UV monitoring of PCR kinetics 

To measure variations in 260 nm absorption during plasmonic amplification, 20 µL positive PCR 

sample containing 10
5

 copies C. Trachomatis DNA was prepared and placed in a two-lens 

detection system. Sample preparation, plasmonic PCR protocol, and UV detection working 

principle follow the guidelines presented in Table 3.1, section 3.3 and 4.3 of this thesis, 

respectively. Figure 4.8 shows the generated UV amplification curve for this experiment. During 

     (a)                                                             (b) 

 

 

 

 

 

 

 

                            (c) 
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fluorescent PCR, 4 phases of PCR kinetics (baseline, exponential, linear, and plateau) appear in 

different segments of a sigmoidal-shaped amplification curve. Consequently, the same behaviour 

is expected to occur in UV curve as a result of dNTPs consumption for dsDNAs replication. To 

explore this, different curves were least square fitted to different segments of UV amplification 

curve. Figure 4.8 shows that similar to fluorescent PCR, UV curve follows 4 phases of PCR. 

However, one contradictory observation in UV curve compared to fluorescent real-time curve is 

the increasing baseline phase. This optical phenomenon conceals the cycle number at which the 

amplification enters the exponential phase (threshold cycle). As a result, the threshold cycle 

defined in fluorescent PCR for amplicon quantification is not applicable in UV detection method. 

Hence, here, we define threshold cycle as the cycle number at which the UV signal rises above 

exponentially increasing baseline and enters the sigmoid part of UV curve. To determine its value, 

an exponential and a sigmoid curve are least square fitted to UV signal data of the first and last set 

of cycles, and their intersection is taken as threshold cycle (Ct).  

It is important to note that the optical power at the photodetector (Pdetector) has a maximum of 80 

µW (Figure 4.8). Based on the Zemax optical simulation presented in section 4.2, 128 µW of UV 

LED optical power was expected. The experimental results here correspond to our optical 

simulation, and the difference between experimental and model Pdetector (128-80=48 µW) is owing 

to the fact that in optical model, the optical absorption properties of PCR ingredients were not 

considered. 

 

Figure 4.8 The measured UV optical power at photodetector (discrete triangles) is plotted against cycles to generate 

UV amplification curve. 4 different curves (dashed lines) were least square fitted to experimental values to show 4 

phases of PCR kinetics. 
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4.4.3 PCR results classification based on UV curves shape analysis 

In order to investigate the ability of UV detection in classifying PCR results (success or fail), 

positive PCR control with 10
4
 initial DNA copy number along with different negative controls 

underwent plasmonic amplification. Figure 4.9.a shows unnormalized UV amplification curves. It 

is important not to compare UV transmitted optical power values of one experiment to another 

since UV transmission varies even for the same PCR solution pipetted in different PCR tubes or 

the same PCR tube with a change of its side facing the UV LED. This is due to changes occurring 

in pipetting, optical alignment for each experiment, or difference in shape and wall thickness of 

each side of PCR tube. This implies that for a valid comparison between two different experiments, 

only UV transmission behaviour throughout 40 cycles should be considered. Thus, UV 

amplification curves were min-max normalized to clearly analyze/compare their behaviour/shape 

and extract distinctive features for positive/successful and negative/failed PCR differentiation. 

Figure 4.9.b shows that different curves were least square fitted to normalized UV data for shape 

analysis. Normalized UV curve for positive PCR sample is a combination of 2nd degree exponential 

and a sigmoid curve which intersect at Ct following a sharp increase in UV transmission. However, 

normalized UV curves for negative controls follow a monotonically increasing 2nd degree 

exponential function which saturates after Ct. The functions least square fitted to UV data are as 

follows (where C is cycle number): 

PPositive= {
0.3e0.02×C-0.4e-0.3×C    1≤C≤Ct

1.1

1+e-0.2×C+5.6
                  Ct≤C≤40

 (4.1) 

PNegative= {
1.14e-0.004×C-1.2e-0.09×C  No primer

0.54e0.009×C-0.6e-0.15×C       No DNA
1.14e-0.002×C-1.2e-0.07×C        No Taq

 (4.2) 
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Figure 4.9 (a) UV amplification curves for positive and negative controls. (b) Min-max normalized UV 

amplification curves for different samples were generated by fitting curves (solid lines) to experimental UV 

transmission (discrete data points). All amplification curves follow a 2nd degree exponential function throughout 

40 cycles except successful PCR (black) with sigmoidal increase at threshold cycle (Ct). 

The bar graph in Figure 4.10.a demonstrates that the percentage increase in transmitted optical 

power from last cycle to Ct (P40/PCt=27) for the successful PCR is at least 9 times greater than 

P40/P27  in negative controls. Therefore, this sigmoidal-shaped increase after Ct  in UV 

amplification curve serves as a signature to differentiate successful and failed PCR results. 

 

 

Figure 4.10 (a) Comparison of percentage increase in UV transmission from cycle 1 to Ct (=27) and cycle 27 to 40 

for different controls. (b) The gel image confirms the validity of UV results to differentiate successful and failed 

PCR. 

In order to demonstrate the repeatability of our method, we randomly collected UV curves obtained 

from real-time plasmonic amplification of 20 different PCR samples. These samples were prepared 

from different master mix solutions and went through plasmonic amplification on different days. 

(a)                                                                              (b) 

(a)                                                                                 (b) 
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The initial DNA copy numbers of samples are either 10
4
 or 10

5
. The samples were positive PCR 

controls following Klentaq polymerase PCR protocol (Table 3.1). Next, we classified the UV 

curves obtained from these 20 PCR reactions into two categories of “success” and “fail” based on 

their results on gel image. Then, P40/PCt
 and PCt

/P1 were calculated for both categories and plotted 

in Figure 4.11. It should be noted that in this section, the failed PCRs were not negative PCR 

controls, but rather positive controls which underwent various PCR conditions leading to PCR 

inhibition or failed PCR. The results in Figure 4.11 shows that for all successful PCR experiments, 

PCt
2

P40×P1
 is less than 1.15 indicating the validity and repeatability of our method. 

 

Figure 4.11 The rectangular blue and orange bars represent calculated P40/PCt
 and PCt

/P1  for 20 different 

plasmonic positive PCR samples. The first 10 samples are failed PCR tests with 
PCt

2

P40×P1
 (green bars) greater than 

1.15, whereas 
PCt

2

P40×P1
 is less than or equal to 1.15 for successful PCR tests. 

4.4.4 Real-time amplicon quantification 

The stock Chlamydia Trachomatis DNA solution with 3.5×10
5
 genome copies.μL-1 were diluted 

with ddH2O to obtain 10-fold dilution series of DNA copy numbers. For low DNA copy numbers, 

we used Poisson distribution to describe the probability of finding x DNA copy numbers in 20 µL 
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sample volume. The probability of random variable X (DNA copy number) takes on the value of 

x (3.5<x<35) after making different dilution series of DNA copy numbers is calculated using the 

Poisson probability mass function: 

P(X=x)=
e-λλ

x

x!
 (4.3) 

Where x is the number of occurrences, i.e., number of DNA molecules that can be present in the 

20 µL sample, λ is equal to the expected value of X and equals to the mean and variance of random 

variable X. 

The bar graph in Figure 4.12 shows the probability of having different DNA copy numbers for 

different expected value (λ) of 3.5 and 35 in our 20 µL PCR reaction. 

  

Figure 4.12 Distribution of different DNA copy numbers in 20 µL sample for (a) λ=3.5 and (b) λ=35. 

Thus, after diluting the stock solution 10
5
 times (λ=3.5), the probability of having at least one 

DNA copy number in PCR reaction is approximately 96.9%. Similarly, by diluting 10
4
 times 

(λ=35), the chances of having at least 20 DNA copy numbers are approximately 99.6%. 

To investigate the ability of real-time UV detection in quantifying DNA concentration, positive 

PCR reactions with different initial DNA copy numbers ranging from 10
5
 through to 10

0
 

underwent plasmonic amplification and real-time UV monitoring. The resulting normalized UV 

amplification curves (Figure 4.13.c and Figure 4.13.d) demonstrate that with decreasing DNA 

template concentration, the fitted sigmoid curve and subsequently the Ct shifts right to higher 

cycles. The highest obtainable Ct value is 32 per 20 µL sample volume which corresponds to one 

(a)                                                                              (b) 
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DNA copy amplification. This indicates that our real-time UV system has high sensitivity of 

detecting amplicons generated by a single target DNA. Based on Table 2.6 in chapter 2, Tran et 

al. reported a LOD of 104 for their UV monitoring system [24]. However, with our 2-lens UV 

detection system, the LOD is decreased 104 times compared to their work. The reasons for the 

enhanced detection sensitivity in our UV detection is explained as follows. First, VCSEL-based 

plasmonic thermocycler is running PCR samples under optimized PCR condition, and the amount 

of generated amplicons with lower starting DNA copy numbers (<104) in our system is 

significantly greater. This is evident by comparing the gel image of samples amplified in VCSEL-

based thermocycler (Figure 4.13.f) with the gel image of samples amplified in Tran’s plasmonic 

thermocycler (Figure 2.9.b). Second, the SNR is increased in our UV detection system owing to 

employment of lenses with characteristics optimized in Zemax optical model. Besides, due to our 

compact system design, the OPL is shortened in our system; thus, higher SNR is achieved leading 

to lower LOD. 

The plot of Ct values against log of starting copy number of DNA target (UV standard curve) can 

be used for DNA quantity estimation (Figure 4.13.e). Finally, the PCR products were visualized 

by gel electrophoresis to confirm the validity of UV detection results (Figure 4.13.f). It should be 

noted that limit of detection in fluorescent PCR assay is defined as the lowest DNA target 

concentration at which the linear phase does not appear in fluorescence curve, whereas in UV 

monitoring, the minimum detectable amount of DNA is when the amplification curve appears as 

a continuous exponential curve with no sigmoidal behaviour towards the end of PCR cycles. 

  

(a)          (b) 
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Figure 4.13 (a,b) Original UV curves and (c,d) min-max normalized UV amplification curves for positive PCR 

samples with initial DNA copy numbers ranging from 105-100. The Ct shifts right to higher cycles with decreasing 

target concentration. (e) UV standard curve established between obtained Ct values and log of DNA copy number 

for real-time amplicon quantification. (f) Gel electrophoresis image of plasmonically amplified samples with 

different DNA starting concentrations. 

In order to measure the repeatability of results, the above experiment was conducted multiple 

times. That is, five PCR samples with initial DNA concentration of 105 were prepared separately 

and underwent real-time plasmonic amplification on different days. The UV transmission curves 

together with their threshold cycles were obtained for these 5 PCR samples, and then the mean and 

SD of the threshold cycles were calculated. The same procedure was repeated for initial DNA 

concertation of 104 to 1. Figure 4.14 and Table 4.1. show the mean and SD of threshold cycles for 

varying starting DNA copy numbers. Also, the number of experiments performed for each DNA 

copy number is presented. 

(c)          (d) 

 

 

 

 

 

 

 

 

 

(e)          (f) 
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Figure 4.14 UV standard curve showing mean and S.D of obtained threshold cycles.  

Table 4.1 Mean and standard deviation of the obtained threshold cycles for different DNA starting copy 

numbers. 

 Initial DNA concentration 

[DNA] 105 104 103 100 10† 1‡ 

No. of experiments 5 5 3 3 3 2 

Mean 19.6 25.02 29.5 30.1 31.93 33.5 

Standard deviation 1.14 0.98 1.32 1.05 1.2 2.12 

[DNA]: DNA copy number 

† P(20≤[DNA]≤50)=99.1% 

‡P(1≤[DNA]≤9)=96.6% 
 

4.4.5 Limit of detection for dNTPs concentration 

It is worth investigating minimum and maximum detectable dNTPs concentration by our UV 

system. To determine this, 20 µL of dNTPs solution with 10 mM final concentration was placed 

in the UV system. In order to eliminate UV transmission variations due to non-specific factors, 

this experiment was carried out in one PCR tube while maintaining the sample volume at 20 µL 

throughout the experiment without changing the tube position or orientation. Next, the UV 

transmission was measured as the dNTPs concentration was decreased by 2-fold dilution by 

pipetting out 10 µL of solution and adding 10 µL of ddH2O. The withdrawn 10 µL sample volume 

is later went through UV-vis spectroscopy to confirm decreasing dNTPs concentration by probing 

260 nm absorption (Figure 4.15.a). 
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The plot of UV transmission against log of dNTPs concentration (Figure 4.15.b) shows that UV 

transmission saturates for dNTPs concentration in pink regions, and the maximum detection 

sensitivity can be achieved provided that dNTPs concentration lies in linear/green region (19.5 

µM<dNTPs concentration<625 µM). Based on our plasmonic PCR protocol, dNTPs have a final 

concertation of 60 µM in 20 µL PCR reaction, and with the assumption of 90% dNTPs 

consumption in successful PCR, it is anticipated that transmitted optical power moves from point 

A to B and increases by around 32%. However, this percentage increase should not be expected in 

real-time UV detection of PCR products. In the above experiment, the concentration of dNTPs 

was reduced by removing dNTPs from sample, whereas in UV detection, UV transmission increase 

is due to decrease in conformational freedom of dNTPs not their exhaustion, i.e., their conversion 

from dissociated free molecules to bounded molecules in DNA structure. Consequently, the 

generated dsDNAs also contribute to UV absorption resulting in less UV transmission increase 

(<32%). 

 

(a)    

 

  



Chapter 4 Real-time label-free PCR product detection 104 

 

 

Figure 4.15 (a) UV absorption spectra and (b) UV transmission of solutions containing different dNTPs 

concentration obtained from spectrophotometer and 2-lens UV detection system, respectively. 

4.4.6 Analysis of increasing UV transmission in negative control 

As was shown in the previous section, UV transmission increases for failed PCR and in the 

baseline phase of successful PCR (“false” signal increase). This is owing to the fact that unlike 

fluorescent PCR, at our probe wavelength (260 nm), the optical absorption property of PCR 

solution is influenced not only by primary measurand (dNTPs concentration) but also by other 

PCR ingredients (e.g., polymerase and AuNRs). Accordingly, the detected UV signal is the 

superposition of the changes in primary and non-primary measurands’ physicochemical properties. 

To confirm this justification, we compared real-time UV curves generated from plasmonic 

thermocycling of each PCR ingredient separately. AuNRs and each ingredient were diluted with 

ddH2O to obtain 20 µL sample volume. The final concertation of reagents is the same as in positive 

PCR. Figure 4.16.a and Figure 4.16.b show that UV transmission increases only for the sample 

containing AuNRs and Klentaq polymerase, whereas other ingredients have constant or even 

decreasing UV transmission throughout 40 cycles. The increasing UV transmission for Taq and 

AuNRs solution might be owing to greater affinity of Taq polymerase towards AuNRs compared 

to other PCR ingredients (primer or DNA) which leads to formation of stable Taq-AuNRs complex 

and consequently changes in UV absorption property of solution [116, 214]. However, the 

increasing UV signal for “no polymerase” negative control in Figure 4.9 cannot be explained by 

AuNRs and Taq interaction. Hence, this observation encourages the idea of other existing events 

(b)                                                                     
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contributing to the emergence of “false” signal increase in UV curve. For instance, the ability of 

AuNRs to alter primer conformation by partial unfolding the helical structure [215] or high binding 

affinity of ssDNA to AuNRs [216, 217] are other possible interactions which can change UV 

absorption property of PCR sample.  

Another justification can be found in the exponentially decreasing number of polymerase 

molecules in the first few cycles before its complete exhaustion or thermal inactivation. Since Taq 

polymerase is one of the 260 nm-absorbing PCR ingredients, the exponential decline in 

polymerase concertation leads to UV transmission increase with the same exponential behavior. 

This is more evident in the baseline phase of UV curve; however, after Ct, dNTPs impact on UV 

curve is dominant owing to their greater concentration drop and stronger UV absorption property 

compared to Taq polymerase. 

 

S1 ddH2O +buffer+AuNRs 

S2 ddH2O +dNTPs+AuNRs 

S3 ddH2O +Taq+AuNRs 

S4 ddH2O +primers+AuNRs 

S5 ddH2O +AuNRs 
 

 

Figure 4.16 (a) Min-max normalized UV optical power from plasmonic thermocycling of each PCR ingredient 

separately. Only the sample with Klentaq polymerase (S3, red) showed increasing UV transmission throughout 40 

cycles. (b) Comparison of percentage change in UV optical power from first to last cycle for different plasmonic 

solutions containing one PCR ingredient. 

(a)             

 

 

 

 

 

 

 

 

(b) 
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4.4.7 Comparison of UV system and qPCR limit of detection 

We attempted to compare the detection sensitivity of fluorescent PCR (qPCR) with UV monitoring 

system. To fulfill this, qPCR experiments were carried out in Applied Biosystems 7500 fast real-

time PCR system using a ready-made qPCR kit which provides a blend of polymerase, buffer, and 

dNTPs. The default setting on qPCR machine has the minimum denaturing, annealing, and 

elongation hold-times of 30 s, i.e., shorter time intervals are not allowed to be performed on the 

qPCR software. In contrast to qPCR system, UV monitoring detection provides the flexibility of 

altering the polymerase type, PCR reagents concentrations, and hold-times. Therefore, accurate 

comparing of UV detection sensitivity with qPCR is a challenge due to different type of PCR 

components and their concentrations as well as their PCR running conditions. The UV detection 

of plasmonically amplified amplicons follows the same protocol explained in the previous 

sections. 

To assess the detection sensitivity of qPCR, different samples containing varying DNA template 

concentrations of C. Trachomatis DNA were diluted with qPCR master mix/qPCR kit purchased 

from QIAGEN (Table 4.2), and they underwent conventional amplification in qPCR machine. The 

threshold cycles of qPCR amplification curves (CtqPCR
) are compared with the threshold cycles 

obtained from UV monitoring (CtUV
) of samples with different initial DNA concentrations (Figure 

4.17). 

Table 4.2 Comparison of threshold cycles obtained from UV and fluorescence detection. 

Initial DNA Concentration CtqPCR
 Ct𝐔𝐕

   

105 12.7 20 

104 15 26 

103 22.7 28 

102 26 30 

10 30 31 
 

The reason for the difference in Ct values between fluorescence and UV detection is explained as 

follows: 

https://www.qiagen.com/ca/products/discovery-and-translational-research/pcr-qpcr/real-time-pcr-enzymes-and-kits/sybr-green-or-dye-based-qpcr/quantitect-sybr-green-pcr-kits/#orderinginformation
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• The varying concentration of dNTPs, polymerase, and buffer in both detection methods 

influence the amount of amplified DNA as well as threshold cycles.  

• The PCR conditions (e.g., hold-times) of both detection methods are different. 

• Conventional qPCR thermocyclers complete 40 PCR cycles in approximately an hour. This 

slow PCR process maximizes each PCR stage efficiency, and thereby the amount of 

generated amplicons are expected to be higher compared to sub-ten minute plasmonic 

assay time. Hence, the amplicon reaches detection threshold at earlier cycler/faster for 

fluorescent PCR in comparison with real-time UV monitoring (i.e., CtqPCR
<CtUV

). 

• In qPCR, the Ct value is defined as a crossing point where fluorescence signal enters the 

exponential phase. Furthermore, the fluorescence signal is correlated solely to the 

generation of dsDNA, while UV transmission curve represents the change in UV 

absorption as result of consumption of UV sensitive PCR components (e.g., dNTPs and 

Taq). Therefore, the threshold cycle in UV monitoring is observable when the UV 

transmission increase due to consumption of dNTPs exceeds the transmission increase as 

a result of exhaustion of Taq polymerase. 

 

  

(a)       (b) 
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Figure 4.17 Comparison of normalized UV and fluorescent amplification curves using (a) 105, (b) 104, (c) 103, (d) 

102, and (e) 10 initial DNA copy numbers. 

As a result, a valid comparison between fluorescence and UV detection method can be established 

when: 

• The effect of Taq polymerase on UV transmission is negated. 

• The concentration of ingredients in both methods become identical. 

• Fluorescence signal is measured with plasmonic amplification of target DNA, i.e., 

integration of plasmonic thermocycler with fluorescence detection. 

4.5 Summary 

In this chapter, we demonstrated a miniaturized real-time label-free PCR platform that incorporates 

plasmonic-driven thermocycling and UV monitoring of dNTPs exhaustion. The total turnaround 

time for 30 cycles of Chlamydia Trachomatis DNA amplification and real-time UV detection in 

(c)       (d) 

 

 

 

 

 

 

 

 

   (e)                                                                     
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20 µL sample is 9.5 min which is significantly faster than conventional qPCR machines with 

typical assay time between 40 to 60 min. Its compact size is derived solely from light-assisted 

amplification and detection and utilization of different laser type than sample miniaturization 

techniques. Retaining the conventional sample volume circumvents the suboptimal detection 

sensitivity found in fluorescent detection microfluidics due to shortened optical path length. The 

UV amplification curves for positive PCRs demonstrate a sigmoidal-shaped increase at Ct which 

can be served as a fingerprint to discriminate successful and failed PCRs. Furthermore, we 

presented a comparison between Ct values of positive transmission curves with different initial 

DNA concentrations. The result show that our detection system is capable of quantifying PCR 

products as small as a single DNA copy. The proposed work is a proof-of-principle demonstration 

of PCR-based optical DNA amplification and detection which offers fast and reliable results in a 

compact, low-powered, and inexpensive hardware, fundamental requirements for POC testing.  
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5.1 Introduction 

Real-time polymerase chain reaction, also known as quantitative PCR (qPCR), is used to determine 

relative quantification of enzymatically amplified double-stranded DNA (dsDNA) fragment 

carried out in three steps (denaturation, annealing, and elongation) controlled by temperature. In 

theory, considering the amplification efficiency of 100%, the target grows exponentially as a 

function of PCR cycles, i.e., the amount of PCR product after n cycles is 2
n
 times the initial DNA 

concentration [4, 218]. However, in practice limiting factors such as primer-dimer accumulation, 

non-uniform temperature regulation, exhaustion of reagents, thermal inactivation of the DNA 

polymerase decrease efficiency as the PCR cycles progress [219]. The PCR efficiency is 

instrument dependent and for an acceptable designed qPCR machine, the efficiency should fall 

above 90% [40]. 

Many stochastic and mathematical models have been presented to calculate expected efficiency to 

identify the factors reducing PCR yield. Most models reported an overall PCR performance in 

which the efficiency of the reaction remains constant throughout all PCR cycles [220-222]. These 

models are only applicable for the early cycles when the efficiency is nearly constant. Other models 

have considered the cycle dependency of PCR efficiency by incorporating the melting, annealing, 

and elongation steps efficiencies into overall efficiency [223, 224]. These models were used in 

qPCRs to analyze and detect parameters controlling or degrading denaturing, annealing, and 

extension efficiencies [225, 226]. In this chapter, we use a mathematical model presented by Booth 

et al. to investigate cycle to cycle efficiencies and PCR reagent concentrations of the real-time 260 

nm detection plasmonic PCR system [226, 227]. Model calibration based on the captured UV 

transmission data quantifies PCR parameters such as rates of primer and template annealing as 

well as polymerase binding. These parameters will help to optimize PCR protocol and ingredient 

concentrations for faster and more efficient PCR. Furthermore, the calibrated model is used to 
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study the impact of template/polymerase plasmonic thermal/UV damage and annealing step 

duration on amplicon generation. 

5.2 Model description 

In this section, a short review of the mathematical model introduced by Booth et al. is presented 

[226, 227]. This model is based on the following assumptions: 

• DNA damage (η
d
) and polymerase damage (η

dE
) are independent of PCR cycles 

• Absence of primer-dimer events and primer-template annealing during elongation step 

• Constant extension rate 

• Irreversible annealing and elongation reactions 

• The concentration of forward and reverse primers is equal 

• Forward and reverse primers anneal to equal numbers of sense and anti-sense single-

stranded DNA (ssDNA) molecules 

• Template-primer complexes that are not fully extended during elongation stage are not 

considered as amplicons; however, they are treated as primers for the following cycle 

• All dsDNA molecules are converted to ssDNA during denaturation stage (i.e., denaturation 

efficiency≈1) 

• During each PCR cycle, three reactions take place: i) two ssDNAs bind to form a dsDNA 

(S) with rate ks, ii) a primer (P) anneals to a ssDNA molecule to form a binary complex 

(B) with rate kp, and iii) a polymerase molecule (E) anneal to a binary complex to form a 

ternary complex (C) with rate kc. 

Reaction rates (ks,kp,and kc), PCR protocol parameters (hold-time durations), and initial reagents 

concentration are among constant parameters of the model shown in Table 5.1. Here, we used the 

same nomenclature as Booth et al. for most of the model parameters. 
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Table 5.1 Model constant parameters. 

 Constant parameters Description Unit 

R
ea

ct
io

n
 r

at
es

 kp Primer annealing rate µM/s 

ks ssDNA annealing rate µM/s 

kc, kc
*
 

Polymerase annealing rate at annealing and 

elongation steps 
µM/s 

 β=
ks

kp

 Ratio of ssDNA to primer annealing rate - 

D
en

at
u

ri
n

g
 d

am
ag

e 

ef
fi

ci
en

ci
es

 η
d
 DNA thermal damage - 

η
dE

 Polymerase thermal damage - 

P
C

R
 p

ro
to

co
l 

ta, te Annealing and elongation hold-times/duration s 

R
ea

g
en

ts
-s

p
ec

if
ic

 

co
n

st
an

ts
 

V Polymerase extension rate (nucleotide per second) bp/s 

LDNA Template length bp 

Lprimer Primer length bp 

Lext=LDNA-Lprimer Extension length bp 
 

The other model parameters are variables indicating PCR reagents concentration at specific PCR 

stage or PCR cycle (Table 5.2). The variable subscripts clarify the PCR stage and cycle number. 

The subscript j denotes cycle number, and the subscript a and e indicate the concentration of the 

PCR reagents at the end of annealing and elongation stages, respectively. For instance, Sj, Pj, and 

Ej are the concentration of DNA template, primer, and polymerase at the beginning of cycle j, 

respectively. Also, Pj, a and Cj, e denote the primer and ternary complex concertation at the end 

annealing and elongation stages of cycle j, respectively. In order to assign the first UV transmission 

measured at the end of elongation stage of cycle 1 to DNA template concentration at the end of 

cycle 1 (S1), the initial concentrations of reagents are defined with subscript zero, i.e., S0, P0,and 

E0. 
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Table 5.2 Model cycle-dependent variables. 

Cycle-dependent 

variables 
Description Unit 

S0, Sj, Sj, a 
Initial DNA template concertation, template concertation at the beginning, and at the 

end of annealing stage of cycle j 
M 

P0, Pj, Pj, a 
Initial primer concertation, primer concertation at the beginning, and at the end of 

annealing stage of cycle j 
M 

E0, Ej 
Initial polymerase concertation and polymerase concertation at the beginning of 

cycle j 
M 

Bj, a Binary complex concertation at the end of annealing stage M 

Cj, c, Cj, a, Cj, e 
Ternary complex concertation at the cut-off time, end of annealing, and end of 

elongation stage 
M 

γ
j
=

Sj

Pj

 Ratio of template to primer concertation - 

 

After solving differential equations governing annealing and extension reactions, the following set 

of equations can be used to quantify reagents concentrations after annealing and elongation stage 

of cycle j (Pj, a, Cj, a, Bj, a, and Cj, e) based on reagents concentration at the beginning of that cycle 

(Sj and Pj), PCR protocol (hold-times), and reaction rate constants: 

Pj, a=Pj (1+γ
j
(β-1) (1-e

-kptaPj(γj
(β-1)+1)

1
1-β

))

1
1-β

 (5.1) 

Cj, a=Ej (1-
(Pj-Pj, a)-Ej

(Pj-Pj, a)e
(((Pj-Pj, a)-Ej)kcta)-Ej

) (5.2) 

Bj, a=Pj-Pj, a-Cj, a (5.3) 

Cj, e=
(Ej-Cj, a)(Pj-Pj, a)-Bj, aEje

(((Pj-Pj, a)-Ej)kc
*
te)

(Ej-Cj, a)-Bj, ae
(((Pj-Pj, a)-Ej)kc

*
te)

 (5.4) 

The calculated reagents concentration at the end annealing and elongation steps are used to 

quantify the annealing (η
j, a

), polymerase binding (η
j, E

), and elongation efficiencies (η
j, e

): 
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η
j, a

=
(Pj-Pj, a)

Sj

 (5.5) 

η
j, E

=
Cj, e

Bj, a+Cj, a

 (5.6) 

η
j, e

=
Cj, c

Cj, e

 (5.7) 

Where η
j, a

is the fraction of available DNA template that anneal to primers, η
j, E

 is the fraction of 

binary complex molecules that bind to polymerase to form ternary complexes by the end of 

elongation stage, and η
j, e

 is the fraction of total ternary complexes which are extended to full-

length by the end of elongation stage. Cj, c can be calculated using equation (5.4) by replacing te 

with cut-off time (tc) which is described as follows: 

tc=te-
Lext

V
 (5.8) 

Where Lext  is the remaining length of template after primer annealing that polymerase must 

extend, and V is the polymerase extension rate (nucleotide per second). Thus, 
Lext

V
 is the minimum 

elongation time needed to fully extend the DNA template, and tc is the time point after which all 

available ternary complexes have enough time to extend at full-length.  

The multiplication of the three aforementioned efficiencies will give us the overall cycle efficiency 

(η
j
): 

η
j
=η

j,a
η

j,E
η

j, e
 (5.9) 

Finally, the number of molecules available for the subsequent cycle (j+1) can be calculated using 

η
j
 and DNA/polymerase thermal damage occurring during denaturation stage: 

Sj+1=η
d
 (1+η

j
)Sj (5.10) 

Pj+1=η
d
 (Pj-ηj

Sj) (5.11) 

Ej+1=η
dE

 Ej (5.12) 
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Where η
d
 is DNA or primer thermal damage, and η

dE
 is polymerase thermal damage. Since in our 

real-time amplicon detection method, PCR reaction is exposed to UV light at the end of annealing 

stage, we should also consider UV damage to DNA (η
dUV

) and polymerase (η
dEUV

); thus, we 

modified equation (5.7) and (5.12) as follows: 

η
j, e

=η
dUV

Cj, c

Cj, e

 (5.13) 

Ej+1=η
dE

η
dEUV

Ej (5.14) 

The calculated Sj+1 , Pj+1 , and Ej+1  will be used as the initial reagents’ concentrations for the 

equation (5.1) to (5.4), and all other steps will be repeated to quantify reagents concertation for 

each PCR cycle.  

5.3 Model calibration with experimental UV detection results 

In this section, the model parameters presented in Table 5.1 and Table 5.2 are classified into two 

groups with known and unknown values for model calibration. The known parameters consist of 

PCR protocol, PCR ingredients initial concentration, and template/primer/polymerase 

characteristics. Table 5.3 demonstrates the experimental values set for known parameters in our 

real-time UV detection system. 

Table 5.3 Known parameters for model calibration. 

Known/Experimental Parameters Description Value Unit 

S0 Initial DNA concentration/Copy number 
8.3e-9/ 

105 
µM 

P0 Starting Primer Concentration 0.15 µM 

E0 Initial polymerase concentration 0.5 µM 

V Polymerase extension rate 500 bp/s 

LDNA Template length 221 Bp 

Lprimer Primer length 20 Bp 

ta,te Annealing and elongation duration 5, 1 S 
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The unknown parameters are reaction rate constants and template/polymerase damage which will 

be calibrated based on known parameters and experimental UV transmission curves (Table 5.4). 

To simplify the calibration process, the polymerase binding rates at annealing (60 ℃) and 

elongation temperatures (72 ℃) are considered equal (kc=kc
*
). 

Table 5.4 Unknown parameters for model calibration. 

Unknown/Predicted Parameters Description Unit 

kp  Primer annealing rate µM/s 

k𝑠  ssDNA annealing rate µM/s 

k𝑐 , k𝑐
*
 

Polymerase annealing rate at annealing and 
elongation steps 

µM/s 

η
d
 ssDNA thermal damage - 

η
dE

 Polymerase thermal damage - 
 

Different experiments with varying initial DNA concentrations underwent plasmonic 

amplification (Table 5.5), and the UV amplification curves (UV transmission vs. cycles, 

TExperimental ) were obtained experimentally. The same experiments were used to calibrate the 

unknown parameters. 

Table 5.5 Experiments for quantifying unknown parameters. 

Experiments No. Different DNA starting copy number 

1 105 

2 104 

3 103 

4 102 

5 10 

6 1 
 

For each set of predicted unknown parameters, the model calculates DNA concentration per PCR 

cycle (Sj), and from DNA concentration, the concentration of consumed free nucleotides (dj), is 

calculated using primer (Lprimer) and template length (LDNA) difference. 

dj=Sj×(L
DNA

-Lprimer)=Sj×(L
ext

) (5.15) 

As was stated in section 4.4.1, the PCR reagents with highest 260 nm absorption are nucleotides 

and Taq polymerase due to their heterocyclic rings and aromatic amino acid network, respectively 
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[228, 229]. Therefore, in order to calculate the 260 nm transmission of the model (TModel) for the 

calculated dNTPs (dj) and Taq concentrations (Ej), the absorbance (A) of varying dNTPs and Taq 

concentrations were measured experimentally using UV spectrophotometer (DS-11 Series, 

DeNovix Inc.). Equation (5.16) and (5.17) show linear relation between A and concentration of 

dNTPs and polymerase. 

Aj, d=3.69×dj(mM)+0.125 (5.16) 

Aj, E=1.21×Ej(µM)+2.34 (5.17) 

Using the superposition of dNTPs and Taq absorbance with respect to optical path length of UV 

system and the spectrometer ( OPLUV sys. and OPLSpectrometer) , the transmission of the model 

(TModel) is calculated as follows: 

Aj, total=Aj, d+Aj, E (5.18) 

Aj, UV system=
OPLUV system

OPLSpectrometer

×Aj, total (5.19) 

Tj, Model=10
-Aj, UV system (5.20) 

Next, the calculated transmission (TModel) is normalized and plotted against cycles (j) to generate 

model/calculated UV curve. Finally, the model is calibrated based on the set of unknown 

parameters demonstrating the least square error fit between TModel and TExperimental. The calibrated 

unknown parameters are presented in Table 5.6. 

Table 5.6 Quantified unknown parameters by least square fitting TModel to TExperimental. 

Calculated Parameters Value 

kp 4.21±0.87 

ks 4.18±0.86 

kc=kc
*
 10.34 

η
d
 1 

η
dE

 0.95 
 

Figure 5.1 illustrates TExperimental  (plus signs) and TModel  (solid line) with the calibrated/fitted 

unknown parameters in Table 5.6 for different initial DNA concentrations. 
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Figure 5.1 Least square fitted TModel (solid lines) to TExperimental (plus signs) to quantify unknown parameters for 

(a) 105 to 100 and (b) 10 to zero initial DNA copy number. 

5.4 Results and discussion 

5.4.1 Analysis of model parameters on PCR efficiency 

Once the model is calibrated, each model parameter can be altered and its impact on amplicon 

generation can be studied. Moreover, after plasmonic amplification and UV detection, the obtained 

experimental UV curve can be used to inverse calculate the model to investigate the limiting 

factor(s) or limiting PCR stage (i.e., denaturation, annealing, and elongation) controlling the PCR 

yield. Thus, knowing the impact of each parameter on PCR yield or quantifying the limiting 

factor(s) will help us to optimize and rectify PCR condition for maximum amplicon generation. 

For all the experiments in this section, the initial DNA copy number of 104 was used, and only 

one parameter was changed at a time. The rest of the model parameters were kept constant with 

the values presented in Table 5.3 and Table 5.6. 

One of the important parameters to analyze particularly in plasmonic thermocycler is DNA and 

polymerase thermal damage. Since the source of heat generation is non-radiative decay of 

localized surface plasmons, the localized hot spots in close proximity of DNA or polymerase 

molecules result in DNA and polymerase thermal damage.  

If we ignore UV damage (η
dUV

=η
dEUV

=1), by changing η
d
 and η

dE
 in our calibrated model, their 

impact on amplicon generation is revealed. Figure 5.2 shows that after threshold cycle (Ct), dsDNA 

(a)                                                                       (b) 
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generation decreases with increasing thermal damage to DNA and polymerase (i.e., smaller η
d
 and 

η
dE

). However, Ct  value is independent of thermal damage to DNA and polymerase during 

denaturation stage. This implies that thermal damage as a result of high denaturation temperature 

does not shift Ct, and subsequently the accuracy of amplicon quantification based on Ct is not 

degraded. Moreover, Figure 5.2.b shows that for polymerase thermal damage of less than 0.89, 

DNA replication ceases and starts to decrease after cycle 30 due to thermal inactivation of the 

DNA polymerase. It is important to note that for η
d
=0.95, the amount of generated DNA is equal 

to 3.8 nM; however, with the equal thermal damage to polymerase (η
dE

=η
d
=0.95), 122 nM DNA 

is generated. It can be concluded that PCR yield diminution is more dependent on cycle-by-cycle 

DNA thermal damage than polymerase. The result here emphasizes on the importance of 

denaturation temperature optimization to avoid degrading amplicon yield, which was discussed in 

section 0 of this thesis. 

  

Figure 5.2 (a) DNA and (b) polymerase thermal damage impact on amplificon generation. 

The other parameter which impacts the elongation efficiency and subsequently overall PCR 

efficiency is UV damage to DNA helix (η
dUV

) and polymerase (η
dEUV

). Figure 5.3.a shows that the 

UV damage to ternary complexes not only reduces number of generated dsDNAs but also 

shifts/increases the Ct  value. This implies that even samples having identical initial DNA 

concentration and PCR protocol, but dissimilar UV exposure time show different Ct values, and 

this reduces the sensitivity in UV amplicon quantification. On the contrary, Figure 5.3.b 

demonstrates that the impact of η
dEUV

 on amplicon generation mimics the same behavior as 

(a)                                                                          (b) 
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polymerase thermal damage ( η
dE

). This is due to the fact that both η
dEUV

 and η
dE

 impact 

polymerase concertation equally based on equation (5.14). 

  

Figure 5.3 (a) DNA and (b) polymerase UV damage impact on amplificon generation. 

One advantage of amplifying dsDNA plasmonically is the short amplification time. In our 

plasmonic PCR procedure, the duration of annealing step (ta) is 5 times more than the other two 

PCR steps. Therefore, ta  as the most time-consuming step duration is worthy of study to 

understand how it governs dsDNA generation. The results in Figure 5.4 indicates that both 

amplified template concentration and threshold cycle are affected by the amount of time dedicated 

to primer-template annealing. For time duration less than 3 s, the amplification profile never 

reaches plateau phase under our plasmonic UV detection system’s condition. 

 

Figure 5.4 Amplification profiles for different ta. 

(a)                                                                          (b) 
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5.4.2 Minimum detectable threshold cycle 

As discussed in section 5.3, only the concentration of Taq polymerase and dNTPs are considered 

in calculating the model UV absorption and transmission. Figure 5.5 demonstrates how the 

concentration of these ingredients changes throughout 40 cycles of amplification for 10
5
 DNA 

copy numbers. 

  

 

Figure 5.5 The plot of (a) dNTPs, (b) Taq polymerase, and (c) dsDNA concentrations vs. PCR cycles calculated 

by the model for the initial DNA copy number of 105. 

Based on Figure 5.5.c, the model threshold cycle occurs at cycle 16, whereas the experimental UV 

threshold cycle obtained for 10
5
 DNA copy numbers is equal to 19.6 ±1.14 (section 4.4.4). This 

discrepancy between the model and experimental Ct value is due to the fact that in our real-time 

(a)                                                                          (b) 

 

 

 

 

 

 

 

 

(c) 
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UV detection, the sum of the UV absorbance of dNTPs and polymerase is monitored, not the 

dsDNA concentration. Thus, for a correct comparison between model and experimental Ct value, 

we should refer to the model absorption curves of dNTPs and polymerase which are calculated 

using equations (5.16) to (5.19). Figure 5.6.a shows that i) the model dNTPs absorption curve 

demonstrates a similar UV threshold cycle (=20) to what we observed experimentally and ii) the 

exponential PCR phase or the threshold cycle for dNTPs UV absorption curve shifts to higher 

cycles compared to dNTPs concentration curve (Figure 5.5.a). The superposition of the dNTPs 

and polymerase UV absorption is shown in Figure 5.5.c, and finally experimental and model UV 

transmission curves calculated by equation (5.20) can be compared in Figure 5.5.d. 

 
 

  

Figure 5.6 The plot of model UV absorption for (a) dNTPs, (b) Taq polymerase, and (c) both Taq and dNTPs as 

well as (d) UV transmission vs. PCR cycles for the initial DNA copy number of 105.  

(a)                                                                          (b) 

 

 

 

 

 

 

 

 

(c)               (d) 
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The results found here imply that dNTPs consumption, i.e., dsDNA generation, enters exponential 

phase at earlier cycles compared to what we observe in the dNTPs absorption curve or 

consequently in our experimental UV transmission curve. 

Furthermore, due to the identical model and experimental threshold cycles in transmission curves, 

it can be concluded that the noise power in our detection system is less than the UV transmitted 

power change as a result of exponential dNTPs consumption. To confirm this finding, the 

dominant noise in the UV detection system should be calculated. The RMS noise (295 µV) 

provided in PDA25K2 photodetector datasheet is used to obtain noise power: 

Prms(W)=
VRMS

R(λ)×Transimpedance Gain
= 

295 µV

0.037
A

W
×1.51×105 v

A

 = 52.8 nW (5.21) 

Where VRMS is the RMS noise voltage, R(λ) is the responsivity of the photodetector at a given 

wavelength (260 nm), and the Transimpedance Gain of the photodetector depends on the gain 

adjustment by user. 

To obtain the amount of dNTPs concentration change (∆[dNTPs]) for 52.8 nW noise power, we 

use optical power vs. dNTPs concentration curve presented in Figure 4.15.b. Since the initial 

concentration of dNTPs (60 µM) is at point A in the linear region of Figure 4.15.b., ∆[dNTPs] 

equivalent to 52.8 nW is calculated as follows: 

Slope of the linear region=
52.8 nW

∆[dNTPs]
=22.36→∆[dNTPs]≈1 µM (5.22) 

Thus, the real-time UV detection system is not able to optically detect the changes in dNTPs 

concentration less than 1 µM (minimum detectable ∆[dNTPs]), i.e., the optical power change 

equivalent to 1 µM dNTPs change is equal to noise power. Based on Figure 5.7 calculated by the 

model, ∆[dNTPs] is more than minimum detectable ∆[dNTPs] (≈1 µM) at cycle 20; that is, the 

transmitted optical power at cycle 20 is above the noise power, and thereby, cycle 20 is the 

minimum detectable threshold cycle in our UV detection system. 
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Figure 5.7 dNTPs concentration changes throughout 40 PCR cycles for 105 DNA copy numbers. 

5.5 Summary 

In this chapter, we briefly described a mathematical model introduced by Booth et al. The 

calibration of this model by real-time UV detection results helped us to quantify unknown 

parameters of the plasmonic PCR process such as reaction rate constants as well as 

template/polymerase denaturing damage. The calibrated model was later used to analyze the 

impact of PCR conditions and DNA/polymerase thermal/UV damage on PCR efficiency. It was 

shown that DNA thermal damage is more detrimental to amplicon generation than polymerase 

thermal and UV damage and even DNA UV damage. Moreover, as the UV damage to the DNA 

helix increases, the threshold cycle shifts to higher cycle numbers for a fixed initial DNA 

concentration leading to detection sensitivity loss. The same behavior was observed with shorter 

annealing hold-time durations, i.e., with a change in annealing hold-time, the threshold cycle is 

altered. Therefore, by implementing experimental UV transmission to this model, we can 

understand and quantify the model parameters degrading amplicon generation or sensitivity loss. 

The results will help to change PCR conditions to maximize amplicon yield and detection 

sensitivity. Finally, by comparing model and experimental UV curves, it was concluded that the 

experimental and model threshold cycles are identical which implies that optical power change 

during the exponential phase of PCR is above noise power. Calculating the UV system noise power 

showed that exponential consumption of dNTPs is detectable from cycle 20 (minimum detectable 

threshold cycle) for starting DNA copy number of 105. 
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6.1 Thesis Summary 

The emergence of novel infectious diseases as a result of host shifting is now occurring at 

unprecedented speed causing dead-end infections, epidemics, or in severe cases pandemics such 

as the latest infectious agent, severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2). 

Over the past 300 years, we have been threatened by nine influenza pandemics [230], and in the 

last 20 years, SARS, MERS, Ebola, avian influenza, swine flu, and COVID-19 has entered the 

human race [231]. In fact, there exist about 1.7 million other viruses in mammals and water birds 

which can potentially cause future pandemics [232] with a shorter frequency of occurrence [233]. 

On the other hand, the medical community has made a great deal of effort to enhance patient safety, 

prevent disease transmission, and reduce health care costs by timely and accurately detecting these 

pathogens which are dependent on sensitivity, speed, and cost of diagnostic tools. 

Nucleic acid amplification test (NAAT) technique, more commonly called polymerase chain 

reaction (PCR), is a superior molecular diagnostic technique which surpasses other detection 

methods in terms of sensitivity and specificity. Despite all of its advantages, this gold-standard 

molecular diagnostic tool, PCR, is mainly confined to central laboratories due to its bulky size, 

long assay time, and high-power requirement. These limitations have motivated many researchers 

to adapt PCR assay for point-of-care (POC) testing to facilitate quick medical decisions and 

shorten time-to-treatment. One of the major developments in this field was the incorporation of 

light and optical techniques to make a PCR device that is well-matched to POC requirements.  

In the second chapter, the optical PCR thermocyclers, as well as amplicon detectors presented to 

date, were reviewed extensively, and the hurdles restricting their utilization for POC applications 

were explained in terms of their speed, photothermal efficiency, size, and detection sensitivity. 
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In response to these limitations, in the third chapter, a POC-ideal PCR device was presented 

through photothermal heating of AuNRs excited at their plasmon wavelength by a small-scale 

VCSEL to achieve rapid thermocycling of large sample volume in a compact system configuration. 

30 PCR cycles for plasmonic amplification of C. Trachomatis DNA template was accomplished 

in less than 10 min. The excellent temperature stability and reproducibility of successful PCR 

results indicated the reliability of the system and robustness of AuNRs within our application. The 

AuNRs stability was studied by observing their unaltered size, morphology, and absorption spectra 

using electron microscopy and UV-vis spectroscopy. Finally, the impact of faster heating/cooling 

rates, as well as different PCR set temperature on amplicon yield, were investigated. 

In chapter 4, for the first time, we integrated a real-time fluorophore-free quantitative amplicon 

detection method into a miniature plasmonic thermocycler with one DNA copy detection 

sensitivity. The real-time amplicon detection is based on monitoring cycle-by-cycle UV absorption 

drop in a successful PCR as a result of dNTP-to-dsDNAs conversion. The transmitted UV optical 

power through PCR reaction from a UV LED was measured at every cycle, and the generated UV 

amplification curves exhibit distinctive shapes to differentiate PCR results and quantify amplicons. 

Furthermore, the safe UV exposure limit, contribution of PCR ingredients to 260 nm absorption, 

detection sensitivity, and the increasing UV transmission phenomenon in baseline phase and 

negative controls were studied. 

In chapter 5, we used a mathematical model to quantify plasmonic PCR reaction rates and the 

amount of UV/thermal damage to PCR ingredients by implementing UV amplification curves into 

the model. Using this model, we showed the impact of different PCR conditions on the overall 

PCR efficiency. That is, each PCR experiment can be analyzed by applying the real-time UV curve 

to the calibrated model, and by inverse calculating the model, we can understand the impact of 

each PCR parameter on the shape of the resulting UV curve. Consequently, PCR conditions can 

be optimized based on these results for maximum amplicon yield. 

The research aims stated in chapter 1 are accomplished by presenting: 

1. Successful amplification of 221 bp C. Trachomatis DNA template in VCSEL-based 

plasmonic thermocycler with comparable amplification efficiency as conventional PCR 

machine (chapter 3). 
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2. Real-time label-free quantification of PCR products via measuring UV transmittance at 

every PCR cycle (chapter 4). A LOD of one DNA copy number in a 20 µL plasmonic PCR 

sample was achieved with a 96.6% chance of having one to nine DNA copy numbers in 

the sample. 

The research aims were realized through the following research objectives: 

1. Maximizing photothermal efficiency through modeling VCSEL-to-tube beam coupling 

(section 3.2.3). 

2. Maximizing PCR efficiency through heat transfer modeling and experimental investigation 

of different PCR conditions such as set temperatures, hold-times, cooling rate, and AuNRs 

concentration (section 0). 

3. Signal-to-noise ratio enhancement through the development of an optical model for the UV 

detection system (section 4.2). 

4. Real-time amplicon quantification and PCR result classification through analyzing UV 

amplification curves (section4.4.34.4.4). 

5. Studying the impact of PCR condition and UV/thermal damage on PCR overall efficiency 

through calibrating a mathematical model to our experimental UV transmission data 

(section 5.4). 

The other research objectives of this thesis require further investigation which is presented as 

follows: 

1. Validating our methodology and testing the device performance by using different target 

DNAs and polymerases. 

2. Further assessment of the repeatability of our amplification and detection methodologies. 

The proposed work is the first proof-of-concept demonstration realizing plasmonic amplification 

and UV detection in a single platform. Thus, more improvements are required to make our device 

ideal for POC testing, e.g., integrating plasmonic DNA extraction, plasmonic amplification, and 

UV detection in a single fully automated workflow. 

The following features required for POC testing are met by our plasmonic and real-time label-free 

PCR device: 
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1. Run-to-run cross-contamination and specific fabrication of AuNPs and PCR chamber are 

precluded due to employing commercially available disposable AuNRs and conventional 

PCR plastic tubes. 

2. The portability of the presented system is due to hardware miniaturization; not sample 

volume; therefore, abundant sample volume (20 µL) enables a lower limit of detection due 

to increased OPL and any other post-PCR sample analysis. 

3. Not being reliant on target-specific probes, our real-time detection strategy is universal, 

simple, and cost-effective only dependent on the change in dNTPs concentration. 

4. Mathematical model analysis of real-time UV detection enables reagents concentration and 

PCR protocol optimization to maximize PCR efficiency. 

6.2 Applications and implications of the POC-ideal real-time label-

free VCSEL-based plasmonic thermocycler 

The use of PCR in infectious disease diagnosis has led to rapid therapeutic interventions and 

improving patients’ clinical outcomes. However, the current standing of PCR devices with respect 

to their speed and practicality in both centralized and decentralized environments results in the 

loss of thousands of lives and billions of dollars as a result of unsuccessful outbreak containment 

such as Ebola [234]. The risk of emergence of new infectious diseases and the re-emergence of 

old ones causing epidemic or pandemic outbreaks necessitate developing miniature, fast, easy-to-

operate, and cost-effective PCR devices allowing nucleic acid analysis (NA) performed by 

unskilled personnel at the point of care with lab-quality results. 

In order to perform NA, the following analytical steps should be performed [235]: 1) sample 

preparation, i.e., DNA extraction from blood, urine, saliva, or swab, 2) target-specific probe design 

and addition to PCR sample, 3) DNA amplification by PCR, 4) preparatory steps for detection 

such as incubation and heating for amplicon denaturation, and 5) PCR product detection. The 

presence of step 2 depends on the amplicon detection method. From POC point of view, these five 

steps should be integrated into a PCR device in a fully automated fashion. Thanks to the 

developments achieved in real-time PCR devices such as SPR- and fluorescence-based detection 

techniques, steps 3 to 5 merged into one single step. However, the laborious and costly labeling 

procedure (step 2) particularly for nanoprobes with their surface functionalization by target-

specific bioreceptors needs to be performed by skilled technicians and specialized instruments in 
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centralized laboratories. Our proposed real-time label-free UV detection technique, on the 

contrary, skips the 2nd step leading to a simple, fast, and universal assay for any DNA target 

detection. This implies that our PCR device has only one more step, i.e., sample preparation step 

integration, to be a fully automated POC device with “one-pot” and “sample-in-result-out” assay 

format in a miniature optical system. The comparison between one-step and conventional NA is 

illustrated in Figure 6.1. 

 

Figure 6.1 Schematic illustration of NA analysis steps carried out in (a) current laboratories and (b) POC format. 

Reprinted from Ref. [235], Copyright (2017), with permission from American Chemical Society. 

The significance of the proposed rapid plasmonic thermocycler can be further realized by 

observing the current pandemic situation in Canada. As of September 2020, the daily COVID-19 

PCR tests per thousand people is averagely 1.5 [236]. Based on the report by public health Ontario, 

60% of COVID-19 PCR results are completed within 24 hours and 80% are completed within 48 

hours [237]. Considering that the laboratory is equipped with fast and modern qPCR machine, the 

time duration dedicated to performing qPCR should be around 1.5 h. On the other hand, with a 

one-step/one-pot VCSEL-based plasmonic thermocycler, the test duration is 9.5 min for 20 µL 

sample volume. The POC capability of this plasmonic thermocycler can provide instant 

availability of results at test centers eliminating the additional steps for transporting samples to 

laboratories and results verification by technicians. This implies that the number of daily COVID-

19 PCR tests per thousand people can at least increase up to 14.2 (1.5 test/thousand people×
1.5 h

9.5 min
). 

It should be pointed out that this comparison is valid provided that our real-time plasmonic 

(a)                                                                     

 

 

 

 

(b) 
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thermocycler is upgraded to a multi-channel PCR device by using VCSEL, LED, and photodiode 

arrays. This is owing to the fact that conventional qPCR machines perform multiplex amplification 

and detection on at least 96 PCR samples. Multiplexing the proposed work is commercially viable 

thanks to the well-established optoelectronic industry for the mass production of laser diodes and 

photodiodes. It is also noteworthy that the plasmonic assay time can be further shortened by 

decreasing sample volume or increasing AuNRs concentration. 

Additionally, the speed of NA is not only reliant on the device automation/speed but also on the 

total assay cost. For instance, owing to the high cost of qPCR machines, they are unavailable in 

some health centers of U.S.; thus, the turnaround time for qPCR COVID-19 testing takes an 

additional time of one day or more for sample transportation to laboratory and relaying the test 

result to the healthcare provider and patient [238]. It should be noted that the test cost takes into 

account the costs associated with instrumentation (e.g., thermocycler, detector, pipettes, PCR 

pot/tube), assay reagents (e.g., nanoprobes), working hours, and workers’ level of skill required 

for testing. The real-time VCSEL-based plasmonic thermocycler costs approximately one 

thousand dollars which is significantly cheaper than commercially available PCR devices. The 

most expensive components are the IR thermometer, UV LED, and photodetector, and the rest of 

the components, namely the VCSEL, fan, and electronics cost less than 100 CAD per component. 

The PCR reaction is placed in the conventional Eppendorf PCR tubes without the need for 

fabrication of particular tubes or pipettes. In terms of reagents, the only additive other than PCR 

ingredients is inexpensive disposable AuNRs. Furthermore, the short assay time and its automation 

require less user-intervention making our device more affordable and user-friendly compared to 

qPCR machines.  

6.3 Future work and potential improvements 

The following recommendations are towards further improvement of this POC-ideal real-time 

VCSEL-based plasmonic thermocycler: 

• Although PCR assay is highly specific due to enzymatic amplification of specific target 

sequence, the specificity of the proposed work for amplification and detection of various 

target DNAs should be further investigated. As a case in point, target DNAs with different 
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bp sequences and lengths can be studied to analyze the plasmonic amplification efficiency 

and detection sensitivity of our real-time plasmonic thermocycler. 

• Enhancing UV detection sensitivity by offsetting UV transmission increase due to Taq 

polymerase consumption, so that exponential phase of amplification curve is detectable 

similar to fluorescent PCR. This results in higher detection sensitivity, as the sharp increase 

in UV signal at threshold cycle due to dNTPs consumption is not masked by polymerase 

concentration reduction. 

• Development of a VCSEL-based plasmonic thermocycler integrated with fluorescence 

detection for a valid comparison between detection sensitivity of UV monitoring and 

florescence detection method. 

• Employment of fluorescence thermometry instead of IR temperature measurement. The 

advantages of fluorescence thermometers are mainly their fast response, high 

spatial/thermal resolution, and sensitivity. With fluorescent thermometry, more accurate 

temperature measurement can be achieved since in contrast to IR pyrometer, i) they do not 

rely on the emissivity of the material where the temperature is to be measured, and ii) the 

temperature is measured within PCR reaction. As was stated in sections 3.3 and 0, the 

presence of thermal lag degrades the temperature accuracy measured by IR pyrometers. 

• Exploring the impact of other types of polymerases on UV transmission curve. This will 

help to further clarify the reason behind the increasing UV signal in the baseline phase and 

negative PCR control.  

• Performing many more experiments in our real-time VCSEL-based plasmonic 

thermocycler to further asses the detection sensitivity and repeatability. 

• Comparison between experimental UV amplification curve and model generated 

amplification curve for different PCR parameters and conditions, i.e., experimental 

validation of the numerical model. 

• Model enhancement to differentiate PCR byproducts (primer-dimers) from amplified 

DNAs based on their UV transmission curves. 

• Upgrading the detection system by incorporating another amplicon monitoring strategy 

apart from UV detection. This will add a validation layer to improve the accuracy of UV 

results. For the 2nd detection method: 
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o The AuNRs used for photothermal heating of PCR solution can be functionalized 

with oligos complementary to target DNA sequence. By performing aPCR, the 

amplified sequence of interest (ssDNAs) crosslinks with functionalized AuNRs, 

and thereby a color change is observed as a result of successful amplification of 

target DNA (colorimetric detection). 

o Target DNA can be amplified with thiolated primers, so that thiol group is added 

to amplicon and crosslinks with AuNR via thiol-gold interaction, and consequently, 

the color of PCR solution changes for successful PCR (colorimetric detection). 

o By using AuNRs with higher magnitude zeta potentials, AuNRs undergo salt-

induced aggregation and color change for failed PCR; however, aPCR-amplified 

ssDNAs protect them against salt-induced aggregation, and thereby no color 

change for successful aPCR (colorimetric detection). The addition of colorimetric 

assay as an end-point amplicon detection method is beneficial for POC diagnostic 

circumstances where a simple yes/no answer is needed. 

o Cost-efficient intercalating dyes can be used for fluorescence detection. The 

fluorescence excitation and emission band should not overlap with the wavelength 

range of UV photodetector. Also, fluorescence photodetector should have 

minimal/zero responsivity in UV range. Another simple way is to use an optical 

filter for each detection method. 

• Integrating sample preparation step (DNA extraction), DNA amplification, and detection 

into a single step. VCSEL-induced photothermal effect of AuNRs can be used to lyse the 

cells through a heat shock, and after DNA release in solution, the 40 cycles of plasmonic 

amplification and UV detection are executed. The optimal time duration and temperature 

for plasmonic cell lysis should be experimented. Also, since the sample reaction is opaque 

owing to the presence of other non-PCR ingredients, UV signal loss is expected, and signal 

enhancing approaches should be employed. 

• The simplicity in design due to the optical nature of amplification and detection enables us 

to upgrade our PCR device to a high throughput multiplex PCR assay by using VCSEL, 

UV LED, and photodiode arrays bringing all benchtop PCR machine capabilities outside 

of central laboratories to field testing. 
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