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Abstract

There is an emerging need for low-cost medical diagnostics for both high and middle to
low-resource settings. Surface acoustic waves microfluidics are emerging lab-on-a-chip
technologies which have the potential to provide all-in-one solution to actuate liquids and
sense biomarkers, thus enabling point-of-care bioassays. DNA has become a key
biomarker for a range of medical conditions, including infectious diseases, as it provides
critical information on the pathogen or the response of the patients to particular treatment,
on a personalized basis.
This thesis will examine the effects of surface acoustic waves on DNA hybridization, with
a view to integrate molecular diagnostic assays onto acousto-fluidic devices. The work
used fluorescence to characterize the binding of DNA in a range of conditions, and
revealed nucleobase-specific quenching (NB-S Quench) of fluorophores when attached to
DNA as a double strand. This latter effect was examined as a replacement for common
analytical markers used in standard techniques, such as melting curves, which typically
rely on dyes which recognize DNA strands non-specifically (such as groove binders). The
technique has been shown to be suitable for determine the concentration of DNA,
performing DNA amplification and identifying the presence and melting temperature of
target DNA.
This work will have an impact on research into low-cost medical diagnostics, and improve
the understanding of fluorescence of DNA modified with fluorophores, contributing to the
understanding of future work in these areas.

Page 1

Contents
Abstract ..............................................................................................................................1
List of Tables .....................................................................................................................7
List of Figures ....................................................................................................................9
Acknowledgements ..........................................................................................................24
Authors declaration ..........................................................................................................25
Commonly used abbreviations .........................................................................................26
1.

Background, Introduction to Point-of-Care Diagnostics .............................................27
1.1.DNA ...........................................................................................................................28
1.1.1.

Thermodynamics of DNA binding ................................................................29

Nearest Neighbour Model .................................................................................................. 29

1.1.2.

DNA Melting .................................................................................................30

1.1.3.

DNA Annealing .............................................................................................31

1.1.4.

Selected Secondary Structures of DNA .........................................................31

1.1.4.1.

Model of DNA loop.......................................................................................... 31

1.1.4.2.

G-Quadruplex Structures ................................................................................ 32

1.2.Polymerase Chain Reaction (PCR) ............................................................................33
1.2.1.

Loop-Mediated Isothermal Amplification (LAMP) ......................................35

1.3.Surface Acoustic Waves (SAW) ................................................................................37
1.3.1.

Modelling of Streaming Within a Droplet .....................................................39

1.3.2.

Detection Methods for Surface Acoustic Waves (SAW)...............................40

1.4.Fluorescence...............................................................................................................42
1.4.1.

Förster / Fluorescence Resonance Energy Transfer (FRET) .........................43

1.4.2.

Total Internal Reflection (TIRF) Microscopy ................................................46

1.4.3

Quenching of Fluorophores ...........................................................................48

1.5.Lab-On-A-Chip (LOC) ..............................................................................................49
1.5.1.

Microfluidics ..................................................................................................49

1.5.2

DNA Microarrays for Diagnostics and Research ..........................................49
Page 2

1.6.Aims and Objectives ..................................................................................................50
2.

Materials and Methods .................................................................................................52
2.1.Materials.....................................................................................................................53
2.2Buffers and Reagents ..................................................................................................54
2.3.DNA ...........................................................................................................................55
2.4.Equipment ..................................................................................................................60
2.5.Methods ......................................................................................................................61
2.5.1.

Microfabrication of IDTs, RTDs and Microfluidic Devices..........................61

2.5.1.1.

Interdigitated Transducers (IDTs) .................................................................... 61

2.5.1.2

Surface Acoustic Waves (SAW) ....................................................................... 62

2.5.1.3.

Resistance Temperature Devices (RTDs) Design and Fabrication ................... 63

2.5.1.4.

RTD Calibration ............................................................................................... 64

2.5.1.5.

Microfluidic Devices ........................................................................................ 65

2.5.2.

Surface Patterning Chemistry ........................................................................68

2.5.2.1.

Hydrophobic and Hydrophilic Surface Patterning ........................................... 68

2.5.2.2.

DNA Attachment Chemistry ............................................................................ 70

2.5.3.

DNA design, melt curves, amplification ........................................................72

2.5.3.1.

DNA design ...................................................................................................... 72

2.5.3.2.

Software Predicted DNA Melt Curves ............................................................. 72

2.5.3.3.

Measured DNA Melt Curves ............................................................................ 73

2.5.3.4.

OriginPro Curve Fitting of Measured Melt Curves .......................................... 73

2.5.4

DNA Amplification........................................................................................74

2.5.4.1.

PCR .................................................................................................................. 74

2.5.4.2.

LAMP ............................................................................................................... 74

2.5.5.

Fluorescence and Absorbance ........................................................................75

2.5.5.1.

Fluorescence Microscopy ................................................................................ 75

2.5.5.2.

Absorbance ..................................................................................................... 75

2.5.6.

LabVIEW Automation ...................................................................................76

2.5.6.

Modelling of Binding Fluorescence and Melt Curves in OriginPro ..............79
Page 3

2.6 Results ........................................................................................................................79
2.6.1.

Microfabrication of IDTs, RTDs and Microfluidic Devices..........................79

2.6.1.1

Interdigitated Transducers (IDTs) .................................................................... 79

2.6.1.2.

Resistance Temperature Device (RTDs) design and fabrication ...................... 80

2.6.1.3.

RTD Calibration ............................................................................................... 82

2.6.2.

Surface Patterning Chemistry ........................................................................83

2.6.2.1

Hydrophobic and Hydrophilic Surface Patterning ........................................... 83

2.6.2.1.

DNA Attachment Chemistry ............................................................................ 86

2.6.3.

Software Predicted DNA Melt Curves...........................................................86

2.6.4

ABI 7500 Fast PCR Machine Controls ..........................................................88

2.6.5.

Photostability of EvaGreen ............................................................................89

Discussion ........................................................................................................................ 90

3.

DNA Melting and Annealing with Surface Acoustic Waves.......................................91
3.1.Introduction ................................................................................................................92
3.2.Results ........................................................................................................................95
3.2.1

Simulated Melt Curves...................................................................................95

3.2.1.

Varying pH .....................................................................................................97

3.2.2.

Peltier Module ..............................................................................................100

3.2.2.1.

Controls ......................................................................................................... 100

3.2.2.2.

Multiplex ....................................................................................................... 101

3.2.3.

Surface Acoustic Waves ..............................................................................101

Detailed melt curve analysis ............................................................................................. 103

3.2.4.

Summary - Comparison of all three methods ..............................................107

3.3.Discussion and Conclusion ......................................................................................109
3.4.Fluorescence Energy Resonance Transfer (FRET) ..................................................110
3.4.1

Introduction ..................................................................................................110

3.4.2.

FRET Results ...............................................................................................112

3.4.2.1 Controls ................................................................................................................. 112
3.4.2.2 Results ................................................................................................................... 113

Page 4

3.4.3.
4.

Discussion and Conclusion ..........................................................................115

Characterisation of the Nucleobase-Specific Quenching effect (NB-S Quench) ......117
4.2.Comparison with Existing Methods .........................................................................122
4.3.Modelling of Binding Fluorescence and Melt Curves in OriginPro ........................123
4.4.pH Stability ..............................................................................................................128
4.5.Labelled Strand, Analysis of Nearest Base Effects on Fluorescence.......................129
Discussion ...................................................................................................................... 130

4.6.Absorption Studies Introduction ..............................................................................133
Results and Discussion ...................................................................................................... 134

4.7.Complementary Strand Effects ................................................................................137
4.7.1.

Completely Double-Stranded DNA .............................................................137

4.7.2.

Double-Stranded Adjacent to Fluorophore ..................................................139

Double-Stranded DNA Summary ...................................................................................... 141

4.7.3.

Single-Stranded Adjacent to Fluorophore....................................................141

4.7.3.1.

3 Bases of Single-Stranded DNA, 1nm from Fluorophore ............................. 141

4.7.3.2.

3 Bases of Single-Stranded DNA consisting of T bases, 1nm from Fluorophore..
...................................................................................................................... 144

4.7.3.3.

6 Bases of Single-Stranded DNA, 2nm from Fluorophore ............................. 145

4.7.3.4.

9 Bases of Single-Stranded DNA, 3nm from Fluorophore ............................. 148

4.7.3.5.

12 Bases of Single-Stranded DNA, 4nm from Fluorophore ........................... 150

4.7.3.6.

Single-Stranded Adjacent to Fluorophore Summary ..................................... 152

4.8.Structural Similarities to Known Fluorophores .......................................................153
4.9.Conclusion ...............................................................................................................156
Summary of Melt Curve Analysis for NB-S Quench Fluorescence ..................................... 157

5.

Techniques Utilising the Nucleobase-Specific (NB-S) Quenching Effect ................159
5.1.Using the NB-S Quench Technique to Quantify DNA Concentration ....................160
5.1.1.

Quantifying Concentration of Labelled DNA using Alexa488 Fluorescence ...
......................................................................................................................160

5.1.1.1.

Results ........................................................................................................... 161

5.1.1.2.

Discussion...................................................................................................... 161

Page 5

5.1.3.

Quantifying Concentration of Complementary Strand using Alexa488

Fluorescence and Melt Curve Analysis .....................................................................162
5.1.2.1.

Results ........................................................................................................... 163

5.1.2.2.

Discussion...................................................................................................... 166

5.1.3.

Quantitative Polymerase Chain Reaction using Alexa488 fluorescence

(qPCR) ......................................................................................................................167
5.1.3.1.

Results ........................................................................................................... 168

5.1.3.2.

Discussion...................................................................................................... 168

5.2.Deriving Melting Temperatures of Partially Single-Stranded DNA........................169
5.2.1.

Results ........................................................................................................... 170

5.2.2.

Discussion...................................................................................................... 173

5.3.Multiplex Target Sequence Identification................................................................174
5.4.DNA amplification using Alexa488 fluorescence ...................................................178
5.4.1.

Polymerase Chain Reaction (PCR) using Alexa488 ....................................178

Results and Discussion ...................................................................................................... 181

5.4.2.

Loop-Mediated Isothermal Amplification (LAMP) using Alexa488 ..........184

Results and Discussion ...................................................................................................... 184

5.5. ...................Incorporation of the Nucleobase-Specific Quenching Effect in a Reusable
Microfluidic Lab-on-a-Chip Device ..............................................................................188
5.5.1.

First Generation Microfluidic Device ..........................................................189

5.5.2.

Second Generation Microfluidic Device......................................................191

5.6.Conclusion ...............................................................................................................192
6.

Conclusion and Future Work .....................................................................................193
6.1.Surface Acoustic Waves and DNA ..........................................................................193
6.2.Further Characterisation of Alexa488 Fluorescence Effect .....................................195
6.3.Conventional Protocols with the Photo-induced Electron Transfer Effect ..............197
6.4.Second and Third Generation Microfluidic Devices ...............................................199

7.

References ..................................................................................................................201

Page 6

List of Tables
Table 2-1 Sequences of designed DNA sequences A, B, C and D. .....................................55
Table 2-2 DNA used to quantify surface attachment chemistry ..........................................55
Table 2-3 Alexa488 and Alexa532-modified DNA used for FRET experiments in section
3.4 .........................................................................................................................................56
Table 2-4 DNA used for the Completely Double-Stranded DNA experiments in section
4.7.1 ......................................................................................................................................56
Table 2-5 DNA used for the Completely Double-Stranded Adjacent to Fluorophore
experiments in section 4.7.2. ................................................................................................56
Table 2-6 DNA used for Single-Stranded DNA Adjacent to the Fluorophore experiments in
section 4.7.2. ........................................................................................................................57
Table 2-7 Combinations of DNA used for Single-Stranded DNA Adjacent to the
Fluorophore experiments in section 4.7.2. ...........................................................................57
Table 2-8 Modified BRAC1 sequences used in 5.1.3 ..........................................................58
Table 2-9 DNA used for experiments to derive the melting temperature of partially singlestranded DNA in section 5.2 ................................................................................................58
Table 2-10 DNA used for Chapter 5 experiments, including BRAC1 primers ...................59
Table 2-11 Design parameters for fabricated IDTs, including frequency. ..........................61
Table 2-12 Predicted melting temperature, GC content, length and estimated mass
(GC+backbone = 680Da, AT+backbone = 670Da) .............................................................72
Table 3-1 uMelt predicted melting temperature, GC content, length and estimated mass
(GC+backbone = 680Da, AT+backbone = 670Da) of DNA A, B, C and D. ......................93
Table 3-2 Comparison of DNA attributes (length, GC content, mass) and difference in
melting temperatures (SAW-Peltier). Standard deviation is shown in brackets. 5 melt
curves for 3 replicates were measured for each. ................................................................102

Page 7

Table 3-3 ANOVA Tukey analysis of each method and sample. A low probability close to
zero indicates that these are statistically separate samples, whilst a high number close to 1
indicates that they are statistically similar samples............................................................108
Table 4-1 Length, GC content, nucleotide and peak comparison of Alexa488-labelled DNA
............................................................................................................................................129
Table 4-2 Difference between melting temperatures derived using EvaGreen and Alexa488
............................................................................................................................................132
Table 4-3 Sequences *of DNA oligonucleotides ...............................................................138
Table 4-4 Melting points and standard deviation between measurements by DNA and
method. ...............................................................................................................................138
Table 4-5 Structures of Alexa488, ATTO488 and FITC fluorophores. Alexa488- and
ATTO488-labelled DNA B exhibited the NB-S Quench effect, allowing the melting
temperature to be derived, whilst FITC did not. ................................................................155
Table 5-1 Linear correlation between the Alexa488 experiment (Figure 5-9), correlation
reduces as the distance from the fluorophore increases. ....................................................172
Table 5-2 Second order polynomial correlation between the Alexa488 experiments (Figure
5-9), correlation reduces as the distance from the fluorophore increases. .........................172
Table 5-3 Difference in melting temperature with Alexa488 experiments with standard
deviation between readings (averaged). .............................................................................172
Table 5-4 Peak attributes of Alexa488-LPR5F and Alexa488-LPF5R singularly and
together for multiplex sequence identification. Analysis performed with OriginPro 2016
using averaged melt curves of data produced with an ABI7500. ......................................178
Table 5-5 BRAC1 PCR primer combinations, product length, weight and melting
temperature.........................................................................................................................179
Table 6-1 Example of sequences that could be used to investigate the effect of mismatches
of the base closes to the Alexa488 fluorophore on the complementary strand. .................196

Page 8

List of Figures
Figure 1-1: Hydrogen bonds between DNA bases A, T, G and C. Reproduced from [21]
..............................................................................................................................................29
Figure 1-2 Structure of EvaGreen intercalating between DNA strands [26] .......................30
Figure 1-3 Model of a DNA hairpin loop showing double-stranded DNA where the
sequence is complementary, and 15 base single-stranded loop mostly consisting of A base.
..............................................................................................................................................32
Figure 1-4 Illustration of DNA amplification by polymerase chain reaction (PCR) showing
exponential DNA amplification [40] ...................................................................................34
Figure 1-5 Illustration of DNA amplification using loop-mediated isothermal
amplification (LAMP). 6+ pairs of primers complementary to different regions of DNA,
allowing displacement at a single temperature as DNA amplification progresses, forming
large products containing multiple copies of the target sequences as well as the loop
introduced in the primers. [41] .............................................................................................36
Figure 1-6 COMSOL model of an IDT illustrating surface displacement of piezoelectric
material (lithium niobate) due to surface acoustic waves at 8.5 Mhz. Note that this shows
only a single point in time, which will change rapidly as the SAW propagates across the
surface. The wave will dissipate as energy is transferred into the sample droplet (not
simulated). Red shows pressure wave maxima, dark blue shows minima..........................37
Figure 1-7 Surface acoustic waves (SAW) propagating from an Interdigitated Transducer
(IDT) along a substrate and into the droplet. At the interface of the substrate and the
droplet some of the energy from the Rayleigh SAW wave as a longitudinal wave which
will circulate the droplet. As the energy is transferred from the Rayleigh SAW into the
droplet at which point it is termed a Leaky SAW which attenuates as energy is transferred
into the sample droplet. Reproduced with permission from [49]........................................38
Figure 1-8 A computer model of surface acoustic wave streaming within a 10µl water
droplet due to longitudinal wave produced by SAW. Altered from [51] to add a black
arrow showing the direction of the SAW wave from the IDT into the droplet that produced
the streaming. .......................................................................................................................40

Page 9

Figure 1-9 Jablonski diagram showing ground / HOMO (S0) and excited / LUMO (S1)
states for electrons, illustrating the energy potentials during photon absorption and
emission by a fluorophore ....................................................................................................42
Figure 1-10 Illustration of FRET principle, highlighting the requirement of spectral
overlap between the donor emission and the acceptor excitation (A) and the importance of
distance (B). As can be seen in (B), if the fluorophores are far apart, then excitation of the
donor fluorophore results in emission of the donor fluorophore, whereas when the
fluorophores are close (<10nm) excitation of the donor fluorophore results in the emission
of the acceptor fluorophore. By measuring the intensity of the emission in the region of
the donor fluorophore and the acceptor fluorophore the efficiency can be calculated under
the above conditions.[69] .....................................................................................................45
Figure 1-11 A schematic drawing of the TIRF system, reproduced with permission from
[117]. The micrometer determines the incident angle of the laser into the substrate to
produce the evanescent wave. The refractive index of the immersion oil is matched to the
refractive index of the substrate. ..........................................................................................46
Figure 1-12 Relationship between the relative intensity of the evanescent wave against z/d
which is the ratio of the distance from the interface to the penetration depth of the
evanescent wave. At the interface, z/d is zero and the relative intensity is 1. ....................47
Figure 2-1 Figure showing IDT design parameters aperture (10000 µm), gap to contact pad
(300 µm), contact pad (3000 µm), finger width (225 µm) and finger gap (225 µm). ..........61
Figure 2-2 Mask design for resistance temperature device (RTD). The width of the
smallest feature is 100 µm. This mask was used during photolithography, the coloured
area remains clear from resist allowing metal (10nm titanium, 100nm platinum) to be
deposited ..............................................................................................................................63
Figure 2-3 Figure showing the construction of the First Generation microfluidic device
(image modified with permission from Ibidi). .....................................................................65
Figure 2-4 Illustration of the design of the Second Generation microfluidic device showing
the inflow connection (1), the outflow (2), and the 1cm2 reaction chamber shown by a
dotted line. ............................................................................................................................67
Figure 2-5 Chemical structure of PFOTS silane 1H,1H,2H,2H-Perfluorooctyltrichlorosilane (reproduced from MERCK, UK). The trichloro binds the molecule to glass
Page 10

and lithium niobate, whilst the 13 fluorine molecules are exposed above, creating a highly
hydrophobic environment. ...................................................................................................68
Figure 2-6 Chemical structure of APTES silane (3-Aminopropyl) triethoxysilane
(reproduced from MERCK, UK). The triethoxy binds the molecule to glass and lithium
niobate whilst the amino group is exposed creating a highly hydrophilic environment. The
amino group is also used for DNA attachment via the Sulfo-SMCC linker molecule (see
section 2.5.2.2) .....................................................................................................................68
Figure 2-7 DNA attachment using Sulfo-SMCC sulfosuccinimidyl 4-(Nmaleimidomethyl)cyclohexane-1-carboxylate (ThermoFisher, Cambridge, UK) and
APTES (3-Aminopropyl)triethoxysilane (MERCK, UK). Step 1 is to bind the APTES to
the substrate (glass or LiNbO3. Step 2 joins the Sulfo-SMCC to the APTES/surface. Step
3 binds the thiolated DNA. ..................................................................................................71
Figure 2-8 Interface of the LabView software written to automate the calibration and
experiments for this thesis. The RTD resistance and Thermocouple Temperature are used
for calibration, once this is achieved the calibration can be set (“Gradient” and “minus”) so
that for experiments the RTD Temperature is automatically calculated. These variables are
combined with the fluorescence variables and saved as a spreadsheet file. ........................76
Figure 2-9 Resistance from the RTD is saved as a variable, processed with the calibration
data (“Resistance” and “minus”), so that the RTD temperature is available on the interface.
This is also exported to the spreadsheet. ..............................................................................77
Figure 2-10 Portion of the NI Vision Builder visual inspection loop, showing extraction per
frame of the total fluorescence (Total Intensity), minimum pixel values (Min), maximum
pixel value (Max) and the Standard Variation. ....................................................................78
Figure 2-11 LabView program subroutine showing collation of variables and export to a
spreadsheet for further analysis............................................................................................78
Figure 2-12 Frequency response of a fabricated IDT extracted using an Agilent
Technologies E5071C ENA series network analyser. The graph shows the 4.4 MHz
frequency the IDT was designed for, and the resonant frequency ~12Mhz that was used for
SAW. ....................................................................................................................................79

Page 11

Figure 2-13 Gold IDT fabricated onto LiNbO3. Early training used gold for the
metallisation step, although for this thesis all IDTs used were platinum as the intention
would be to fabricate both the IDT and RTD in a single step as in Figure 2-14. ................80
Figure 2-14 Platinum RTD and IDT fabricated onto LiNbO3. The IDT and RTD were
patterned together using a single S1818 photolithography step by combining the RTD
designs and IDT design onto a single mask. Metallisation occurred in a single step, with
both the RTD and IDT produced with 10nm of titanium and then 100nm of platinum. .....80
Figure 2-15 Resistance variation of fabricated Pt100 RTDs at 25°C. RTDs were fabricated
using photolithography and 10nm of titanium and 100nm of platinum deposited.
Resistance was measured using National Instruments USB-4065 Digital Multimeter........81
Figure 2-16 Pt100 RTD fabricated on a microscope coverslip. ...........................................81
Figure 2-17 Pt100 RTD fabricated on a microscope coverslip with 3mm diameter circle of
S1818 over the tip of the RTD. The RTD was patterned with photolithography, metallised
(10nm Ti, 100nm Pt) then silanised with APTES. S1818 was patterned to protect the
APTES to constrain sample droplet and allow DNA attachment. .......................................81
Figure 2-18 Slow (A) and Quick Cool (B) calibration methods showing experimental data
(black squares) and extrapolated linear fit (black dashed line). Experiments were
performed in 20µl of mineral oil using the Peltier and thermocouple/RTD setup described
previously. Linear fit performed with OriginPro. Pearson’s R of Slow Calibration is
0.999, Quick Cool is 0.995. .................................................................................................82
Figure 2-19 Comparison of calibration strategies showing alignment of the two calibration
methods, “Slow” (black) and Quick Cool (red). ..................................................................83
Figure 2-20 Comparing the hydrophobicity of glass and LiNBO3 with and without
PFOTS silanisation. Images of 1ul water droplets taken using Kruss Easydrop DSA25
(Hamburg, Germany) and contact angles analysed using FIJI DropSnake. 6 measurements
were taken for each, error bars show standard deviation. T-tests determined that the
silanised substrates were significantly different, Glass P=6E-06, Lithium Niobate P=1E-06.
P<0.001 shown by ***. ........................................................................................................84
Figure 2-21 Comparison of hydrophobicity of non-silanised glass (A), non-silanised
LiNbO3 (B), silanised glass (C) and silanised LiNbO3 (D) substrates. Images of 1µl RO

Page 12

water droplets taken using Kruss Easydrop DSA25 (Hamburg, Germany) and contact
angles analysed using FIJI DropSnake. ...............................................................................85
Figure 2-22 Relative fluorescence of the DNA attached to the surface with APTES and
Sulfo-SMCC (Sample) compared to an unsilanised control (Background). Fluorescence
measured in the Cy5 channel. P=2E-13, shown by ***......................................................86
Figure 2-23 Melt curves of DNA oligonucleotides A (red), B (yellow), C (green) and D
(blue) simulated using uMelt. ..............................................................................................86
Figure 2-24 Melting curves of DNA A (A) and D (B) predicted using uMelt (University of
Utah, v2.0.2) software based on sequence with varying monovalent cation concentrations,
(left to right) 10mM, 20mM, 50mM, 100mM and 200mM. Calculations used Weber
(Bioinformatics, 2015) thermodynamic set, varying (10mM-200mM) monovalent cation
concentration, 3mM Mg2+ concentration, 0% DMSO and Owczarzy (2008) salt correction.
Datasets visualised using OriginPro. Note that the melting temperature Tm is defined as the
point where 50% has melted. ...............................................................................................87
Figure 2-25 Melting temperatures of 20 replicates of 10µl of 10µM DNA A (red),
B(yellow), C(green) and D(purple) in Tris EDTA pH 7.8 buffer derived on ABI 7500 using
EvaGreen as a reporter molecule. Error bars show standard deviation. P<0.001 shown by
***. .......................................................................................................................................88
Figure 2-26 – ANOVA analysis performed using OriginPro differentiated all 4 DNA
samples .................................................................................................................................88
Figure 2-27 Photobleaching of EvaGreen at maximum laser intensity. Absolute
fluorescence is shown in black, temperature is shown in red. High laser intensity causes
rapid photobleaching of EvaGreen. 2µl of DNA and 0.5µl EvaGreen in TE buffer, within
20µl mineral oil droplet at room temperature ......................................................................89
Figure 2-28 Photostability of Eva-Green over 20 minutes, performed with 2µl of DNA and
0.5µl of EvaGreen in TE buffer, within a 20µl mineral oil droplet measured at room
temperature...........................................................................................................................90
Figure 3-1 Melt curves of DNA A (red), B (yellow), C (green) and D (purple) simulated
using uMelt (University of Utah, v2.0.2) software based on sequence. ..............................95

Page 13

Figure 3-2 Melting temperature of DNA A (red), B (yellow), C (green) and D (purple)
simulated using uMelt (University of Utah, v2.0.2) software based on sequence. ..............96
Figure 3-3 Melting curves of DNA A oligonucleotides predicted using uMelt (University
of Utah, v2.0.2) software based on sequence with varying monovalent cation
concentrations - left to right, 10mM, 20mM, 50mM, 100mM and 200mM. Calculations
used Weber (Bioinformatics, 2015) thermodynamic set, varying (10mM-200mM)
monovalent cation concentration, 3mM Mg2+ concentration, 0% DMSO and Owczarzy
(2008) salt correction. Datasets visualised using OriginPro. Note that the melting
temperature Tm is defined as the point where 50% has melted. ...........................................97
Figure 3-4 Melting curves of DNA A (green) and D oligonucleotides (purple) predicted
using uMelt (University of Utah, v2.0.2) software based on sequence with varying
monovalent cation concentrations - left to right, 10mM, 20mM, 50mM, 100mM and
200mM. The change from 10mM to 100mM is the equivalent of increasing pH from 1.0 to
2.0. Calculations used Weber (Bioinformatics, 2015) thermodynamic set, varying (10mM200mM) monovalent cation concentration, 3mM Mg2+ concentration, 0% DMSO and
Owczarzy (2008) salt correction. Datasets visualised using OriginPro. Note that the
melting temperature Tm is defined as the point where 50% has melted. ............................98
Figure 3-5 Melting temperatures of DNA C (green triangles) and D (purple circles) in
varying Tris EDTA buffer pH derived with EvaGreen. 10µl of 10µM double-stranded
DNA, melting temperatures measured in 7500 FAST QPCR machine (25-95°C). Higher
pH results in a lower melting temperature, due to salt and buffer interactions with the
DNA. ....................................................................................................................................99
Figure 3-6 Melting temperatures of 20 replicates of 1µl of 10µM DNA A (red), B (yellow),
C (green) and D (purple) in Tris EDTA pH7.8 buffer. Samples were heated using a Peltier
module under the fluorescence microscope. Temperatures were measured using a
calibrated Pt100 RTD. Error bars show standard deviation. P<0.001 shown by *** ......100
Figure 3-7 Melting temperature using SAW. Melting temperatures of 10µl of 10µM DNA
A (red), B (yellow), C (green) and D (purple) in Tris EDTA pH7.8 buffer. Samples were
heated using SAW – 23MHz, -2dBm using the IDT previously discussed. Temperature
was measured with a calibrated Pt100 RTD. P<0.001 shown by ***. .............................102
Figure 3-8 Melt (A) and Anneal (B) curves of DNA A in pH7.8 Tris EDTA buffer heated
with SAW – 23MHz, -2dBm. Graphs show experimental data (black squares),
Page 14

Origin2016 fitted sigmoidal curve (red line), derivative (blue), and melting point.
Experiment was carried out on the fluorescence microscope, with temperature measured
using a calibrated Pt100 RTD. ...........................................................................................104
Figure 3-9 Melt (A) and Anneal (B) curves of DNA B in pH7.8 Tris EDTA buffer heated
with SAW – 23MHz, -2dBm. Graphs show experimental data (black squares), origin
2016 fitted sigmoidal curve (red line), derivative (blue), and melting point. Experiment
was carried out on the fluorescence microscope, with temperature measured using a
calibrated Pt100 RTD.........................................................................................................105
Figure 3-10 Changes in melting (orange circles) and annealing (blue squares) temperatures
over 10 experimental cycles of DNA B (A) and D (B) in pH7.8 Tris EDTA buffer heated
with SAW – 23MHz, -2dBm. Experiment was carried out on the fluorescence
microscope, with temperature measured using a calibrated Pt100 RTD. Each anneal point
follows on from the corresponding melt cycle...................................................................106
Figure 3-11 Comparison of melting temperatures measured of DNA A (red), B (yellow), C
(green) and D (purple) in pH7.8 Tris EDTA buffer. The controls labelled PCR were
measured in an ABI 7500 FAST PCR (solid colour). The source of heating for SAW was
SAW actuated at 23MHz -2dBm (diagonal lines), or Peltier module (horizontal lines). *
for P<0.05, ** for P<0.01, *** P<0.001, the rest have no significant difference. .............107
Figure 3-12 Comparison of Annealing Temperatures of DNA A (red), B (yellow), C
(green) and D (purple) in pH7.8 Tris EDTA buffer after being heated to 95°C with the
Peltier module (horizontal lines) or SAW (diagonal lines) 23MHz, -2dBm. T-test showed
no significant difference within groups, and P<0.001 between (showed by ***). ............109
Figure 3-13 Comparison of emission spectra of EvaGreen (solid green) and Alexa488
(solid blue) with the excitation spectra of Alexa532 (dotted yellow). Image from
SpectraViewer, ThermoFisher. This shows the similarity in emission between the potential
FRET donor fluorophores Alexa488 and EvaGreen, and the match with the excitation of
the FRET acceptor Alexa532. ............................................................................................111
Figure 3-14 Predicted FRET spectra, when the acceptor and donor fluorophores are close
together (1-10nm), SpectraViewer (Thermo Fisher). Fluorescence is shown in solid lines
and shaded, Alexa488 (green) and Alexa532 (yellow). Dotted lines show absorption
spectra, Alexa488 (green) and Alexa532 (yellow). 488nm laser is shown as a solid blue
line, 565±18nm filter is shown in yellow. .........................................................................112
Page 15

Figure 3-15 Absolute fluorescence of Alexa488 and Alexa532 when excited at 488nm,
fluorescence for the Alexa488 experiments was measured with the 525±20nm filter whilst
the Alexa532 experiments were measured with the 565±18nm emission filter. The “No
FRET” experiments included only the named fluorophore; the FRET experiments had both
fluorophores, but fluorescence was only measured with the appropriate named emission
filter. T-test P<0.001 shown as ***. ..................................................................................113
Figure 3-16 Melting and annealing temperatures of DNA C derived using the appearance
of the Alexa488 fluorescence (green) and disappearance of the Alexa532 fluorescence
(yellow). The EvaGreen controls are included (blue). Experiment was carried out on the
fluorescence microscope, heating supplied by the Peltier module, and temperature
measured using a calibrated Pt100 RTD. * shows P<0.05, ** P<0.01, *** P<0.001, the
rest showed no significant difference.................................................................................114
Figure 4-1 Green fluorescence of Alexa488 and Alexa532 (yellow fluorescence not shown)
FRET experiments normalised between maximum and minimum. Green Square –
Alexa488 Fluorophores on opposite ends of DNA A, fluorescence signal similar to
EvaGreen. Red Circle – Alexa488 Fluorophores on adjacent ends of DNA A, showing
recovery of green signal / alleviation of FRET when DNA melts increasing distance from
Alexa532 ............................................................................................................................118
Figure 4-2 Green fluorescence of single-stranded (black squares), and double-stranded
(green circles) Alexa-488 labelled DNA C, normalised to maximum of double-stranded
fluorescence. Experiments performed on Zeiss upright microscope using EvaGreen filters.
Absolute fluorescence from 70-95°C were within experimental variation........................119
Figure 4-3 (A) Fluorescence of Alexa488 decreases when the DNA is single-stranded. (B)
This effect is seen when the fluorophore is attached to the 5’ and 3’ end of the DNA strand.
............................................................................................................................................120
Figure 4-4 Melting points derived using Alexa488 method and EvaGreen controls for DNA
C (green) and D (purple). Average of 20 10µl replicates of 10µM DNA in 7.8pH TE
buffer measured in Applied Biosciences 7500 PCR Machine. EvaGreen experiments used
1µl of 20x EvaGreen per reaction. * shows P<0.05, ** P<0.01, *** P<0.001, the rest
showed no significant difference. ......................................................................................122
Figure 4-5 OriginPro model of G/A quenching adjacent to the fluorophore. The doublestranded model shows higher fluorescence as single-stranded quenching is relieved when
Page 16

G/A bases are bound to their complements. Black shows the single-stranded model, red
shows the average of one single-strand and one double-stranded model, blue shows the
average of one single-strand with two double-stranded models, purple shows the average
of one single-strand and ten double-stranded model, and green shows the average of one
single-strand and one hundred double-stranded model......................................................124
Figure 4-6 (A) Pictogram showing that Alexa488 fluorescence is reduced when DNA is
single-stranded. The higher quenching (A/G) base is on the same strand adjacent to the
fluorophore. Fluorescence is relatively higher when the DNA is double-stranded as the
A/G base interacts with its complement base. ...................................................................125
Figure 4-7 OriginPro model of G/A quenching on the opposite strand. The single-stranded
model shows higher fluorescence as quenching is relieved when G/A bases on the
complement strand are not bound. Black shows the single-stranded model, red shows the
average of one single-strand and one double-stranded model, blue shows the average of
one single-strand with two double-stranded model, purple shows the average of one singlestrand and ten double-stranded model, and green shows the average of one single-strand
and one hundred double-stranded model. ..........................................................................126
Figure 4-8 (A) Pictogram showing that Alexa488 fluorescence is reduced when DNA is
double-stranded. The higher quenching base (A/G) is on the complement strand, and
interacts with the fluorophore and its complement adjacent to the fluorophore.
Fluorescence is relatively higher when the DNA is single-stranded, and the fluorophore
only interacts with the weaker quenching base adjacent (T/C)..........................................127
Figure 4-9 Measuring the effects of TE buffer pH on the melting temperature of DNA B
(blue) and C (green) using Alexa488 (diamond, triangle) or EvaGreen (square, circle) as a
reporter molecule. The linear best fit for Alexa488-derived melting temperatures is shown
with a solid line, the linear best fit line for EvaGreen-derived melting temperatures is
shown in a dashed line. Average of 10 replicates of 10µl of 10µM DNA in TE buffer.
EvaGreen experiments used 1µl of 20x EvaGreen per reaction. Melt curves were measured
and analysed using Applied Biosciences 7500 PCR Machine. ..........................................128
Figure 4-10 Comparison of melting temperatures of the DNA used to analyse the nearest
base effect on the fluorescence. Melting temperatures were derived using the Alexa488
method (blue) and EvaGreen as a control (orange). Average of 10 10µl replicates of 10µM
DNA in 7.8pH TE buffer measured in Applied Biosciences 7500 PCR Machine. EvaGreen
Page 17

experiments used 1µl of 20x EvaGreen per reaction. * shows P<0.05, ** P<0.01, ***
P<0.001, the rest showed no significant difference. ..........................................................129
Figure 4-11 Sequence, fluorophore binding position and EvaGreen derived melting
temperature of BRCA1 LAMP DNA oligonucleotides. ....................................................130
Figure 4-12 Comparison of GC content (%) and the difference in melting temperature (°C),
statistical analysis found no strong correlation. .................................................................131
Figure 4-13 Comparison of DNA length (bases) and the difference in melting temperature
(°C), statistical analysis found no strong correlation. ........................................................131
Figure 4-14 EvaGreen absorption in varying amounts of DNA, reproduced from [14]. ...133
Figure 4-15 Averaged absorbance spectra of 1M F3(A) and BIP(B). Single-stranded DNA
is shown with black squares, double-stranded DNA is shown with red diamonds. 10µl of
10 µM DNA were prepared in 7.8pH Tris-EDTA buffer and absorbance measured in 1nm
steps from 400-600nm (5 replicates of 1µl) using a BioTek Absorbance Reader. Readings
were calibrated relative to 400nm and averaged with OriginPro(2016). ...........................135
Figure 4-16 (A,C) Red shows double-stranded DNA, black shows single-stranded DNA.
............................................................................................................................................136
Figure 4-17 Melting temperatures of completely double-stranded DNA derived using
EvaGreen or Alexa488 as a reporter molecule. Averages of 10 replicates of 10µM DNA in
7.8pH Tris-EDTA buffer, measured in Applied Biosciences 7500 PCR Machine.
EvaGreen experiments used 1µl of 20x EvaGreen and unlabelled DNA oligonucleotides. *
shows P<0.05, ** P<0.01, *** P<0.001, the rest showed no significant difference. ........138
Figure 4-18 Sequence (A) and melting temperatures (B) of DNA that is double-stranded
adjacent to the fluorophore derived using EvaGreen (green) or Alexa488 (blue) as a
reporter molecule. Averages of 10 replicates of 10µM DNA in 7.8pH Tris-EDTA buffer,
measured in ABI 7500. EvaGreen experiments used 1µl of 20x EvaGreen and unlabelled
oligonucleotides. * shows P<0.05, ** P<0.01, *** P<0.001, the rest showed no significant
difference. ..........................................................................................................................139
Figure 4-19 (A) Example derivative curve from Experiment 1 and (B) Experiment 2
showing a melt peak at 58°C (A) and 50°C (B). 10µM DNA in 7.8pH TE buffer, measured
in ABI 7500 ........................................................................................................................140
Page 18

Figure 4-20 Sequence (A) and melting temperatures (B) of DNA that has 3 single-stranded
bases adjacent to the fluorophore derived using EvaGreen (green) or Alexa488 (blue) as a
reporter molecule. Averages of 10 replicates of 10µM DNA in 7.8pH Tris-EDTA buffer,
measured in ABI 7500. EvaGreen experiments used 1µl of 20x EvaGreen and unlabelled
oligonucleotides. * shows P<0.05, ** P<0.01, *** P<0.001, the rest showed no significant
difference. ..........................................................................................................................142
Figure 4-21 Example derivative curve from Experiment 3A (3A) and Experiment 3B (3B)
showing a melt peak at 70°C (3A) and 66°C (3B). 10µM DNA in 7.8pH Tris-EDTA buffer,
measured in ABI 7500 .......................................................................................................143
Figure 4-22 Sequence and melting temperatures of DNA that has 3 single-stranded T bases
adjacent to the fluorophore derived using EvaGreen (green) or Alexa488 (blue) as a
reporter molecule. Averages of 10 replicates of 10µM DNA in 7.8pH Tris-EDTA buffer,
measured in ABI 7500. EvaGreen experiments used 1µl of 20x EvaGreen and unlabelled
oligonucleotides. * shows P<0.05, ** P<0.01, *** P<0.001, the rest showed no significant
difference. ..........................................................................................................................144
Figure 4-23 Averaged derivative curves from Experiment 3T showing a false peak around
27°C. 10µM DNA in 7.8pH Tris-EDTA buffer, measured in ABI 7500..........................145
Figure 4-24 Sequences (A) and melting temperatures (B) of DNA that has 6 singlestranded bases adjacent to the fluorophore derived using EvaGreen (green) or Alexa488
(blue) as a reporter molecule. Averages of 10 replicates of 10µM DNA in 7.8pH TrisEDTA buffer, measured in ABI 7500. EvaGreen experiments used 1µl of 20x EvaGreen
and unlabelled oligonucleotides. ........................................................................................146
Figure 4-25 Example derivative curve from Experiment 6A and 6B with melt peak at 66°C
(6A) and 58°C (6B). 10µM DNA in 7.8pH Tris-EDTA buffer, measured in ABI 7500 ..147
Figure 4-26 Sequence (A) and melting temperatures (B) of DNA that has 9 single-stranded
bases adjacent to the fluorophore derived using EvaGreen (green) or Alexa488 (blue) as a
reporter molecule. Averages of 10 replicates of 10µM DNA in 7.8pH Tris-EDTA buffer,
measured in ABI 7500. EvaGreen experiments used 1µl of 20x EvaGreen and unlabelled
oligonucleotides. All results P<0.001 ...............................................................................148

Page 19

Figure 4-27 Example derivative curves from Experiment 9A, 9B, 9C and 9D showing a
melt peak at 54°C (9A) and false peaks due to signal noise around 27°C (9B/C/D). 10µM
DNA in 7.8pH TE buffer, measured in ABI 7500 .............................................................149
Figure 4-28 Sequence (A) and melting temperatures (B) of DNA that has 12 singlestranded bases adjacent to the fluorophore derived using EvaGreen (green) or Alexa488
(blue) as a reporter molecule. Averages of 20 replicates of 10µM DNA in 7.8pH TrisEDTA buffer, measured in ABI 7500. EvaGreen experiments used 1µl of 20x EvaGreen
and unlabelled oligonucleotides. T test P<0.001 shown by ***. ......................................150
Figure 4-29 Derivative curve for 12 single-stranded base experiment showing a false peak
due to signal noise around 27°C. 10µM DNA in 7.8pH TE buffer, measured in ABI 7500
............................................................................................................................................151
Figure 4-30 Peak height / baseline median for the melt curves for experiments detailed in 0
with partially single-stranded DNA adjacent with the Alexa488 fluorophore. .................153
Figure 4-31 Absorption (A) and Emission (B) spectra of Alexa488 (black square), FITC
(red circles) and Atto488 (blue triangles) fluorophores, drawn and analysed with
OriginPro. The standard deviation between these fluorophores and an imaginary average
was 3.22 for the absorption between 420-540nm and 3.46 for the emission between 480600nm, showing the close alignment. ................................................................................154
Figure 4-32 Model showing melt curves seen using the photo-induced fluorescence
quenching effect. Red lines show the fluorescence signal seen when the fluorophore
attached to double-stranded DNA is adjacent to a G or A base, blue line shows the
fluorescence signal seen when the fluorophore attached to double-stranded DNA is
opposite to a G or A base, grey shows the fluorophore attached to single-stranded DNA.
dF shows the change in fluorescence between the double-stranded and single-stranded
state. Points A show the absolute fluorescence when the DNA is double-stranded, B and C
will be single-stranded. The melting temperature is shown by the dotted line, marked Tm
............................................................................................................................................157
Figure 5-1 – Variations in concentrations (10 µM, 5 µM, 1 µM, 500 nM and 100 nM) of
Alexa488-labelled DNA C in 7.8pH Tris-EDTA buffer. The concentration of the
unlabelled complementary strand was the same as the DNA. Total fluorescence was
measured using the Applied Biosciences 7500 Fast Real-Time PCR machine at 25°C.
Page 20

Each point shown is the average of 4 replicates, with the fluorescence for each read 10
times. Dotted line shows linear best fit, error bars show standard deviation. ...................161
Figure 5-2 Varied concentrations of Alexa488-labelled DNA C with varied concentrations
of unlabelled complementary DNA - 10µM (green), 5µM (orange), 1µM grey), 500nm
(yellow) and 100nm (blue) - in pH 7.8 Tris-EDTA buffer. Total fluorescence was
measured using the Applied Biosciences 7500 Fast Real-Time PCR machine at 25°C. 4
replicates, fluorescence for each read 10 times. Tukey ANOVA analysis for each group
showed P>0.001 showed by *** ........................................................................................164
Figure 5-3 (A) and (C) are the derivative curves with high concentrations of
complementary DNA (10µM) with 10µM (A) and 500nM (C) of Alexa488-labelled DNA
C. (B) and (D) are the derivative melt curves with lower concentrations of complementary
DNA (100nM) with 10µM (B) and 500nm (D) of Alexa488-labelled DNA C. Grey shaded
area shows standard deviation between derived melt curves. All experiments were
performed in quadruplicate with an Applied Biosciences 7500 Fast PCR machine at the
480nm excitation/530nm emission, measurements taken from 20-95°C. .........................165
Figure 5-4 Derivative of the melt curve at the melting peak and 60°C. 10µM (green), 5µM
(orange), 1µM (grey), 500nM (yellow)..............................................................................166
Figure 5-5 Primer (F3 in red, B3 in Green) and template sequence of modified BRCA1
used to perform qPCR. Modified base indicated by *. Polymerase direction indicated by
arrow. .................................................................................................................................167
Figure 5-6 40 cycle qPCR performed in ABI 7500 using Alexa488-labelled primer (green)
or unlabelled primers with EvaGreen (black) as a control. The amount of template DNA
was varied, 400ng (circle), 100ng (square), 10ng (triangle). PCR was otherwise performed
as described in 2.5.4. ..........................................................................................................168
Figure 5-7 Figure showing the sequences of the DNA sequences used. The green strand is
Alexa488 modified or unlabelled for the EvaGreen controls. The light blue represents the
unlabelled complementary strand, which is the same for both the control and the Alexa488
experiments. .......................................................................................................................170
Figure 5-8 Melting temperatures of DNA with sequential deletions on the complementary
strand derived using EvaGreen reporter molecule on the ABI 7500 PCR machine. * shows
P<0.05, ** P<0.01, *** P<0.001, the rest showed no significant difference. ...................171
Page 21

Figure 5-9 Melting temperatures of DNA with sequential deletions on the complementary
strand derived using Alexa488 effect on the ABI 7500 PCR machine. -n indicates that a
number of bases that have been removed from adjacent to the fluorophore on the
complementary strand. * shows P<0.05, ** P<0.01, *** P<0.001, the rest showed no
significant difference..........................................................................................................172
Figure 5-10 Derivative curves of standard unlabelled BRCA1 LAMP primers without (A)
and with (B) LPR5F and LPF5B complement strands (see 0. for full sequences). No
significant peak is observed. ..............................................................................................175
Figure 5-11 Averaged derivative curve of BRCA1 LAMP primers Alexa488-LPRF5 and
Alexa488-LPF5B with the unlabelled LPR5F complement strand showing a distinct melt
peak at 44.4°C. 10µM dsDNA in pH7.8 TE buffer ..........................................................175
Figure 5-12 Average derivative curve of BRCA1 LAMP primers Alexa488-LPRF5 and
Alexa488-LPF5B with their unlabelled complement strands showing two distinct melt
peak at 44.4 °C and 51.0°C. 10µM dsDNA in pH7.8 TE buffer ......................................176
Figure 5-13 Averaged derivative curve of BRCA1 LAMP primers Alexa488-LPRF5 and
Alexa488-LPF5B with the unlabelled LPF5B complement strand showing a distinct melt
peak at 51.0°C. 10µM dsDNA in pH7.8 TE buffer ...........................................................176
Figure 5-14 Example of analysis in OriginPro of the averaged melt curve of BRCA1
LAMP primers Alexa488-LPRF5 and Alexa488-LPF5B with their unlabelled complement
strands. The centre points of the two peaks are shown by red lines and numbered, the
separation line is in blue, and the areas are shaded in grey. ..............................................177
Figure 5-15 BRCA1 template and primer sequences. Colour indicates primer sequences
and arrow indicates amplification direction and strand. FIP and BIP were only used for
LAMP DNA amplification (5.4.3) and so are not highlighted here...................................179
Figure 5-16 Melting temperature of BRAC1 PCR products measured with Alexa488 (blue)
or EvaGreen (green) fluorescence in ABI 7500. EvaGreen with F3 and B3 are controls.
*** shows p<0.001 between combinations........................................................................181
Figure 5-17 Spectra of normalised fluorescence (A) and derivative (B) curves of the
products of Combination 1. In A and B, F3+B3+EvaGreen (control) is shown in black,
Alexa488-labelled F3+B3 is shown in red, and F3+Alexa488-labelled B3 is in green. PCR
was performed as described, with a melt curve performed between 25-95 °C. Origin 2016
Page 22

performed smoothing with 10 point adjacent-averaging in Origin 2016, and derivative.
Peakfinding function was limited to a single peak, shown. ...............................................182
Figure 5-18 Spectra of normalised fluorescence (A) and derivative (B) curves of the
products of Combination 2. In A and B, F3+LPF5B+EvaGreen (control) is shown in
black, F3+Alexa488-labelled LPF5B is shown in green, and Alexa488-labelled F3+LPF5B
is shown in red. PCR was performed as described, with a melt curve performed between
25-95 °C. Origin 2016 performed smoothing with 10 point adjacent-averaging in Origin
2016, and derivative plotted. Peakfinding function was limited to a single peak, shown.
............................................................................................................................................183
Figure 5-19 Amplification plots (left) and melt curves (right) of BRCA1 LAMP EvaGreen
controls with (3 and 4) and without (1 and 2) template DNA performed on ABI 7500.
Total reaction time was 20 min (40 cycles of 30 seconds). The control without template
DNA showed no increase in fluorescence (1), nor a distinguishable melt curve (2). The
EvaGreen control used unlabelled primers and worked as expected with positive LAMP
amplification seen after 5 minutes and complete after 10 minutes (3), producing melt curve
(4) with a single peak around 85°C. ...................................................................................185
Figure 5-20 Amplification plots (left) and melt curves (right) of BRCA1 LAMP reaction
performed using Alexa488-labelled primers in ABI 7500. Total reaction time was 20min
(40 cycles of 30 seconds), with positive LAMP amplification seen after 0.5-1 minute and
complete after 3-5 minutes, producing melt curves as seen on the right. LAMP (A) utilised
Alexa488-labelled LPF5B (1 and 2), LAMP (B) utilised Alexa488-labelled LPF5B (3 and
4), LAMP (C) utilised Alexa488-labelled LPF5B (5 and 6).............................................186
Figure 5-21 Restored averaged melt curves of Alexa488-labelled LAMP (A), (B) and (C)
products – samples were photobleached and EvaGreen added to measure the melt curves in
an ABI7500. The Alexa488 produced melt curves seen in the previous graph reverted to
the expected curves, suggesting that the differences seen previously were due to specific
position of the labelled primers within the overall LAMP product. ..................................187
Figure 5-22 .........................................................................................................................187
Figure 5-23 Schematic representation of the potential stages of a microfluidic DNA
microarray using Alexa488 fluorescence to monitor DNA binding. .................................188

Page 23

Figure 5-24 Melt curve derived using the First-Generation microfluidic device. Sigmoidal
curve (red) fitted by OriginPro(2016). ...............................................................................189
Figure 5-25 Testing the First-Generation Microfluidic device. Temperature (black line)
and DNA content (blue squares) over the course of an experiment (A) and the control (B).
Temperature measured using J-type thermocouple, fluorescence measured using the
microscope and software previously described. ................................................................190
Figure 5-26 Complete Second Generation single input/output PDMS microfluidic device
with DNA test chip enclosed in the centre (labelled). The inlet port and outlet ports are
shown and are interchangeable. .........................................................................................191

Acknowledgements

Within the research group I would like to thank Jon Cooper and Julien Reboud, for
supervision and encouragement, Rab Wilson, for effectively running the lab and Dave, for
brainstorming over pints and microfluidic device fabrication. For providing training, I thank
Gabby for help with surface chemistry, Eloise for surface acoustic wave training, and
Andrew for optics.
I thank my mother, Tracey, for always answering the phone when my experiments were
going particularly well, or particularly poorly. My gratitude to Neil, for cooking dinner and
keeping me sane. My friends and family, who were always there.

Page 24

Authors declaration

I declare that, except where explicit reference is made to the contribution of others, that this
dissertation is the result of my own work and has not been submitted for any other degree at
the University of Glasgow or any other institution.

Printed Name:

__________________________

Signature:

__________________________

Page 25

Commonly used abbreviations
Å – Angstroms
A base – Adenine
APTES – (3-aminopropyl)triethoxysilane
BRCA – Human breast cancer risk gene
C base – Cytosine
DNA – Deoxyribonucleic acid
dsDNA – double-stranded DNA
EDTA – ethylenediaminetetracetic acid
FRET – Forster / Fluorescence Energy Resonance Transfer
G base – Guanine
HIV – Human Immunodeficiency Virus
IDT – Interdigitated transducer
IPA – isopropanol
LAMP – Loop-mediated Isothermal Amplification
LiNbO3 – Lithium niobate
ml – millilitres
NB-S Quench – Nucleobase-Specific Quenching
NGS – Next Generation Sequencing
nm – nanometre
PBS – phosphate buffered saline
PCR – Polymerase Chain Reaction
PFOTS – 1H,1H,2H,2H-Perfluorooctyl-trichlorosilane
POC – Point of care
RFU – relative fluorescence units
RTD – Resistance Temperature Detector
SAW – Surface Acoustic Waves
ssDNA – single-stranded DNA
T base – Thymine
TE – Tris-EDTA (tris(hydroxymethyl)aminomethane ethylenediaminetetracetic acid)
TIRF – Total Internal Reflection Fluorescence
Tm – melting temperature
UV – ultraviolet light
µl – microliters
Page 26

1. Background, Introduction to Point-of-Care Diagnostics
There is increasing demand for miniaturised, portable diagnostic medical devices.
Developed countries are challenged by medical budgets restricted by increasing drug and
treatment costs and ageing populations [1]. Developing countries are challenged by a lack
of infrastructure, trained medical technicians and funding combined with growing
populations which are increasingly aging, increasingly mobile and demand higher standards
of living, including medical-related quality of life [2].

Lab-on-a-Chip technologies such as surface acoustic waves (SAW) can meet the needs of
point-of-care diagnostics for mobile populations whilst also reducing the cost and training
required to diagnose disease [3–5]. SAW is particularly versatile and can be used to heat,
move and mix droplets, as well as measure mass changes to monitor DNA or antigen binding
[6,7].
This chapter provides an introduction to the current state of point-of-care diagnostics, and
an overview of selected relevant diseases.

As DNA, fluorescence and Surface Acoustic

Waves (SAW) are important for this thesis, an overview of each is included.
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1.1. DNA

Deoxyribonucleic acid (DNA), and ribonucleic acid (RNA) are the chemical storage of
genetic information for all of life. In eukaryotes, DNA encodes genes which are transcribed
into messenger RNA, which is then translated into proteins which may act as enzymes. The
genetic information of many viruses, such as Influenza and Human Immunodeficiency Virus
(HIV) are stored as RNA [3,8]. In order to replicate, Influenza viruses copy their genetic
RNA, and this is used directly to transcribe proteins needed for replication. In contrast, HIV
is a retrovirus so the genetic RNA is used to create complementary DNA (cDNA) by an
enzyme reverse transcriptase, which integrates into the host genome [9–11]. This research
examined diagnostics using DNA, if, in the future, additional RNA-based infections are to
be studied then the additional step of converting the RNA to cDNA will be required.

At physiological conditions (above annealing temperature, but below the melting
temperature), single strands DNA (ssDNA) that are complementary will, with non-covalent
bonds, form double-stranded DNA (dsDNA). The strength of these bonds depends on the
base pair (A=T or G≡C), in addition to base stacking and solvent interactions [12]. The salt
concentration of the buffer, GC content, and the number of DNA bases all have an effect on
the DNA melting temperature, and will be considered individually in this work, with these
factors varied individually as far as possible [13]. In order to measure if the DNA is in a
double- or single-stranded form, a reporter molecule (EvaGreen [14]) is used, which binds
preferentially to dsDNA, resulting in a change in EvaGreen conformation and fluorescence
which can be monitored using a fluorescent microscope. To quantify the melting point the
fluorescence and temperature must be accurately measured. Characterisation of the system
requires accurate calibration of the RTDs against a thermocouple as well as analysing the
fluorescence of the system to take into account photobleaching.

In order to investigate the use of surface acoustic waves for DNA-based diagnostics, it is
necessary to understand nucleic acid thermodynamics. The temperature at which 50% of
the DNA is single stranded (ssDNA) is defined as the melting temperature (Tm), and this
depends on the primary and secondary structure [15]. The DNA in this thesis was designed
to avoid complicated secondary structures that would influence the melting temperature,
although this is a requirement for Loop-mediated Isothermal Amplification (LAMP).
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1.1.1. Thermodynamics of DNA binding
The transition of single-stranded DNA to double-stranded DNA at the melting temperature
can be described using

+

↔

ℎ

=

(Eq 1)

where A and B are single-stranded DNA, AB is the double-stranded form. At the melting
temperature Tm, double-stranded DNA equals single-stranded DNA. At the equilibrium.
Tm = ∆Ho / (∆So +RInCT) (Eq 2)
where R is the gas constant (1.987kcal K-1 mol-1) and CT is the total oligonucleotide
concentration [12,15,16].

Nearest Neighbour Model
As there are 4 DNA bases, there are 16 possible neighbour pairs, although the formation
energy of 6 pairs are identical due to symmetry – leaving AA/TT, AC/TG, AG/TC, AT/TA,
CA/GT, CC/GG, CG/GC, GA/CT, GC/GC and TA/AT [17]. The entropic and enthalpic
(∆ °

∆ °) values of every one of the 10 possible neighbour pairs, and the final/initial

nucleotides have been experimentally determined under various conditions and the total
value can be calculated with
∆ °

)=∆ °

)− ∆ °

) (Eq 3) [17–20].

Figure 1-1: Hydrogen bonds between DNA bases A, T, G and C. Reproduced from [21]
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1.1.2. DNA Melting
Thermal denaturation of DNA is the sequential breaking of A=T and G≡C base pairs
between complementary DNA strands, and the additional stacking effects of adjacent bonds
of the neighbouring bases to either side [22]. Mismatched bases within a strand also lower
the binding efficiency of adjacent bases, or repeated bases which allow multiple potential
binding patterns, along with secondary structures, such as single stranded loops, or overlap
of strands, can change the overall DNA melting temperature [16,23,24]. In addition, where
the DNA is modified, such as with fluorophores, there may be steric hindrance between these
molecules which will lower the overall melting temperature. In addition to the DNA
sequence, salt-buffer interactions, and increased bond vibration due to temperature also
contribute to the melting temperature [24,25].

Figure 1-2 Structure of EvaGreen intercalating between DNA strands [26]
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1.1.3. DNA Annealing
Whilst DNA melting is the sequential breaking of A=T or G≡C bonds between
complementary strands, annealing is the renaturation of complementary strands. The rate
for DNA strands binding is dependent on the temperature, viscosity, pH of the solution, the
concentration and sequence of each strand. The fluorescent dsDNA reporter molecule
EvaGreen is used in high concentration, with multiple molecules of EvaGreen to each
molecule of dsDNA [14,27].

1.1.4. Selected Secondary Structures of DNA
DNA can form secondary structures, within or between complementary strands. These can
affect gene regulation in vivo, and have research applications such as LAMP and DNA
Molecular Beacons which are designed so that a hairpin loop to bring a fluorophore and
quencher into proximity when the complementary strand is absent [28]. These secondary
structures could explain the novel fluorescent effect in Chapters 4 and 5, where GQuadruplex structures could result in aggregation of the fluorophores resulting in a decrease
in fluorescence.

1.1.4.1.

Model of DNA loop

DNA hairpin loops (also known as stem loops, see Figure 1-3) are a secondary structure of
DNA and RNA. They consist of a short sequence that is non-complementary and usually
A-rich, which forms a single stranded loop [24]. These are used for self-quenching DNA
molecular beacons, which contain adjacent FRET paired fluorophores at the double-stranded
end. If the complementary sequence is present, the fully double-stranded DNA has a higher
binding energy which is more favoured, moving the FRET (see 1.4) fluorophores away from
each other [28]. These loops are also important in LAMP reactions, as they allow the primers
to loop around to the opposite strand, producing long LAMP products (see 1.2.1). Some
research has examined photoinduced charge transfer quenching of fluorophores in DNA
hairpin loops [29].
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Figure 1-3 Model of a DNA hairpin loop showing double-stranded DNA where the
sequence is complementary, and 15 base single-stranded loop mostly consisting of A base.

1.1.4.2.

G-Quadruplex Structures

GC rich DNA regions can also form G-quadruplex structures, which can influence gene
regulation, so may be important for inherited eukaryote disease [30–32]. Guanine-rich
sequences can form tetrads containing up to 4 strands of DNA through Guanine interactions.
These could form temporarily between DNA strands at low temperatures but would be
transient at higher temperatures due to relatively low binding energy.

G-quadruplex

structures are considered in Chapters 4 and 5, as they could result in aggregation of G-rich
single-stranded DNA which could be responsible for the Alexa488 fluorescence effect
discovered.
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1.2. Polymerase Chain Reaction (PCR)

Polymerase chain reaction (PCR) is an indispensable technique used for DNA amplification
using a heat-stable polymerase enzyme and thermal cycling (see Figure 1-4). It requires 2
primers (short, specific DNA usually 10-20 bases), source DNA (including cDNA, which
could be created from RNA using reverse polymerase), polymerase (usually Taq) and active
heating / cooling to allow cycles between 60-65°C and 95°C [3,27,33–35].

Traditional PCR relies on cycles of a high temperature denaturation step of around 90-95°C
followed by an annealing step of 50-60°C and an extension step at 72°C – the optimal
temperature for Taq polymerase. 30 cycles have been shown to be possible in 10 minutes in
small droplets (5µl) with specialised heating and cooling equipment, unsuitable for nonresearch laboratory [33]. If substrate and reagents (target DNA, primers, dNTPs) are not
limiting then the amount of amplified DNA is doubled each cycle, leading to 2^n
amplification of the target sequence where n is the number of PCR cycles. The final amount
of target DNA will depend on the number of copies present in the sample – this has led to
quantitative PCR (qPCR) which uses the fluorescence after each cycle to measure the DNA
increase and hence the level within the original sample [36–38].

PCR in a droplet using SAW has already been shown, and results suggest that streaming
within the droplet may be influencing the melting temperature [39].
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Figure 1-4 Illustration of DNA amplification by polymerase chain reaction (PCR) showing
exponential DNA amplification [40]
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1.2.1. Loop-Mediated Isothermal Amplification (LAMP)
LAMP is an alternative method of DNA amplification. Whilst PCR makes use of two
primers on opposite strands to amplify the DNA in the middle, LAMP uses upwards of 4
primers, designed with loops which are important for strand displacement. As one primer is
extended it will displace another, using loops to bind partway through the sequence, so this
DNA amplification can be done at a single temperature, usually 60-65°C. The primers are
more complicated to design as they include loops and non-complementary sequences to
allow strand displacement. Each reaction requires at least 4, so multiplexing is more difficult
than PCR. In addition, LAMP results in a large, repetitively looped product, which is
unsuitable for many further applications such as cloning as it contains multiple copies of the
DNA of interest in long chains which include various loops introduced by the primers [41–
44].
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Figure 1-5 Illustration of DNA amplification using loop-mediated isothermal amplification
(LAMP). 6+ pairs of primers complementary to different regions of DNA, allowing
displacement at a single temperature as DNA amplification progresses, forming large
products containing multiple copies of the target sequences as well as the loop introduced in
the primers. [41]
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1.3. Surface Acoustic Waves (SAW)
Surface acoustic waves (SAW) are 10 MHz to 1Ghz ultrasonic waves produced by an
Interdigital Transducer (IDT) with applications from radio, mobile phones, and lab-on-achip diagnostics [6,45]. When a SAW wave travelling along a piezoelectric substrate (one
point of a travelling SAW wave is shown in Figure 1-6) interfaces with the sample droplet,
some of the energy is transferred as a longitudinal wave and the remaining Leaky SAW
attenuates in the direction of propagation [46].

1cm

IDT

Sample

Figure 1-6 COMSOL model of an IDT illustrating surface displacement of piezoelectric
material (lithium niobate) due to surface acoustic waves at 8.5 Mhz. Note that this shows
only a single point in time, which will change rapidly as the SAW propagates across the
surface. The wave will dissipate as energy is transferred into the sample droplet (not
simulated). Red shows pressure wave maxima, dark blue shows minima.

Previous work has shown that SAW can be used for moving particles by size, weight or
charge, mixing, centrifuging, heating and atomising droplets, with recent advances
replicating PCR in a droplet [39,47,48]. SAW has also been shown to reduce non-specific
antibody interactions by an unknown mechanism [49]. These applications for SAW in
droplets could also allow on chip sample preparation as whole cells could be lysed and
centrifuged to concentrate proteins of interest [7,49].
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Figure 1-7 Surface acoustic waves (SAW) propagating from an Interdigitated Transducer
(IDT) along a substrate and into the droplet. At the interface of the substrate and the droplet
some of the energy from the Rayleigh SAW wave as a longitudinal wave which will circulate
the droplet. As the energy is transferred from the Rayleigh SAW into the droplet at which
point it is termed a Leaky SAW which attenuates as energy is transferred into the sample
droplet. Reproduced with permission from [49].
[50]
It is hypothesised that the energy from SAW could disrupt DNA binding instead of melting
the DNA through simply heating the droplet. If so, there will be several advantages over
using heat. The speed of SAW in water is 3995ms-1, meaning the binding of DNA could be
disrupted extremely quickly, potentially with nanosecond pulses. The thermal conductivity
of water, even in a small droplet, means that it takes significantly longer to heat and cool a
sample than for SAW to travel through. The heating energy will be varied even across the
droplet depending on the position and efficiency of the heating source.

Therefore, if SAW can disrupt DNA binding at low or lower temperatures then there would
be time and energy advantages, potentially allowing PCR to proceed at room temperature
with only a second or two between cycles. If SAW can disrupt DNA binding, this effect
would depend on the binding energy between strands. Longer dsDNA, and higher GC
content (Guanine-Cytosine pair has three hydrogen bonds, whereas Thymine-Adenine pair
has two hydrogen bonds) result in higher binding energy.
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There are several models for predicting the melting temperature of a DNA strand given its
sequence, including the 2+1 rule of thumb, linear regression and nearest neighbour
[16,17,23,51].
By altering the frequency, amplitude or time that the SAW is applied it could be possible to
selectively target DNA of a certain sequence and length, although it is likely that any shorter
sequences with lower binding energy would also melt. For the field of medical diagnostics
there would be a relatively simple solution to work around this problem. For example,
targeting DNA shorter than the target would allow background noise to be removed,
thereafter DNA of increasing length would be targeted and previous signal subtracted. In
this way DNA of different lengths could be targeted sequentially, whilst taking into account
non-specific binding and general background noise such as dNTPs and failed PCR products.
PCR amplification is required for genetic tests in order for a binding event to be measurable
with non-specific fluorescent reporter molecules. If SAW can disrupt DNA binding as
suggested it could be possible to specifically target DNA within a mixed sample, disrupting
the binding between the strands and resulting in a loss of fluorescence and subsequent
recovery when the SAW is no longer applied. If we could focus SAW disruption like this,
we could measure this fluorescent signal repeatedly as SAW is pulsed, forgoing the need for
PCR completely.

1.3.1. Modelling of Streaming Within a Droplet
Mansuor et al. have produced detailed modelling (an example is shown in Figure 1-8) of the
hydrodynamics of surface acoustic wave streaming in microfluidic droplets[52]. DNA
within the droplet will be influenced by streaming within the droplet, DNA attached to the
surface will additionally be affected by leaky SAW waves from the substrate. In addition to
streaming, Mansuor modelling also showed differences in temperature and pressure within
these droplets which could affect DNA binding.
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Figure 1-8 A computer model of surface acoustic wave streaming within a 10µl water
droplet due to longitudinal wave produced by SAW. Altered from [51] to add a black
arrow showing the direction of the SAW wave from the IDT into the droplet that
produced the streaming.

[52]
1.3.2. Detection Methods for Surface Acoustic Waves (SAW)
Various detection methods have been used with SAW Lab-On-A-Chip devices including
antibody, colour/light, pH, temperature, or crystal/salt/gas formation [44,52]. Antibodies
are commonly used as they are readily available and do not require complicated protocols
[53–55].

For example, a fluorescently labelled secondary antibody can be incubated on the chip,
binding to the primary antibody attached to the surface if the disease antigen is absent but
not binding if the disease antigen is present. Antibodies are not without their drawbacks –
binding could be too specific and so not bind to all serotypes such as emerging subpopulations. Antibody orientation is important, attaching antibodies to a surface often
results in sub-optimal orientation reducing efficiency. Lastly, antibodies cannot be easily
reused, so antibody paper devices are single use [7,49].

An alternative approach to measure if an antigen has bound to the antibody on the surface of
the diagnostic device without secondary antibodies are Love wave (horizontally polarised
SAW) devices. These measure the difference in the acoustic wave produced before the

Page 40

sample and received afterwards, but they are more difficult to use and manufacture than
using a secondary antibody which could be visually or chemically detected [4,6,56,57].
The literature includes several chemical based detection methods that rely on a colour or pH
change, endo- or exothermic reaction significant enough to alter the sample temperature.
Studies also make use of crystal, salt or bubble formation, or phosphorescence [6,57–60].
These detection methods are difficult to apply to preliminary experiments involving DNA
binding as they will not be able to show the reversal between single and double stranded
DNA. If the required catalysts and reagents could not be applied to the device in advance
and stored, this would greatly decrease the reliability and usefulness of a diagnostic kit.
Lastly, potential cross-reactions, oxidation, dehydration and heat instability could mean a
requirement for a specialist storage such as a continuous cold-storage chain.

An interesting approach to detection is magnetic – either labelled antibodies or inherent to
the parasite. Hemozoin is produced by blood borne pathogens (malaria, Chagas) and forms
crystals. There is potential to bind “seed” hemozoin crystals onto a diagnostic device – if
there is hemozoin present this would be sequestered from the sample, crystallize on the
reaction chamber and alter the magnetic properties. The crystal formation and altered
magnetic properties of infected red blood cells are understood but using this approach to
diagnose an infection in a LOC format is untested with a SAW device [61–63].

The most attractive approach would be label-free, to avoid relying on complex sample
preparation, optics and sensing. A mass-based detection method, such as the single virus
particle detection using microresonators could be employed as dsDNA has a greater mass
than ssDNA, allowing differentiation of the binding states [64]. Another potential method
is to use a simple camera and lens to visualise beads with antibodies attached in order to
distinguish between presence and absence of an antigen, similar to the antibody agglutination
test to identify blood types [53]. Alternative approaches could be based on light (light
absorption / emission / scattering), such as the commonly used spectrophotometric method
for estimating DNA concentration in a solution [65]. EvaGreen is a non-specific fluorescent
DNA dye commonly used to quantify PCR reactions. The florescence allows quantification
of the concentration of DNA, and differentiation of dsDNA and ssDNA, although this does
require a light source with a peak emission at 488nm and sensing filtration with a peak at
530nm.
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1.4. Fluorescence
Absorption of a photon promotes an electron from the ground state to an excited state (see
Figure 1-9) [66]. Excitation: S0 +h vexcitation - ˃ S1 (Eq 4) where h is Plank’s constant, v is
the frequency of photon absorbed.

Energy can be transferred from the excited state S1 to a lower energy state S0 as shown in
Figure 1-9 through processes such as:
•

vibrational relaxation (transferred within the same molecule, or surrounding molecules)

•

internal conversion (radiationless transitioning)

•

intersystem crossing (singlet ˂-˃ triplet state, can lead to phosphorescence)

•

fluorescence

Fluorescence occurs when the excited singlet electron emits a photon with lower energy /
longer wavelength than the excitation photon, relaxing to its ground state (see Figure 1-9).
Emission: S1 -˃ S0 + hvemission + heat (Eq 5) where h is Plank’s constant, v is the frequency
of photon emitted.

Excitation /

Emission /

Absorption

Fluorescence

S1

S1
Photon

Photon

S0

S0

Figure 1-9 Jablonski diagram showing ground / HOMO (S0) and excited / LUMO
(S1) states for electrons, illustrating the energy potentials during photon absorption
and emission by a fluorophore
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The quantum yield of a fluorophore is defined as the proportion of excited fluorophores that
emit a photon to return to the ground state, which can also be described as the ratio of emitted
photons to absorbed photons. Intramolecular vibrations, and transference of energy to
surrounding molecules via vibrational relaxation, are more efficient at higher temperatures,
therefore increasing temperature generally results in a decrease in fluorescence. Other
parameters such as viscosity, pH (collisional quenching), hydrogen bonds and quenchers
(such as O2) can also decrease fluorescence quantum yield as energy from the fluorophore
electron in the excited state is transferred to molecules surrounding the fluorophore which
do not fluoresce [66].

1.4.1. Förster / Fluorescence Resonance Energy Transfer (FRET)
Förster / Fluorescence Resonance Energy Transfer (FRET) is a dipole-dipole coupling
mechanism which transfers energy from the excited electron in the donor fluorophore, to a
ground state electron in the acceptor fluorophore, which is promoted to an excited state [67].
The excited electron in the acceptor fluorophore emits a photon when it relaxes to the ground
state. FRET cannot be directly measured, but the transfer of energy from the donor
fluorophore results in a reduction in fluorescence, at the same time as the acceptor
fluorophore fluorescence increases. The FRET efficiency is defined as the ratio between the
number of excited donors transferring energy to the receptor to the number of photons
absorbed by the donor [68]. This can also be expressed as a ratio of the transfer rate to the
transfer rate and decay rate:
=

(Eq 6)

where the decay rate refers to energy lost to FRET by relaxation or photon emission by the
donor fluorophore. This in turn can be shown to be equal to the Förster Radius (Ro), which
is the distance where the FRET efficiency is 50%. Förster radii have been characterised for
pairs of donor and acceptor fluorophores [68].
This equation:
=

(Eq 7)
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shows that the efficiency reduces by r6 [43]. Considering a system where the fluorophores
are in solution, this distance would be dependent on concentration – the average distance
between molecules free-flowing in solution decreases as the number of molecules within the
solution increases. At low concentrations, for example 1µM where R0 is 5nm, the average
distance between donor and acceptor molecules means that FRET is highly unlikely to occur.
Even a concentration of 1mM would mean <1% FRET efficiency. In Chapter 4, the theory
that the quenching seen is due to fluorophore – fluorophore interactions is discussed, these
would increase with concentration so the fluorescence would exhibit a non-linear
relationship in this case.

The Förster Radius (Ro) depends on several factors [27,35,43,67,68] such as the:
•

Refractive index of the media [68] – this is 1.331-1.335 (PubChem SID 329770217) for TE
buffer pH 8.0 (Sigma-Aldrich, UK) at 25°C.

•

Orientation factor between the fluorophores - important when the fluorophores are attached
to large molecules which rotate relatively slowly in solution, but this should not be an issue
with fluorophores attached to DNA oligonucleotides [68].

•

Overlap integral – a measurement of overlap between the donor fluorophore emission
spectra and the acceptor fluorophore excitation spectra [68]s
FRET does not depend on a photon emitted by the donor fluorophore, the overlap between
the spectra is due to the possible energy states of the electrons within the fluorophore (see
Figure 1-9). [27]
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Figure 1-10 Illustration of FRET principle, highlighting the requirement of spectral overlap
between the donor emission and the acceptor excitation (A) and the importance of distance
(B). As can be seen in (B), if the fluorophores are far apart, then excitation of the donor
fluorophore results in emission of the donor fluorophore, whereas when the fluorophores are
close (<10nm) excitation of the donor fluorophore results in the emission of the acceptor
fluorophore.

By measuring the intensity of the emission in the region of the donor

fluorophore and the acceptor fluorophore the efficiency can be calculated under the above
conditions.[69]
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1.4.2. Total Internal Reflection (TIRF) Microscopy
TIRF microscopy uses totally internally reflected light to excite fluorophores. Light is
directed into the material such as glass or clear lithium niobate, in order to excite only the
fluorophores adjacent to the substrate/aqueous interface, without exciting all the molecules
in the sample.

The depth-specific excitation is achieved as at the incident angle an

evanescent wave is produced decays exponentially from the surface (Figure 1-12). This was
accomplished for this thesis through directing the angle of the laser beam with an immersion
lens of an inversion fluorescence microscope (Figure 1-11), although an alternative method
coupling the laser to the superstrate through a prism was attempted [70,71].

Figure 1-11 A schematic drawing of the TIRF system, reproduced with permission from
[117]. The micrometer determines the incident angle of the laser into the substrate to
produce the evanescent wave. The refractive index of the immersion oil is matched to the
refractive index of the substrate.

[70]
Page 46

The decay of the evanescent wave can be described with the equation [70]:
=

is the initial intensity,

where

(Eq 8)

⁄

is the intensity at depth z, and d is the penetration depth

which is in turn a function of the incident angle and wavelength of the light and refractive
indexes of the substrate and sample (assuming that the refractive indexes of the immersion
oil and substrate are equal). At the interface of the substrate and the sample, ⁄ = 0
and

=

- the intensity of the evanescent wave is equal to the initial intensity (this is

relative intensity 1 on Figure 1-12), after this the intensity decays exponentially.

Figure 1-12 Relationship between the relative intensity of the evanescent wave against z/d
which is the ratio of the distance from the interface to the penetration depth of the evanescent
wave. At the interface, z/d is zero and the relative intensity is 1.
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1.4.3

Quenching of Fluorophores

Organic fluorophores can be quenched in a variety of ways, such as conformational
change/denaturing, absorbance of excitation light, absorbance of fluorescence, FRET, or
photoinduced charge transfer [72]. EvaGreen changes confirmation in the presence of
double-stranded DNA, resulting in a change in absorption area and peak, along with a
corresponding shift in emission area and peak.

Extremes of pH, temperature and

photobleaching denature EvaGreen so that it is unable to fluoresce [14,27,28].

Molecular beacons and TaqMan probes rely on DNA hairpins with a fluorophore at one end
and a quencher on the other, in the absence of the target DNA the quencher and fluorophore
are brought within close proximity, resulting in a loss of fluorescence [27,28,73]. This can
also be achieved with a FRET pair, although this would result in fluorescence at a longer
wavelength [35,43,68].

π-stacking between the same fluorophores can also quench fluorophores, due to close
alignment of the benzene rings in organic fluorophores, this occurs in a concentrationdependant manner – higher concentration of fluorophores results in a higher number of
fluorophores that are close enough to interact. If π-stacking between fluorophores was
responsible for the Alexa488 effect discussed in this thesis, then this would depend solely
on the concentration of the fluorophores – a linear increase in the concentration of doubleor single-stranded DNA would result in a linear decrease in fluorescence and not a linear
increase in fluorescence.

Previous research has focussed on G-base quenching, through π-stacking between some
fluorophores and G-base, allowing electrons excited by fluorescence to transfer to and from
the DNA bases [29,74–76]. Chapter 4 will examine if this is the case with Alexa488 nucleospecific quenching.
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1.5. Lab-On-A-Chip (LOC)
Lab-on-a-chip devices miniaturise and simplify lab-based diagnostics, in order to bring
diagnostics closer to the patient. There is a growing private market for home-based testing
that can be performed without medical or technical training, such as the now commonplace
pregnancy tests, blood sugar level test for diabetics, BioSure HIV test or date rape drug test
kits [34,77]. In the US alone the market for blood testing is worth billions of dollars per
year, with similar markets for bacterial, viral and parasitic infection diagnosis, and an
increasing market for genetic screening. The World Health Organisation publishes a list of
Essential In Vitro Diagnostics to encourage more effective low cost diagnostics with
Tuberculosis and HIV as priorities which will be discussed later as potential applications for
this research [78,79].

1.5.1. Microfluidics
The field of microfluidics began with early devices miniaturising existing assays [80]. The compact
size has many advantages, from saving money on equipment and work space, to the small reagent
and sample volumes required, and researchers can exploit unique characteristics of fluids in small
channels [80].

There are several emerging biotechnology applications including sequencing,

synthesis of molecules, and the production and analysis of biomimetic vesicles for parasite research,
or drug development which have emerged from this field [77,78,81–83].

1.5.2

DNA Microarrays for Diagnostics and Research

Microarrays allow multiplex DNA tests to be automatically carried out, however it requires
a full laboratory, and training in the correct handling of reagents and samples [90].
Fluorescence is used to detect if the target DNA has bound or not to the microarray probe,
although additional sequence information such as deletions or mismatches is unavailable
[91].

Recent research has discovered that DNA from cancerous cells is more likely to adopt unique
3D structures due to epigenetic differences in methylation, and subsequently bind to gold
particles [92]. Several paper and flow microfluidic strategies have been developed for
separation of blood plasma from whole blood [81,93,94], which could be incorporated into
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a single microfluidic platform to determine the presence of a cancer cell or infection with
integrated DNA microarrays to identify specific cell types and aid identification of medical
treatment regimes.

1.6. Aims and Objectives

A broad aim of this work is to develop a SAW-based microfluidics technique to perform
amplification and detection of DNA strands specifically within a biological sample. As the
fluidic manipulation of DNA has been developed separately, this thesis focuses on research
for the optimisation and detection of DNA hybridization events. This has the potential to
generate knowledge applicable to DNA processing (such as in PCR which relies on
primers binding to targets) as well as detection (e.g. in DNA microarrays and melting
analysis).
The thesis addresses the following objectives:
•

Using SAW to affect DNA hybridization (using acoustic heating and streaming)

•

Developing techniques to monitor these effects, focussed primarily on fluorescence

•

Investigating nucleotide specific quenching effects linked to fluorophore tagging in
melting curve analysis.

More specifically, the document is structured as follows:
Chapter 3 will:
•

Design DNA oligonucleotides for the experiments, and simulate melt curves

•

Confirm surface acoustic wave experimental methods, including temperature and
fluoresce sensing and processing

•

Examine the difference in melting temperature with surface acoustic waves with
control systems

It was hoped that experiments using TIRF and FRET could be used to examine this further,
but when the FRET experiments were started it became obvious that there was something
additional to understand before continuing – the nucleobase-specific quenching (NB-S
Quench) effect.
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Chapter 4 will characterise the NB-S quench effect by
•

Comparison with existing methods

•

Modelling to explain melt curve change and direction

•

Examining pH stability

•

Investigating absorption and nearest base effects

•

Comparing structural similarities with other fluorophores

Chapter 5 will use the Nucleobase-Specific (NB-S) quenching effect to:
•

Quantify DNA concentration

•

Identify multiple target sequences

•

Amplify DNA using PCR and LAMP

•

Incorporate into a microfluidic device

Chapter 6 will examine how these may be further examined in the future.

Page 51

2. Materials and Methods

This chapter contains the methods and materials used, including protocols to calibrate the
fabricated Resistance Temperature Devices (RTDs) and surface patterning. SAW devices
are produced using Interdigitated Transducers (IDTs) which were designed then fabricated
onto lithium niobate (LiNbO3) using photolithography followed by metallisation with
titanium and platinum. Temperature was measured using Resistance Temperature Devices
which were designed and then fabricated using the photolithography method. The surfaces
were further patterned and salinized in order to produce hydrophobic and hydrophilic
patterns on the surface, allowing attachment of DNA via the linker molecule.
Fluorescence was quantified using a fluorescence microscope, automated with temperature
measurements in LabVIEW.
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2.1. Materials
Reagents chemicals were obtained from Sigma Aldrich (Dorset, UK) unless otherwise stated
in the text and below.
For microfabrication, S1818 photoresist was from Microposit (Paris, France) and M319
developer from Shipley (Marlborough, USA) and were used to pattern the substrates
lithium niobate – 3 inch, 128° Y-cut wafers from Si-Mat (Kaufering, Germany) and
superstrates of Menzel-Glaser Microscope slides and coverslips from ThermoFisher (Perth,
UK) using photolithography.
For surface chemistry, APTES - (3-Aminopropyl)triethoxysilane and PFOTS 1H,1H,2H,2H-Perfluorooctyl-trichlorosilane were from Merck (Darmstadt, Germany) and
were used to obtain a hydrophilic and hydrophobic surface respectively. Sulfo-SMCC
linker molecule - 4-(N-Maleimidomethyl) cyclohexane-1-carboxylic acid 3-sulfo-Nhydroxysuccinimide ester sodium salt (Sigma Aldrich, Dorset, UK) was used for DNA
binding.
For the microfluidic devices, PDMS (Polydimethylsiloxane) was purchased from Sigma
Aldrich (Dorset, UK).
For attaching electrical connections, Electrodag was used from Agar Scientific (Stansted,
UK) and Blackspar superglue from Hamble Distribution (Glasgow, UK).
The LiNbO3 substrates were coupled to the glass superstrates using lubricant KY Jelly
(Thornton and Ross, Huddersfield)
Unmodified DNA oligonucleotides were purchased from Eurofins (Ebersberg, Germany),
modified DNA oligonucleotides (thiolated, fluorescently labelled) were purchased from
IDT (MA, USA). PCR amplification was performed with Brilliant 3 Ultrafast qPCR
master mix with low ROX from Agilent (Stockport, UK). LAMP amplification was
performed using ISO-004nd Master Mix from Optigene (Horsham, UK).
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2.2

Buffers and Reagents

Tris-EDTA (tris(hydroxymethyl)aminomethane-ethylenediaminetetraacetic acid) pH 8.0
buffer was used from Sigma Aldrich (Dorset, UK). TE buffers of other pH were made in
the laboratory at 10x strength - 15.759 g of Tris from Sigma Aldrich (Dorset, UK), 2.92 g
of EDTA from Sigma Aldrich (Dorset, UK) were added to 800ml distilled water, then
made up to 1 l. 1 ml of this stock was adjusted to the correct pH and made up to 10ml with
distilled water for use.
PBS buffer was made in the laboratory – a 5 g PBS tablet from Gibco (MA, USA) was
dissolved in 200 ml of distilled water, pH corrected using an Edge pH meter from Hanna
Instruments (RI, USA), and then made up to 500 ml with distilled water.
Buffer pH was assured using a 2002 Edge pH Meter from Hanna Instruments (RI, USA)
and further sterilised using a fume hood UV light for 1 hour before being used.
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2.3. DNA
Chapter 3 examined the following DNA sequences in Table 2-1, from Optigene (Horsham,
UK). As is convention, all sequences are written 5’ to 3’. The DNA sequences were
designed so as to vary the length, GC content and melting temperatures.
DNA

Sequence and Modification

A

GGG CCC CAG CGC CAA CAG TCG GCG CTT GTG CGC GGC GGC
G

A-Complement

CGC CGC CGC GCA CAA GCG CCG ACT GTT GGC GCT GGG GCC
C

B

GGG CCC CAG CGC CAA CAG TCG GCG CTT GTG CGC T

B-Complement

AGC GCA CAA GCG CCG ACT GTT GGC GCT GGG GCC C

C

GGG CCC CAG CGC CAA CAG TCG GCG CTT GTG

C-Complement

CAC AAG CGC CGA CTG TTG GCG CTG GGG CCC

D

GGG CCC CAG CGC CAA CAG TCG

D-Complement

CGA CTG TTG GCG CTG GGG GCC C

Table 2-1 Sequences of designed DNA sequences A, B, C and D.

DNA attached to the surface for section 2.6.2 was ordered from IDT DNA (Iowa, USA),
with a thiol group on the primary strand to attach to the APTES via the Sulfo-SMCC linker
molecule. The complementary strand was labelled with Cy5 for imaging. Sequences are in
Table 2-2.
DNA

Sequence and Modification

Primary

GGG CCC CAG CGC CAA CAG TCG GCG CTT GTG - thiol

Complement CAC AAG CGC CGA CTG TTG GCG CTG GGG CCC – Cy5
Table 2-2 DNA used to quantify surface attachment chemistry

For the FRET experiments in section 3.4, the primary strand was labelled with Alexa488,
and the complementary strand was labelled with Alexa532 from IDT DNA (Iowa, USA) as
in Table 2-3. Alexa488 or Alexa532 were covalently attached via NHS Ester chemistry
(without additional carbon spacers). The oligo was synthesised with an amino modifier at
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either the 5’ or 3’ end, this was then tagged with the required fluorophore. Controls were
performed with unmodified DNA from Optigene (Horsham, UK). Alexa488 and 532 were
chosen as FRET pairs as previously discussed and were placed so that they would be adjacent
when the primary strand is attached to a surface.
DNA

Sequence and Modification

Primary

Alexa488 - GGG CCC CAG CGC CAA CAG TCG GCG CTT GTG - thiol

Complement CAC AAG CGC CGA CTG TTG GCG CTG GGG CCC – Alexa532
Table 2-3 Alexa488 and Alexa532-modified DNA used for FRET experiments in section 3.4

For experiments examining completely double-stranded Alexa488-modified DNA (Table
2-4) in section 4.7.1. These are completely complementary.
DNA

Sequence and Modification

C

Alexa488-GGG CCC CAG CGC CAA CAG TCG GCG CTT GTG

C-Reverse

GGG CCC CAG CGC CAA CAG TCG GCG CTT GTG-Alexa488

D

Alexa488-GGG CCC CCA GCG CCA ACA GTC G

C-Complement

CAC AAG CGC CGA CTG TTG GCG CTG GGG CCC

D-Complement

CGA CTG TTG GCG CTG GGG GCC C

Table 2-4 DNA used for the Completely Double-Stranded DNA experiments in section 4.7.1

For experiments examining completely double-stranded DNA adjacent to the Alexa488
fluorophore (Table 2-4) in section 4.7.2

DNA

Sequence and Modification

C

Alexa488-GGG CCC CAG CGC CAA CAG TCG GCG CTT GTG

1-Complement

CGA CTG TTG GCG CTG GGG CCC

C-Reverse

GGG CCC CAG CGC CAA CAG TCG GCG CTT GTG-Alexa488

2-Complement

CAC AAG CGC CGA CTG TTG

Table 2-5

DNA used for the Completely Double-Stranded Adjacent to Fluorophore

experiments in section 4.7.2.
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For experiments examining single-stranded DNA adjacent to the fluorophore (Table 2-4) in
section 4.7.2.
DNA

Sequence and Modification

3T

GGG CCC CAG CGC CAA CAG TCG GCG CTT GTG TTTAlexa488

3-Complement

CAC AAG CGC CGA CTG TTG GCG CTG GGG CCC

C

Alexa488-GGG CCC CAG CGC CAA CAG TCG GCG CTT
GTG

C-Reverse

GGG CCC CAG CGC CAA CAG TCG GCG CTT GTGAlexa488

D

Alexa488-GGG CCC CCA GCG CCA ACA GTC G

3A/B -Complement

AAG CGC CGA CTG TTG GCG CTG GGG

6A/B -Complement

CGC CGA CTG TTG GCG CTG

9A-Complement

CGACTGTTGGCGCTGGGGCCC

9B/C/D -Complement

CGA CTG TTG GCG

12 -Complement

CGC CGA CTG TTG GCG CTG

Table 2-6 DNA used for Single-Stranded DNA Adjacent to the Fluorophore experiments in
section 4.7.2.
Overview of combinations used to examine single-stranded DNA adjacent to the fluorophore
in 4.7.2 is listed in Table 2-7.
Experiment Alexa488-labelled DNA

Unlabelled Complement DNA

3A

C

3A/B -Complement

3B

C-Reverse

3A/B -Complement

3T

3T

3-Complement

6A

C

6A/B -Complement

6B

C-Reverse

6A/B -Complement

9A

C-Reverse

9A-Complement

9B

C

9B/C/D -Complement

9C

C-Reverse

9B/C/D -Complement

9D

D

9B/C/D -Complement

12

C

12 -Complement

Table 2-7 Combinations of DNA used for Single-Stranded DNA Adjacent to the
Fluorophore experiments in section 4.7.2.
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Template and primer sequences (Table 2-8) used for qPCR experiments in section 5.1.3
using Alexa488 based on modified BRAC1
DNA

Sequence and Modification

F3

TCC TTG AAC TTT GGT CTC C

Modified Alexa488-GAG TTC ATA AAG GAA TTG ATA GC
B3
Table 2-8 Modified BRAC1 sequences used in 5.1.3
Modified BRAC1 Template sequence:
1 TCCTTGAACT TTGGTCTCCC AAAATGCTGG GATTATAGAT GTGAGCCACC
1 AGGAACTTGA AACCAGAGGG TTTTACGACC CTAATATCTA CACTCGGTGG
51 TCGCCTGGCC TCTGGTTCTG TTATTATCCC AATTTCACAG ACTGGGGATA
51 AGCGGACCGG AGACCAAGAC AATAATAGGG TTAAAGTGTC TGACCCCTAT
101 CTGAAACTGT GCAGCAGAAA GATTATTAAC TTGGGAGGCA GATAGGCTTA
101 GACTTTGACA CGTCGTCTTT CTAATAATTG AACCCTCCGT CTATCCGAAT
151 GACTCAAACC CTAATCTTCC ATTTACTTAC CAACTGTGCT ATCAATTCCT
151 CTGAGTTTGG GATTAGAAGG TAAATGAATG GTTGACACGA TAGTTAAGGA
201 TTATGAACTC
201 AATACTTGAG

Overview of DNA used to derive the melting temperatures of partially single-stranded DNA
in 5.2 are listed in Table 2-9.
DNA

Sequence and Modification

C

Alexa488-GGG CCC CAG CGC CAA CAG TCG GCG CTT GTG

C-Complement

CAC AAG CGC CGA CTG TTG GCG CTG GGG CCC

-1 Complement

CAC AAG CGC CGA CTG TTG GCG CTG GGG CC

-2 Complement

CAC AAG CGC CGA CTG TTG GCG CTG GGG C

-3 Complement

CAC AAG CGC CGA CTG TTG GCG CTG GGG

-4 Complement

CAC AAG CGC CGA CTG TTG GCG CTG GG

-5 Complement

CAC AAG CGC CGA CTG TTG GCG CTG G

-6 Complement

CAC AAG CGC CGA CTG TTG GCG CTG

Table 2-9 DNA used for experiments to derive the melting temperature of partially singlestranded DNA in section 5.2
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For experiments throughout Chapter 5 is listed in Table 2-10, BRCA1 DNA and unmodified
template.
DNA

Sequence and Modification

F3

Alexa488-TCC TTG AAC TTT GGT CTC C

F3-Complement

GGA GAC CAA AGT TCA AGG A

B3

Alexa488-CAG TTC ATA AAG GAA TTG ATA GC

B3-Complement

GCT ATC AAT TCC TTT ATG AAC TG

LPR5F

Alexa488-AGG CAG ATA GGC TTA GAC TCA A

LPR5F-Complement

TTG AGT CTA AGC CTA TCT GCC T

LPF5B

Alexa488-AGA ACC AGA GGC CAG GCG AG

LPF5B-Complement

CTC GCC TGG CCT CTG GTT CT

FIP

Alexa488- ATC CCC AGT CTG TGA AAT TGG GCA AAA
TGC TGG GAT TAT AGA TGT

FIP-Complement

ACA TCT ATA ATC CCA GCA TTT TGC CCA ATT TCA
CAG ACT GGG GAT

BIP

Alexa488- GCA GCA GAA AGA TTA TTA ACT TGG GAG
TTG GTA AGT AAA TGG AAG A

BIP-Complement

TCT TCC ATT TAC TTA CCA ACT CCC AAG TTA ATA
ATC TTT CTG CTG C

Table 2-10 DNA used for Chapter 5 experiments, including BRAC1 primers

Unmodified BRCA1 template sequence
1 TCCTTGAACT TTGGTCTCCC AAAATGCTGG GATTATAGAT GTGAGCCACC
1 AGGAACTTGA AACCAGAGGG TTTTACGACC CTAATATCTA CACTCGGTGG
51 TCGCCTGGCC TCTGGTTCTG TTATTATCCC AATTTCACAG ACTGGGGATA
51 AGCGGACCGG AGACCAAGAC AATAATAGGG TTAAAGTGTC TGACCCCTAT
101 CTGAAACTGT GCAGCAGAAA GATTATTAAC TTGGGAGGCA GATAGGCTTA
101 GACTTTGACA CGTCGTCTTT CTAATAATTG AACCCTCCGT CTATCCGAAT
151 GACTCAAACC CTAATCTTCC ATTTACTTAC CAACTGTGCT ATCAATTCCT
151 CTGAGTTTGG GATTAGAAGG TAAATGAATG GTTGACACGA TAGTTAAGGA
201 TTATGAACTG
201 AATACTTGAC
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2.4. Equipment
For microfabrication, equipment included a Headway Research (Texas, USA) PWM32
spinner for applying resist, a mask aligner from Microtec UV MA6 from Karl Suss
(Andover, UK), Plasmafab505 plasma asher from Electrotech (Bristol, UK) and Plassys
MEB 400S Electron Beam Evaporator from UK Photonics (Glasgow, UK).
For SAW experiments, the frequency response of fabricated IDTs were extracted with an
E5071C ENA series network analyser from Agilent Technologies (California, USA), and
the frequency provided by a TG5011 function generator from Aim-TTi (Huntingdon, UK)
and a ZHL-5W-1 amplifier from Mini-circuits (New York, USA).
Microfluidics experiments required two New Era 1000 Syringe Pumps (NY, USA) and µSlide 4 wells with glass bottom from Ibidi (Planegg, Germany).
For the both fluorescence measurements a Grasshopper 3 monochrome camera was used
from FLIR (Kent, UK).
For temperature measurements a Type J Thermocouple was from Omega, (Manchester,
UK) was used in conjunction with a TC-08 Thermocouple Data Logger from Pico
Technologies (St Neots, UK), whilst the resistance of fabricated RTDs was measured using
a USB-4065 Digital Multimeter from National Instruments (Berkshire, UK).
The microscopes used were a Scope A1 (upright, used most experiments) or the Axio
Observer Z1 (inverted, used in TIRF experiments) both from Zeiss (Jena, Germany).
For DNA experiments, concentration was quantified using a Nanodrop 1000 from
Thermofisher (MA, USA) and size/mass quantified using a Bioanalyzer 1000 from Agilent
(Stockport, UK). DNA amplification and melt curve analysis was performed in the 7500
FAST qPCR machine from Applied Biosystems (CA, USA). Absorbance was measured
using a Synergy HTX Absorbance Reader from Biotek (VT, USA). The pH of buffers was
measured using a 2002 Edge pH Meter from Hanna Instruments (RI, USA).
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2.5. Methods
2.5.1. Microfabrication of IDTs, RTDs and Microfluidic Devices
2.5.1.1.

Interdigitated Transducers (IDTs)

An Interdigitated Transducer (IDT) for a low frequency was designed for ultrasonic
generation with a finger gap of 225µm which should work at 4.41MHz, with the parameters
listed in Table 2-11 and illustrated in Figure 2-1. The wavelength of the resultant SAW
depends on distance between each IDT finger (kept constant) and the speed of sound on
lithium niobate (LiNbO3) of 3995ms-1 [6,45,127].

Frequency

4.407 MHz

Number of fingers

30

Finger width

225 µm

Finger gap

225 µm

Finger length

700 µm

Aperture

10000 µm

Contact pad width

3000 µm

Gap to contact pad

300 µm

Table 2-11 Design parameters for fabricated IDTs, including frequency.

Contact pad - 3000 µm

Finger width - 225 µm
Finger gap - 225 µm

Gap to contact pad - 300 µm

Aperture - 10000 µm
Figure 2-1 Figure showing IDT design parameters aperture (10000 µm), gap to contact pad
(300 µm), contact pad (3000 µm), finger width (225 µm) and finger gap (225 µm).
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IDTs were fabricated on 128-Y cut 3inch LiNbO3 wafers (Si-Mat, Kaufering, Germany) in
the University of Glasgow’s James Watt Nanofabrication Centre. The LiNbO3 was cleaned
in sonicator (3min acetone, 3min methanol, 3min IPA) and ashed in a Plasmafab505 plasma
asher (Electrotech, Bristol, UK) for 2min at 100W) to remove organic contamination.

S1818 photoresist (Microposit, Paris, France) was applied by spinning (30seconds,
4000rpm) which should result in an 18nm layer as per manufacturers protocols, dried on a
hotplate (1min, 80°C) and patterned (4-6seconds) using UV light on Karl Suss Microtec
MA6 (UK) through a predesigned acetate mask.

The pattern was developed using M319 developer (Shipley, Marlborough, MA) for 75
seconds, washed with RO water and dried using nitrogen before being cleaned in a
Plasmafab505 plasma asher (Electrotech, Bristol, UK) for 2min at 100W to clean the surface
to allow metal deposition [45,128].

10nm of titanium and 100nm of platinum were coated using Plassys MEB 400S Electron
Beam Evaporator (UK Photonics). Samples were cleaned again as above to remove
remaining S1818, and metal bound to the resist.

2.5.1.2 Surface Acoustic Waves (SAW)
Working frequencies were extracted using an Agilent Technologies E5071C ENA series
network analyser. Microscope coverslip superstrate with calibrated RTDs were coupled to
the LiNbO3 substrate with KY Jelly (Thornton and Ross, Huddersfield) and electrical
connections were made using Electrodag (Agar scientific, UK) and superglue (Blackspar,
Hamble).

The LiNbO3 was fixed with thermal paste to a copper heatsink to avoid

overheating. A TTi TG5011 function generator was attached to a Mini-circuits ZHL-5W-1
amplifier to provide the signal for the IDT.
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2.5.1.3.
Fabrication

Resistance Temperature Devices (RTDs) Design and

Preliminary experiments used thermocouples (type J) to measure temperatures but when it
was found that SAW waves disrupt thermocouples (, it was decided to use Pt100 Resistance
Temperature Devices [129,130].

100 µm width

1000µm

Sample droplet
position, 5 mm
diameter

Figure 2-2 Mask design for resistance temperature device (RTD). The width of the smallest
feature is 100 µm. This mask was used during photolithography, the coloured area remains
clear from resist allowing metal (10nm titanium, 100nm platinum) to be deposited

RTDs were fabricated onto 128-Y cut 3-inch LiNbO3 wafers, microscope slides or coverslips
in the University of Glasgow’s JWNC clean room facility. The substrate was cleaned in
sonicator (3 min acetone, 3 min methanol, 3 min IPA) then 18nm (not measured, as per
Microposit protocols) of S1818 photoresist (Microposit, Paris, France) was applied by
spinning (30 secs, 4000rpm), dried on a hotplate (1 min, 80°C) and patterned (4-6 secs) using
UV light on Karl Suss Microtec MA6 (UK). The pattern was developed using M319
developer (Shipley, Marlborough, MA) for 75 secs, washed with RO (Gibco, UK) water and
dried before cleaned in a plasma asher (2 min, 100W). 10nm of titanium and 100nm of
platinum were coated using Plassys MEB 400S Electron Beam Evaporator (UK Photonics).
Samples were cleaned again as described above to remove the S1818, and any metal bound
to the resist, cycled between room temperature and 200°C in an oven. Resistance readings
were taken using a National Instruments USB-4065 digital multimeter (Berkshire, UK) at
25°C, as shown in Figure 2-15. As stated, RTDs and IDTs on LiNbO3 were fabricated at
the same time for some experiments.
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2.5.1.4.

RTD Calibration

Several strategies were devised to calibrate the RTD against a Type J thermocouple, three
were examined and termed “Slow”, “Hot Quick” and “Quick Cool”. For all strategies 20µl
of mineral oil is pipetted onto the substrate on the RTD and the thermocouple tip is then
carefully positioned within the mineral oil but not in contact with the surface. Additional
data points will always result in increased accuracy and require increased time. Heating
LiNbO3 repeatedly strains the structure of the substrate inducing cracks and breaks, so
cooling for calibration was proposed using the Peltier module. Each experiment relied on
20-30 cycles, if the “Slow” calibration were performed in between every cycle then each
experiment would take 3-4 days of continuous heating and cooling, severely reducing the
viability of the DNA, reporter molecules and LiNbO3. The Peltier can cool to 10-15°C below
room temperature after which additional power input results in heating which overcomes the
cooling, raising the temperature of the system.

For the “Slow” calibration method temperatures of between 10°C and 110°C are used, with
the calibration taking around 2-3 hours(Figure 2-18 A). The Peltier was used to slowly cool
the substrate to as close to 10°C as possible before being heated to 110°C, at a rate of ~2°C
per minute. Whilst this is accurate, a quicker calibration method was investigated so that
the calibration could be checked after and between experiments.
For the “Hot Quick” method the substrate is quickly heated to around 100°C at experimental
power settings by turning the Peltier on to maximum heating (12.5V, 2Amp). Once the
thermocouple shows the temperature was around 100°C the Peltier connections were
reversed and maximum cooling (12.5V, 2Amp) used to return the chip to ambient
temperatures.
This compared favourably with the slow method, but fast heating and cooling cycles are
known to stress LiNbO3 resulting in breaking of the substrate, so this method is not best for
the longevity of the test chip.
Another method, termed Quick Cool, was devised where the chip was slowly cycled between
room temperature and 10-15°C below room temperature repeatedly (Figure 2-18 B). This
reduced stress on the chip, was significantly faster at around 20 minutes than the slow
method, and gave a calibration that was at most within 0.45ºC (0-100ºC), 0.3ºC of the
relevant melting temperatures (70ºC-80ºC), of the Slow method (Figure 2-19).
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2.5.1.5.

Microfluidic Devices

Microfluidics experiments were performed with upright microscope described in 2.4, the
5ml syringes were pumped using New Era Syringe Pump (Farmingdale, NY).

First Generation:
A 100µl volume open well type device was built, using one well of a “µ-Slide 4 well” with
glass bottom (Ibidi, Germany). Outflow from the open well to a pump was added just
above the base (~2mm) of the well. Temperature was measured using a type-J
thermocouple inserted into the channel. DNA was attached to an 8mm by 8mm coverslip
(ThermoFisher, UK) as per the protocol in section 2.5.2 and placed on the bottom of the
well. This open well design was chosen due to ease of use - the thermocouple could be
placed within the well, flow rate could be controlled, and the DNA sample could be easily
placed in the well.

Figure 2-3 Figure showing the construction of the First Generation microfluidic device
(image modified with permission from Ibidi).

Page 65

TE buffer (pH 7.8) was flowed into the well at a rate of 20 µl/min by a New Era 1000
Syringe Pump (NY, USA). After 5min the pump to remove the buffer from the well was
started, also at a rate of 20µl/min, in order to keep the volume of buffer in the system at
100µl. This was run for 10 minutes at the beginning so that the volume in the chamber was
steady and non-specifically bound DNA would be extracted to the waste outlet.

Once the experiment was begun, every 10 minutes the drainage pump was paused for a
minute and 20µl samples were removed by pipette from the well before the drainage pump
was restarted, allowing sampling of the buffer at these time points. Each sample was split
into 2 so that DNA concentration of these samples was measured on 10µl with the
ThermoFisher Nanodrop 1000, melt curves performed 10µl with 1µl EvaGreen to look for
double stranded DNA on the ABI 7500 PCR machine, and melt curves with the nonlabelled probe strand with EvaGreen to look for single-stranded DNA again with the ABI
7500 PCR machine.
3 control samples were taken at 10, 20, 30 minutes. At 40 minutes the inflow pump was
paused for 30 seconds and 10µl of 100µM unlabelled complementary strand was added so
that the final concentration of the complementary DNA in the well was 10µM / 9.21µg
(MW 9210). The well was heated using a Peltier module, varied up to 2amp / 10volts until
the temperature reached 95°C. During the control experiments it was noted that the
heating was relatively rapid, and so this was slowed down and better controlled in the final
experiments.

Second Generation:
A single input and single output PMDS microfluidic device was designed with a 1 cm2
chamber in the middle where the 8 mm by 8 mm coverslip with DNA attached (as in the
first generation) was placed, as per published protocols [131–134]. The PDMS device was
fabricated from a mould that was formed by photolithography – silicon wafer was cleaned
as above, then a 50µm layer of SU8-3050 was patterned with UV by an MA6 (Karl Suss,
UK), developed in Microposit EC solvent (Shipley, MA, USA) and silanised using PFOTS
(Sigma Aldrich, UK).
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Figure 2-4 Illustration of the design of the Second Generation microfluidic device showing
the inflow connection (1), the outflow (2), and the 1cm2 reaction chamber shown by a dotted
line.

The resultant PDMS device and a microscope slide were cleaned for 5 minutes at 100W in
a Plasmafab505 plasma asher (Electrotech, Bristol, UK), before bonding these together the
DNA coverslip was introduced in between the microscope slide and the PDMS device.
The chamber was filled with TE pH 7.8 buffer, then washed through with the same buffer
at a rate of 20µl/min for several minutes, whilst the outflow was collected.
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2.5.2. Surface Patterning Chemistry
2.5.2.1.

Hydrophobic and Hydrophilic Surface Patterning

The surface was patterned to keep the sample only on top of the RTD without spreading
across the whole surface to ensure accurate temperature readings. A hydrophobic silane,
PFOTS 1H,1H,2H,2H-Perfluorooctyl-trichlorosilane (MERCK, UK) [50,135–138], and a
hydrophilic silane APTES (3-Aminopropyl)triethoxysilane (MERCK, UK) [137,139–142]
were chosen based on previous work [50,135–137,139,141,142] and the structures are shown
below in Figure 2-6 and Figure 2-5. APTES allows DNA attachment using a linker molecule
to thiolated DNA as discussed below in section 2.5.2.2

Figure 2-5 Chemical structure of PFOTS

Figure 2-6 Chemical structure of APTES

silane

silane

1H,1H,2H,2H-Perfluorooctyl-

(3-Aminopropyl)

triethoxysilane

trichlorosilane (reproduced from MERCK,

(reproduced from MERCK, UK).

UK). The trichloro binds the molecule to

triethoxy binds the molecule to glass and

glass and lithium niobate, whilst the 13

lithium niobate whilst the amino group is

fluorine molecules are exposed above,

exposed

creating a highly hydrophobic environment.

environment. The amino group is also used for

creating

a

highly

The

hydrophilic

DNA attachment via the Sulfo-SMCC linker
molecule (see section 0)
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Samples were patterned as described in sections 2.5.1.1 – 2.5.1.3 with s1818 photoresist
(Microposit, Paris, France), plasma ashed (2min, 100W). 5µl of silane was placed with the
sample in a vacuum desiccator for one hour, after which the sample was incubated at 60°C
to encourage cross-linking monolayers. The sample was then cleaned by washing in acetone
for 3 min, methanol for 3 min, IPA for 3min and RO water for 3 min, then dried using N2
gas.

These experiments required a hydrophilic circle with a 5mm diameter on the superstrate to
keep the droplet in place and enable DNA binding. If the hydrophobic silane PFOTS is
applied first, no further patterning with S1818 can occur – the high hydrophobicity results
in a near-complete loss of S1818 resist when it is subsequently spun on to coat the surface.

The cleaned surface (as described above) was silanised with APTES, and a 5mm diameter
circle was patterned above this with S1818 to protect the APTES underneath. As APTES is
hydrophilic, this resulted in a slightly thicker layer of S1818 resist, requiring a longer (6.5
seconds) MA6 exposure and additional (90 secs) development time.

After this the APTES around the circle was removed by ashing (2W, 60 secs) which did not
significantly degrade the S1818 circle, and the surface was silanised with PFOTS as
described above. Lastly the superstrate was cleaned as described above, removing the
S1818, leaving a 5mm diameter hydrophilic circle surrounded by a hydrophobic surface.
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2.5.2.2.

DNA Attachment Chemistry

Thiolated DNA was attached to APTES on the surface of the glass superstrate via a SulfoSMCC linker, sequences detailed in Table 2-2. A 5mm diameter circle patterned using
S1818 photolithography as described in section 2.5.1.1 before being silanised with PFOTS
and APTES as described in section 2.5.1.3. Sulfo-SMCC sulfosuccinimidyl 4-(Nmaleimidomethyl)cyclohexane-1-carboxylate (ThermoFisher, Cambridge, UK) was used
as a linker as per literature [15,143–146] and shown in Figure 2-7.

1mM sulfo-SMCC (ThermoFisher, Cambridge, UK) PBS pH 9.0 solution was incubated
where the APTES is bound for 2 hours. Unbound linker was rinsed off with 3 washes of
PBS. 10µl of 10µM thiolated DNA in 7.8pH TE buffer (Merck, UK) was then incubated
for 2 hours at 4°C. The sample was then rinsed 3 times with additional TE buffer to
remove unbound DNA. 10µl of 10µM Cy5-labelled complementary DNA in 7.8pH TE
buffer (Merck, UK) was then incubated for 30 minutes at 4°C, unbound DNA was rinsed
off with TE buffer as before. This protocol was based on ThermoFisher Sulfo-SMCC
manual, and antibody attachment protocols [147,148]. To ensure DNA binding chemistry,
controls were performed using DNA with a Cy5 fluorescent tag that could be imaged.

For DNA attached to the 8 mm by 8mm microscope slide coverslip for the microfluidic
devices in section 2.5.1.5 the surface was only silanised with APTES without prior S1818
patterning as a circle was not required to keep a droplet in place. DNA for the microfluidic
devices was thiolated at the 5’ end and labelled with Alexa488 fluorophore on the 3’ end
and attached as above.
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(1)

(1)
APTES attached to substrate

(2)

(2)

Sulfo-SMCC
linker added
(3)

(3)
Thiolated
DNA binds
Figure

2-7

DNA

attachment

using

Sulfo-SMCC

sulfosuccinimidyl

4-(N-

maleimidomethyl)cyclohexane-1-carboxylate (ThermoFisher, Cambridge, UK) and
APTES (3-Aminopropyl)triethoxysilane (MERCK, UK). Step 1 is to bind the APTES
to the substrate (glass or LiNbO3. Step 2 joins the Sulfo-SMCC to the APTES/surface.
Step 3 binds the thiolated DNA.
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2.5.3. DNA design, melt curves, amplification
2.5.3.1.

DNA design

The melting temperature (Tm) of DNA is dependent on the length and sequence (GC content,
mismatches/insertions/deletions). Unmodified DNA was ordered from Optigene (Horsham,
UK), see Table 2-12 and Table 2-1. Modified DNA was ordered from IDT DNA (Iowa,
USA) and were thiolated for surface attachment, the complementary strand was labelled with
Cy5, FITC, ATTO488 or Alexa488 for quantification.

Name

Melting Temperature (predicted)

GC Content (%) Bases Mass (Daltons)

A

84.7

80

40

27120

B

79.6

74

34

23030

C

62.2

73

30

20320

D

40.0

76

21

14230

Table 2-12 Predicted melting temperature, GC content, length and estimated mass
(GC+backbone = 680Da, AT+backbone = 670Da)

2.5.3.2.

Software Predicted DNA Melt Curves

Melting of DNA oligonucleotides A, B, C and D (Table 2-12 and Table 2-1) were predicted
using uMelt (University of Utah, v2.0.2) software based on sequence [149]. Sequence and
conditions are used to calculate relative helicity with respect to temperature. Calculations
used Weber (Bioinformatics, 2015) thermodynamic set, 20mM monovalent cation
concentration, 3mM Mg2+ concentration, 0% DMSO and Owczarzy (2008) salt correction.
To predict the melt curves with differing salt concentrations, the monovalent cation
concentration was set to 10mM, 20mM, 50mM, 100mM and 200mM.
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2.5.3.3.

Measured DNA Melt Curves

ABI 7500 controls
Melt curves and melting temperatures (Figure 2-25) were obtained using the 10µl of 10µM
DNA in pH 7.8 TE buffer on an ABI 7500 real time fast PCR (ThermoFisher, UK) machine
using 7500 software v2.0.6 using EvaGreen as the reporter molecule [14,150]. EvaGreen
controls included 1µl of 20x EvaGreen. The temperature was increased by 1°C per minute
from 20°C to 95°C with three readings taken per °C. DNA was ordered through Eurofins
EU and was rehydrated with ThermoFisher Nuclease Free water.
These experiments act as a control for the experimental setup which uses droplet
fluorescence microscopy with a calibrated RTD to measure temperature and are analysed
using OriginPro sigmoidal curve fitting. If the results from the fluorescence microscope
using the Peltier module had differed significantly from those found with the commercial
PCR machine, then further improvement and validation would be required before it could
be used for SAW.

Peltier module controls
Melting temperatures (Figure 3-6) of 1µl of 10µM DNA with 10µM EvaGreen as the reporter
molecule in 20µl of mineral oil detailed in the materials and methods on the upright
microscope (section 2.4).

Samples were heated using a Peltier module (5W).

All

measurements were taken using the automated LabVIEW program, and subsequently
analysed using Origin2016 sigmoidal curve fitting and peak identification. Peltier heating
controls can be performed between SAW heating to ascertain if there are permanent changes
to the DNA due to SAW.

2.5.3.4.

OriginPro Curve Fitting of Measured Melt Curves

OriginPro (2016) was used to plot and analyse the data produced by the fluorescence
microscopes. As DNA transitions between two states – dsDNA and ssDNA – the PoissonBoltzmann equation is used. The Sigmoidal fit function is used to align a Boltzmann curve
to the melt data, and the 1st derivative plotted to allow melt peak melting temperature
identification. OriginPro Peakfinding feature was used to identify peaks and calculate
statistics on area.
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2.5.4

DNA Amplification
2.5.4.1.

PCR

100µM primers and 1ng/µl template DNA were ordered from Eurofins (Hamburg,
Germany). 0.2µl of the forward primer (100µM), 0.2µl of the reverse primer (100µM) and
5µl of template DNA (1 ng / µl) all from Eurofins (Germany) were added to 15µl of
Mastermix (Brilliant 3 Ultrafast qPCR master mix with low ROX, Agilent, UK) with an
additional 0.6µl of TE buffer (pH7.8) to give a final volume of 30µl per reaction. To
amplify the DNA by PCR, a denaturing step at 95°C for 1 min was followed by 20 cycles
of the PCR steps (60°C for 20sec for primers to anneal, 72°C for 1 min for DNA extension,
95°C for 20 secs to melt DNA strands) with the fluorescence quantified each cycle.
Afterwards amplification a melt curve from 25 to 95°C (1°C increase per min, 3
fluorescence readings per °C) was performed. Both the amplification and melt curve were
performed in the ABI 7500 Fast PCR Machine (ThermoFisher, UK) [27].

2.5.4.2.

LAMP

100µM LAMP primers and 1ng/µl template DNA were ordered from Eurofins (Hamburg,
Germany). The primer concentrations were originally based on previous literature
concentrations. These primers were further varied in pairs, F3 with B3, FIP with BIP,
LPR5F with LPF5B, to confirm that they are optimum – defined as the time for the
amplification curve to reach the midpoint between the start of amplification and the end of
amplification. The following volumes were used for the BRAC LAMP Primer Mix: 0.2µl
F3, 0.2µl B3, 0.8µl FIP, 0.8µl BIP, 1.0µl LPR5F, 1.0µl LPF5B. This BRAC LAMP Primer
Mix (total volume 4µl) was added to 5µl Template DNA (Eurofins, Germany), 15µl Master
Mix (ISO-004nd, Optigene, UK) with 1.0µl dH2O (Agilent, UK) to give a final reaction
volume of 30µl. To perform amplify the DNA by LAMP, this was heated at 60°C for 20
min, with fluorescence quantified every minute.
Afterwards amplification a melt curve from 25 to 95°C (1°C increase per min, 3
fluorescence readings per °C) was performed. Both the amplification and melt curve were
performed in the ABI 7500 Fast PCR Machine (ThermoFisher, UK) [41].
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Further analysis to quantify the concentration of the final product was performed on the
Nanodrop (ThermoFisher, UK), and the size and concentration of products was also
examined using the Agilent 2100 Bioanalyzer (1µl sample run on DNA 1000 kit)

2.5.5. Fluorescence and Absorbance

2.5.5.1.

Fluorescence Microscopy

An upright Scope A1 microscope from Zeiss (Jena, Germany) with a 20x objective (NA0.4)
was used for all experiments apart from TIRF. The TIRF experiments were performed with
an Axio Observer Z1 inverted microscope from Zeiss (Jena, Germany) with a 20x objective
(NA0.4), connected to a Coherent (CA, USA) 0.45µm laser. Both microscope systems
quantified fluorescence with the Grasshopper 3 monochrome camera (FLIR, UK).
Temperature measured with a calibrated RTD device. Fluorescence and temperature were
both recorded using LabVIEW and the melt curves analysed using OriginPro (2016).

2.5.5.2.

Absorbance

10 µM DNA were prepared in 7.8pH TE buffer. Melt curves were confirmed using Applied
Biosciences 7500 Fast PCR machine as a control.

The absorbance (5 replicates of 1µl

sample) was measured in 1nm steps from 400-600nm using Synergy HTX Absorbance
Reader from Biotek (VT, USA). Readings were calibrated relative to 400nm and an average
spectrum from the 5 replicates produced using OriginPro2016. OriginPro2016 was also used
to measure peak height, peak wavelength, and area under the peak.
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2.5.6. LabVIEW Automation
In order calculate DNA melt curves, precise measurements of temperature and fluorescence
were automated with LabView (2016) using the Zeiss inverted microscope, Grasshopper 3
camera (FLIR, UK), TC-08 thermocouple adapter (Pico, UK) and NI 4065 USB multimeter
(NI, UK). In order to calibrate the RTDs against a type-J thermocouple (Omega, UK), and
perform the experiments, a program was written in LabView to automate this and save the
data for analysis (see interface in Figure 2-8).

File save location

Fluorescence variables

RTD Calibration

Temperature
Variables

Errors

Figure 2-8 Interface of the LabView software written to automate the calibration and
experiments for this thesis. The RTD resistance and Thermocouple Temperature are used
for calibration, once this is achieved the calibration can be set (“Gradient” and “minus”)
so that for experiments the RTD Temperature is automatically calculated. These variables
are combined with the fluorescence variables and saved as a spreadsheet file.
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In order to measure temperature, the Type-J Thermocouple was connected to a TC-08 USB
data logger was interfaced using the manufacturer’s LabView program, the thermocouple
temperature is sampled every 100ms and this variable was made available on the interface
and saved as part of the experimental results file. The resistance from the USB resist meter
is recorded using NI-DMM/Switch Express at intervals of 100ms, variables and formula
were added so that, once calibrated, the correct RTD temperature is automatically calculated
on the interface (Figure 2-9).

Figure 2-9 Resistance from the RTD is saved as a variable, processed with the calibration
data (“Resistance” and “minus”), so that the RTD temperature is available on the interface.
This is also exported to the spreadsheet.

For fluorescence, NI Vision Builder 2014 was used to create the subroutine to collect 100
fluorescence readings per second, which were converted into monochrome to allow the total
fluorescence across the image, minimum pixel values, maximum pixel values (to ensure that
no pixels are saturated) and standard deviation to be extracted from each frame (Figure 2-10).
These variables are available directly to the experimenter and are also saved as part of the
final experiment results file. Colour video is available, and images can be saved directly
from the interface (Figure 2-8).
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Figure 2-10 Portion of the NI Vision Builder visual inspection loop, showing extraction per
frame of the total fluorescence (Total Intensity), minimum pixel values (Min), maximum
pixel value (Max) and the Standard Variation.

Last, all the variables were collated and exported with the time onto a spreadsheet file
specified by the user on the interface (Figure 2-11).

Figure 2-11 LabView program subroutine showing collation of variables and
export to a spreadsheet for further analysis
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2.5.6. Modelling of Binding Fluorescence and Melt Curves in OriginPro
Modelling was performed in OriginPro (2016). The reduction in fluorescence when heat is
applied was seen to be 20±2% during single-stranded DNA experiments, so this was used as
the basis between 0-100°C. The melting point was set at 50°C, with a 20% reduction as seen
in experiments between 40-60°C. For this, a sigmoidal curve was produced using the curve
fitting function, with close resemblance to those seen experimentally. Ratios were produced
by averaging the base-line heat fluorescence with the simulated melt curve – for example,
double-stranded 1:2 is the average of one double-strand model and 2 single-strand model.
The derivatives of the simulated curves were analysed using OriginPro, peak height and peak
area measured.

2.6. Results
2.6.1. Microfabrication of IDTs, RTDs and Microfluidic Devices
2.6.1.1 Interdigitated Transducers (IDTs)
IDTs were fabricated individually (Figure 2-13) and combined with RTDs (Figure 2-14),
with a success rate of 84%, which worked as designed at 4.4±0.4MHz, Figure 2-12. In the
literature, IDTs are usually fabricated with gold and RTDs with platinum, in order to
fabricate both with a single step it was decided to focus on fabricating both with platinum.

Figure 2-12 Frequency response of a fabricated
IDT extracted using an Agilent Technologies
E5071C ENA series network analyser.

The

graph shows the 4.4 MHz frequency the IDT was
designed for, and the resonant frequency
~12Mhz that was used for SAW.
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Figure 2-13 Gold IDT fabricated onto
LiNbO3. Early training used gold for the
metallisation step, although for this thesis
all IDTs used were platinum as the
intention would be to fabricate both the
IDT and RTD in a single step as in Figure
2-14.
1 cm
Figure 2-14 Platinum RTD and IDT
LiNbO3

fabricated onto LiNbO3. The IDT and RTD
were patterned together using a single

RTD

S1818 photolithography step by combining
the RTD designs and IDT design onto a
single mask. Metallisation occurred in a

IDT
1 cm

single step, with both the RTD and IDT
produced with 10nm of titanium and then
100nm of platinum.

2.6.1.2.
fabrication

Resistance Temperature Device (RTDs) design and

The resistance of the fabricated RTD is limited by the smallest width produced by
photolithography (see Figure 2-2), assuming that the depth and quality of metal deposited
during metallisation is equal over the sample. Each RTD requires calibration as in practice
the resistance of the fabricated RTDs at 25°C vary by ±7.8% (Figure 2-15). RTD designs
were patterned on to the photolithography mask so that fabrication could be achieved at the
same time as the IDTs were fabricated (Figure 2-14). Stages of fabrication are shown below,
with a fabricated RTD in Figure 2-16, and an RTD after silanisation with APTES with S1818
circle to protect the sample droplet area in Figure 2-17.
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800

Figure 2-15 Resistance variation of fabricated Pt100
RTDs at 25°C.

Resistance (Ω)

600

RTDs were fabricated using

photolithography and 10nm of titanium and 100nm of
platinum deposited. Resistance was measured using

400

National Instruments USB-4065 Digital Multimeter
200

0

Pt100 RTD

Figure 2-16 Pt100 RTD fabricated on a
microscope coverslip.

1 cm

Figure 2-17 Pt100 RTD fabricated on a
microscope coverslip with 3mm diameter circle
of S1818 over the tip of the RTD. The RTD
was

patterned

with

photolithography,

metallised (10nm Ti, 100nm Pt) then silanised
1 cm

S1818 circle

with APTES. S1818 was patterned to protect
the APTES to constrain sample droplet and
allow DNA attachment.
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2.6.1.3.

RTD Calibration

For experiments in this thesis new RTDs were first calibrated using the Slow method and
this was validated regularly using the Quick Cool method (both described fully in 2.5.1.4).
The substrate would break if stressed by repeatedly and quickly changing temperatures, so
alternative methods were devised which did not result in broken substrate.

B

Temperature (°C)

Temperature (°C)

A

RTD Resistance (Ω)

RTD Resistance (Ω)

Figure 2-18 Slow (A) and Quick Cool (B) calibration methods showing
experimental data (black squares) and extrapolated linear fit (black dashed line).
Experiments were performed in 20µl of mineral oil using the Peltier and
thermocouple/RTD setup described previously.

Linear fit performed with

OriginPro. Pearson’s R of Slow Calibration is 0.999, Quick Cool is 0.995.
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Figure 2-19 Comparison of calibration strategies showing alignment of the two
calibration methods, “Slow” (black) and Quick Cool (red).

2.6.2. Surface Patterning Chemistry
2.6.2.1 Hydrophobic and Hydrophilic Surface Patterning
The hydrophobicity of glass and LiNbO3 was increased after silanisation to become
significantly more hydrophobic, Figure 2-21 and Figure 2-20. For glass, silanisation
increased the contact angle from 26.2°±3.8 to 105.8°±7.2. For lithium niobate, the contact
angle increased from 28.9°±3.6 to 102.7°±7.4.
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***

120

Contact Angle (°)

100
80
60
40
20
0
Glass

Lithium Niobate
Clean

Glass

Lithium Niobate
Silanised

Substrate

Figure 2-20

Comparing the hydrophobicity of glass and LiNBO3 with and without

PFOTS silanisation. Images of 1ul water droplets taken using Kruss Easydrop DSA25
(Hamburg, Germany) and contact angles analysed using FIJI DropSnake. 6
measurements were taken for each, error bars show standard deviation.

T-tests

determined that the silanised substrates were significantly different, Glass P=6E-06,
Lithium Niobate P=1E-06. P<0.001 shown by ***.
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LiNbO3

Non-silanised

Glass

24º

B

27º

C

110º

D

105º

PFOTS-silanised

A

Figure 2-21 Comparison of hydrophobicity of non-silanised glass (A), non-silanised LiNbO3
(B), silanised glass (C) and silanised LiNbO3 (D) substrates. Images of 1µl RO water
droplets taken using Kruss Easydrop DSA25 (Hamburg, Germany) and contact angles
analysed using FIJI DropSnake.
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2.6.2.1.

DNA Attachment Chemistry

5 regions in an unsilanised control were averaged to give Figure 2-22, showing high
fluorescence in the DNA attachment circle with an RFU of 87±3 and showed minimal
background fluorescence of 9±1 due to DNA sticking to the glass surface. Full sequences

Relative
Flourescence Units
(RFU)

are in Table 2-2.

***

100
80
60
40
20
0

Background
Region

Sample

Figure 2-22 Relative fluorescence of the DNA attached to the surface with APTES and
Sulfo-SMCC (Sample) compared to an unsilanised control (Background). Fluorescence
measured in the Cy5 channel. P=2E-13, shown by ***

2.6.3. Software Predicted DNA Melt Curves
Melt curves for the DNA oligonucleotides were simulated using uMelt (University of Utah,
v2.0.2) software (Figure 2-23), including with a range of cation concentrations to examine
the effect of pH changes (Figure 2-24).

Figure 2-23 Melt curves of DNA oligonucleotides A (red), B (yellow), C (green)
and D (blue) simulated using uMelt.
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A

B
Figure 2-24 Melting curves of DNA A (A) and D (B) predicted using uMelt (University of
Utah, v2.0.2) software based on sequence with varying monovalent cation concentrations,
(left to right) 10mM, 20mM, 50mM, 100mM and 200mM. Calculations used Weber
(Bioinformatics, 2015) thermodynamic set, varying (10mM-200mM) monovalent cation
concentration, 3mM Mg2+ concentration, 0% DMSO and Owczarzy (2008) salt correction.
Datasets visualised using OriginPro. Note that the melting temperature Tm is defined as the
point where 50% has melted.
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2.6.4

ABI 7500 Fast PCR Machine Controls

Melting temperatures (Figure 2-25) were obtained using the 10µl of 10µM DNA with 10µM
EvaGreen on an ABI 7500 real time fast PCR machine using 7500 software v2.0.6 [14,150].

Melting Temperature (°C)

ANOVA Tukey analysis and T tests confirmed that each are significantly different, P<0.001.
***

100

***

***

80
60
40
20
0
A

B

C

D

DNA
Figure 2-25 Melting temperatures of 20 replicates of 10µl of 10µM DNA A (red), B(yellow),
C(green) and D(purple) in Tris EDTA pH 7.8 buffer derived on ABI 7500 using EvaGreen
as a reporter molecule. Error bars show standard deviation. P<0.001 shown by ***.

Figure 2-26 – ANOVA analysis performed using OriginPro differentiated all 4 DNA
samples
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2.6.5. Photostability of EvaGreen
In order to show that there is a difference between SAW and Peltier heating it would be
helpful to show in a single experiment the melting temperature for both using the same
sample. Multiple Peltier heating cycles, followed by multiple SAW cycles, followed by
multiple cold-SAW cycles, in a single experiment could take a few hours. At high intensity
(the maximum available laser power setting), EvaGreen is quickly photobleached (Figure
2-27). In order to discuss any changes in fluorescence during these experiments, it must be
confirmed that there will not be significant reduction in fluorescence of the reporter molecule

Temperature (°C)

Absolute Fluorescence (a.u.)

or fluorophores under experimental conditions.

Figure 2-27 Photobleaching of EvaGreen at maximum laser intensity.

Absolute

fluorescence is shown in black, temperature is shown in red. High laser intensity causes
rapid photobleaching of EvaGreen. 2µl of DNA and 0.5µl EvaGreen in TE buffer, within
20µl mineral oil droplet at room temperature
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EvaGreen (Biotium, Cambridge Bioscience) photobleaching was carried out over 20
minutes (Figure 2 18), with the gradient of the fitted line suggesting that at room
temperature and in the presence of double-stranded DNA Eva-Green would be photostable
for around 200 minutes.

Figure 2-28 Photostability of Eva-Green over 20 minutes, performed with 2µl of DNA and
0.5µl of EvaGreen in TE buffer, within a 20µl mineral oil droplet measured at room
temperature.

Discussion

If DNA is fragmented by SAW, lowering the melting point, then this would also be seen in
a subsequent Peltier melting experiment, as well as a shift in the annealing temperature. The
light intensity was reduced so that there were measurable melt curves, but the fluorescence
was stable. EvaGreen (Biotium, Cambridge Bioscience) photobleaching was carried out
over 20 minutes (Figure 2-28), with the gradient of the fitted line suggesting that at room
temperature and in the presence of double-stranded DNA Eva-Green would be photostable
for around 200 minutes. A Peltier heat and cooling cycle takes approximately 5-6 minutes
(depending on the Peltier input power), and the calibration curve does not require
fluorescence. Therefore, a Peltier heating and cooling experiment (5-10 cycles, ~30min)
could be performed on the same sample and act as a control for the SAW experiments.
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3. DNA Melting and Annealing with Surface Acoustic Waves

This chapter examines melting and annealing DNA using SAW. 4 DNA sequences (A, B,
C and D) were investigated with different lengths, GC melting temperatures and melting
temperatures. Melting curves were simulate under standard conditions, and in varying
monocation concentrations in order to show how changes in pH affect DNA melt curves.
DNA C and D showed a reduced melting temperature with SAW compared to the Peltier
controls whilst DNA B showed a higher melting temperature.

There was no clear

relationship between the difference in SAW melting temperature and GC content, although
results did suggest a potential link with length / mass that should be further investigated.
SAW-induced streaming influencing pressure and pH did not cause the change in DNA
melting temperatures as there was not a uniform pattern across all DNA sequences. DNA
fragmentation induced by SAW would have affected subsequent heating and annealing
temperatures in subsequent cycles, but this was not seen and expected melting temperatures
returned when the DNA was heated using a Peltier module. Post-experiment analysis of the
DNA size further agreed that fragmentation is not an issue.
Examination of the melt curves in detail showed that there was not lower total fluorescence
when SAW was applied, suggesting that collisional quenching was not a significant factor.
This is further supported by the results that suggest a relationship between length/size –
collisional quenching, as seen with increases in temperature, is linear and would reduce total
fluorescence without changing the melting temperature.
In order to investigate whether SAW was affecting the binding of DNA strands, or of the
reporter molecule EvaGreen to DNA, FRET experiments were explored.
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3.1. Introduction
In order to investigate the use of SAW for point-of-care diagnostics, it is necessary to
understand nucleic acid thermodynamics. The temperature at which 50% of DNA is single
stranded (ssDNA) is defined as the melting temperature (Tm), and this depends on the
primary and secondary structure [15]. DNA melting using a Peltier module is a reproducible
technique; this work will examine using SAW (SAW). Previous work has examined SAW
heating [151,152] and streaming [153] in a droplet.
For this project, the DNA was designed to avoid secondary structures as discussed in Chapter
1 that would influence the melting temperature, although this may be investigated at a later
stage. It is hypothesised that if SAW affects the melting temperature of DNA (as measured
using the reporter molecule EvaGreen), then this could occur due in different ways.
SAW could:
•

fragment DNA, resulting in decreased melting temperatures

•

directly disrupt binding between DNA strands, or between EvaGreen and dsDNA

•

indirectly affect DNA binding, through streaming, or streaming-induced differences
in pressure, salt concentration/pH or temperature within the droplets [52]

•

quench EvaGreen fluorescence, streaming could increase collisional quenching by
increasing interactions of the fluorophore with the surrounding buffer [66,72,150]

To ascertain if DNA is fragmented by SAW, melt and annealing curves will be monitored,
and Peltier module controls performed between SAW cycles. If the DNA is fragmented, the
subsequent annealing curve will also show a lower annealing temperature, as will melt
curves performed using a Peltier module as the heat source instead of SAW. Fragmentation
of DNA would result in a reduction in melting and annealing temperatures that would not
recover when the sample is heated using the Peltier module. This will additionally be
checked after experiments by analysis in the Agilent Bioanalyzer 1000.
At physiological conditions, lower than the melting temperature, single strands of
Complementary DNA (ssDNA) will form non-covalent bonds to form double-stranded DNA
(dsDNA). The strength of these bonds depends on the base pair (A=T or G≡C), in addition
to base stacking and water interactions with the buffer solution [12]. If SAW is disrupting
the binding of DNA strands, then this effect would be dependent on the length, and GC
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content of the DNA. The DNA used in these experiments were designed to have differing
GC content and length/mass and melting temperature as shown in Table 3-1. The full
sequences are in Table 2-1.

Name

Predicted Melting Temperature (uMelt)

GC Content (%) Bases Mass (Daltons)

A

84.7

80

40

27120

B

79.6

74

34

23030

C

62.2

73

30

20320

D

40.0

76

21

14230

Table 3-1 uMelt predicted melting temperature, GC content, length and estimated mass
(GC+backbone = 680Da, AT+backbone = 670Da) of DNA A, B, C and D.

DNA exists in vivo as a dsDNA, although in some viruses it can be single-stranded. In
prokaryotes (archaea and bacteria) DNA is a supercoiled structure, usually a ring such as
plasmids, and interacts directly with the cytosol of the bacterial cell and so is exposed to
varying sugar and salt concentrations, and different pH levels. In contrast, eukaryotic DNA
is packaged with histones as chromosomes, and compartmentalised within the nucleus. The
packaging means that some parts of the DNA are open to the nucleus environment, and
available for DNA transcription, whilst other parts are silenced. Protein and enzyme access
to the nucleus is tightly controlled to the point where there is even a difference in pH – the
nucleus usually being 0.3-0.5 pH higher than the cytosol [154]. SAW-induced changes in
salt concentration/pH would not be sequence specific, so DNA of different lengths and GC
content would be affected in a predictable manner.
There is evidence in the literature that SAW streaming induces changes in pressure (which
could lead to changes in salt concentration, pH) that allow concentration of particles within
droplets, and regions with temperature variations (±0.2°C) [52] within droplets, so this
should be investigated [52,155,156]. There is potential for this work to have further
applications on biological research, to replicate some of the in vivo conditions within a
droplet.
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In this chapter the melting curve of the DNA was predicted using software, with the pH and
salt concentrations kept under experimental conditions. Experiments were performed in
buffer which resist changes in pH, so significant differences of pH within the buffer is
unlikely to have a measurable effect on DNA melting temperature. Higher pressure and/or
higher salt concentration would mean a lower pH which in turn would mean a higher melting
temperature. Chapter 4 will examine these using the reporter molecule EvaGreen, whilst
Chapter 5 will use the photo-induced electron transfer effect (NB-S Quench) to try and
distinguish if any effects seen are due to EvaGreen.
The differences in melting temperature with SAW could also be explained by SAW affecting
the fluorescent reporter molecule. In order to measure if the DNA is in a double- or singlestranded configuration a reporter molecule Eva-Green was used which binds preferentially
to dsDNA causing a change in conformation and increase in fluorescence which can be
monitored using a fluorescence microscope [14].
To quantify the melting point, the fluorescence and temperature must be accurately
measured. Characterisation of the system required careful calibration of the fabricated RTDs
against a thermocouple of traceable calibration as well as analysing the fluorescence of the
system to take into account of photobleaching.

The binding of EvaGreen to DNA is

difficult to measure directly, additional experiments will examine the use of FRET – DNA
labelled directly with fluorophores – in order to investigate if the binding of the EvaGreen
reporter molecule was responsible for the reduction in melting temperature with SAW.
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3.2. Results
3.2.1

Simulated Melt Curves

In order to design the DNA for these experiments, the melting point of the DNA was
predicted using uMelt (Figure 3-2) as described in section 2.5.3.2 at high resolution
(intervals of 0.1°C). In order to study the effects of SAW on DNA, we must be able to study
DNA with different GC content, lengths and melting temperatures (shown in Figure 3-2).

Figure 3-1 Melt curves of DNA A (red), B (yellow), C (green) and D (purple)
simulated using uMelt (University of Utah, v2.0.2) software based on sequence.
Calculations used Weber (Bioinformatics, 2015) thermodynamic set, 20mM
monovalent cation concentration, 3mM Mg2+ concentration, 0% DMSO and
Owczarzy (2008) salt correction.
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Figure 3-2 Melting temperature of DNA A (red), B (yellow), C (green) and D (purple)
simulated using uMelt (University of Utah, v2.0.2) software based on sequence.
The melting point (Tm) is defined as 50% single stranded and 50% double-stranded.
Calculations used Weber (Bioinformatics, 2015) thermodynamic set, 20mM
monovalent cation concentration, 3mM Mg2+ concentration, 0% DMSO and Owczarzy
(2008) salt correction.
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3.2.1. Varying pH
Mansoar modelling of SAW-induced streaming in microdroplets shows microregions within
the droplet with increased temperature and pressure due to streaming pressure – this allows
movement and concentration of particles [52]. As differences in salt concentration, and pH
can also affect melting temperature these were modelled by uMelt software (Figure 3-3 and
Figure 3-4) by varying the cation concentration. The effect of pH is shown in the following
section, showing higher cation / H+ concentration (lower pH) increases the melting
temperature for DNA.

Figure 3-3 Melting curves of DNA A oligonucleotides predicted using uMelt (University of
Utah, v2.0.2) software based on sequence with varying monovalent cation concentrations - left
to right, 10mM, 20mM, 50mM, 100mM and 200mM.

Calculations used Weber

(Bioinformatics, 2015) thermodynamic set, varying (10mM-200mM) monovalent cation
concentration, 3mM Mg2+ concentration, 0% DMSO and Owczarzy (2008) salt correction.
Datasets visualised using OriginPro. Note that the melting temperature Tm is defined as the
point where 50% has melted.
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Figure 3-4 Melting curves of DNA A (green) and D oligonucleotides (purple) predicted
using uMelt (University of Utah, v2.0.2) software based on sequence with varying
monovalent cation concentrations - left to right, 10mM, 20mM, 50mM, 100mM and 200mM.
The change from 10mM to 100mM is the equivalent of increasing pH from 1.0 to 2.0.
Calculations used Weber (Bioinformatics, 2015) thermodynamic set, varying (10mM200mM) monovalent cation concentration, 3mM Mg2+ concentration, 0% DMSO and
Owczarzy (2008) salt correction. Datasets visualised using OriginPro. Note that the melting
temperature Tm is defined as the point where 50% has melted.
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Figure 3-5 shows the effect of varying the pH on the melting temperature of DNA C and D
experimentally derived using the ABI7500 with EvaGreen as the reporter molecule.
Increasing the pH reduces the melting temperature, as found by the simulated curves and in
the literature [25,157]. The linear fit of DNA C had an R2 of 0.69, and the Tm reduced by
2.0°C per pH. The linear fit of DNA D had an R2 of 0.72, and the Tm was found to reduce
by 4.5°C per pH. The pH effect on melting temperature is consistent with the changes
predicted by uMelt software in the previous section (Figure 3-3 and Figure 3-4), as a low pH
is a high cation/H+ concentration. SAW effects will be compared to the effects seen with
pH changes.

Melting Temperature (°C)

70
68
66
64
62
60
58
56
7.6

7.7

7.8
7.9
8
Tris EDTA Buffer pH

DNA C, EvaGreen

8.1

8.2

DNA D, EvaGreen

Figure 3-5 Melting temperatures of DNA C (green triangles) and D (purple circles) in
varying Tris EDTA buffer pH derived with EvaGreen. 10µl of 10µM double-stranded DNA,
melting temperatures measured in 7500 FAST QPCR machine (25-95°C). Higher pH results
in a lower melting temperature, due to salt and buffer interactions with the DNA.
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3.2.2. Peltier Module
3.2.2.1.

Controls

Melting temperatures (Figure 3-6) of 1µl of 10µM DNA with 10µM EvaGreen as the
reporter molecule in 20µl of mineral oil detailed in the materials and methods on the
upright fluorescence microscope (section 2.4). Samples were heated using a Peltier
module (5W), temperatures quantified using a calibrated Pt100 RTD (section 0). DNA A
melted at 88.9±0.8°C, B at 81.6±0.9°C, C at 68.6±0.8°C and D at 60.9±0.5°C. ANOVA
analysis confirms these to be statistically separate groups, P<0.001 of being the same
samples.

The melting temperatures derived using the upright fluorescence microscope varied by
±0.6°C on average from those derived using the ABI 7500 PCR machine, validating the
experimental method. All measurements were taken using the automated LabVIEW
program, and subsequently analysed using Origin2016 sigmoidal curve fitting and peak
identification. Peltier heating controls were performed between SAW heating to ascertain
if the DNA is fragmented due to SAW.
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Figure 3-6 Melting temperatures of 20 replicates of 1µl of 10µM DNA A (red), B (yellow),
C (green) and D (purple) in Tris EDTA pH7.8 buffer. Samples were heated using a Peltier
module under the fluorescence microscope. Temperatures were measured using a calibrated
Pt100 RTD. Error bars show standard deviation. P<0.001 shown by ***
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3.2.2.2.

Multiplex

Multiplex refers to the ability to monitor the melting of multiple DNA oligonucleotides
within the same sample. This is possible with reporter molecules such as EvaGreen, as long
as the melting temperatures are different enough to be distinguished, usually around 5°C. A,
B, C and D were all able to be multiplexed with the ABI 7500 and using the upright
fluorescence microscope. Multiplex is an advantage for diagnostics, as the cost per test is
decreased and coinfections or different variants can be simultaneously tested. It also allows
additional tests to be performed to act as positive or negative controls in the reaction.
Multiplex PCR for diagnostics is still a developing field, and currently relies on reporter
molecules such as EvaGreen which will interact with contaminating genomic material [34].
In Chapter 5.3 and 5.4 multiplex target identification and PCR are examined using the novel
photo-induced nucleo-specific quenching effect (NB-S Quench).

Chapter 5 examines

LAMP DNA amplification, which requires upwards of 6 primers per reaction. As the
number of primers increases, the likelihood that a primer will be specific decreases, and the
potential for partial matches (primer-dimers) increases. For this reason, LAMP reactions are
not routinely multiplexed, as two LAMP reactions would require 12 primers, three LAMP
reactions would require 18 primers etc. 6 primers would be sufficient to perform 3 pairs of
PCR amplifications, which would be attractive in a Lab-on-a-Chip diagnostic device.

3.2.3. Surface Acoustic Waves
Melting temperatures (Figure 3-7) of 1µl of 10µM DNA in 20µl of mineral oil detailed in
the materials and methods on the microscope setup discussed above, using EvaGreen as the
reporter molecule. SAW was applied (23MHz, -2dBm) resulting in streaming and heating
of the droplet. All measurements were taken using the automated LabVIEW program,
analysed using Origin 2016 as for the Peltier heated controls above. SAW melting results
are summarised in Figure 3-7 and Table 3-2.
DNA A melted at a slightly higher (+0.2°C) temperature, but this was lower than the
variation between samples, which for DNA A using SAW was ±1.7°C. T-test P=0.6,
ANOVA Tukey analysis confirmed that DNA A melted with SAW was still the same group
(P=0.999). DNA B had a higher melting temperature (+1.8°C) than the Peltier controls,
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which was above the variation of ±0.8°C, T-test P=0.02, ANOVA Tukey analysis suggested
this was most likely still the same group with a P<0.995. DNA C had a lower melting
temperature (-4.7°C), which was significantly above the variation seen of ±0.1°C, T-test
P<0.01, ANOVA Tukey test P=0.22. DNA D melted at a lower temperature (-6.1°C), which
was higher than the variation of ±0.6°C, T-test P<0.001, statistically the most different when
analysed with ANOVA with P<0.001. There is no obvious link between the differences in
melting temperature and the Guanine and Cytosine (GC) content – DNA A and D have the
same GC content but were affected by SAW differently. There does seem to be a link with
length/size as seen in Table 3-2, and there is potentially a link between the variation in SAW
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measurements and length.
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Figure 3-7 Melting temperature using SAW. Melting temperatures of 10µl of 10µM DNA
A (red), B (yellow), C (green) and D (purple) in Tris EDTA pH7.8 buffer. Samples were
heated using SAW – 23MHz, -2dBm using the IDT previously discussed. Temperature was
measured with a calibrated Pt100 RTD. P<0.001 shown by ***.

Name

Melting
Temperature GC Content (%)
Difference (°C)

Length (bases)

Mass (Daltons)

A

0.2

(±1.7)

73

30

20325

B

1.8

(±0.8)

76

21

14234

C

-4.7

(±0.1)

80

15

10173

D

-6.1

(±0.6)

73

12

7451

Table 3-2 Comparison of DNA attributes (length, GC content, mass) and difference in
melting temperatures (SAW-Peltier). Standard deviation is shown in brackets. 5 melt curves
for 3 replicates were measured for each.
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Detailed melt curve analysis
Examples of the melt and annealing curves when SAW were used as the source of
temperature control are shown in Figure 3-8 and Figure 3-9. The melt curves were examined
for several variables at this stage, including the number, size and temperature of derivative
peaks. The total fluorescence and change in fluorescence were also noted.
The annealing curves were also examined, and it was found that the annealing temperature
is close to the annealing temperature measured with the Peltier module in the absence of
SAW.

If subsequent melting curves and annealing curves showed lower melting

temperatures, this would suggest degradation of the DNA by SAW, but this was not seen
(Figure 3-10). Agarose gel electrophoresis were performed after SAW experiments, and
these agreed with the Peltier-controlled experiments that did not show any significant
breakdown of the DNA into smaller fragments.
For these experiments, after heating with SAW controls were performed with the same
sample where the sample was heated with a Peltier module, which showed a reversion of the
melting temperature to that expected. This evidence, along with the annealing temperatures,
suggests that SAW DNA fragmentation does not explain the lower melting temperature
observed with SAW.
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A

B
Figure 3-8 Melt (A) and Anneal (B) curves of DNA A in pH7.8 Tris EDTA buffer heated with
SAW – 23MHz, -2dBm. Graphs show experimental data (black squares), Origin2016 fitted
sigmoidal curve (red line), derivative (blue), and melting point. Experiment was carried out
on the fluorescence microscope, with temperature measured using a calibrated Pt100 RTD.
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A

B
Figure 3-9 Melt (A) and Anneal (B) curves of DNA B in pH7.8 Tris EDTA buffer heated with
SAW – 23MHz, -2dBm. Graphs show experimental data (black squares), origin 2016 fitted
sigmoidal curve (red line), derivative (blue), and melting point. Experiment was carried out
on the fluorescence microscope, with temperature measured using a calibrated Pt100 RTD.
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Figure 3-10 Changes in melting (orange circles) and annealing (blue squares) temperatures
over 10 experimental cycles of DNA B (A) and D (B) in pH7.8 Tris EDTA buffer heated
with SAW – 23MHz, -2dBm. Experiment was carried out on the fluorescence microscope,
with temperature measured using a calibrated Pt100 RTD. Each anneal point follows on
from the corresponding melt cycle.
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3.2.4. Summary - Comparison of all three methods
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DNA and Melting Method
Figure 3-11 Comparison of melting temperatures measured of DNA A (red), B (yellow), C
(green) and D (purple) in pH7.8 Tris EDTA buffer. The controls labelled PCR were
measured in an ABI 7500 FAST PCR (solid colour). The source of heating for SAW was
SAW actuated at 23MHz -2dBm (diagonal lines), or Peltier module (horizontal lines). * for
P<0.05, ** for P<0.01, *** P<0.001, the rest have no significant difference.

SAW were found to affect the melting temperature of some DNA oligonucleotides (Figure
3-11), although this was not seen in the annealing (Figure 3-12). There was a higher
variation between measurements made with the pettier heater than the commercial PCR
machine, and the variation between measurements made with SAW was higher still. For
DNA A the standard deviation was ±0.3°C for the PCR machine, ±0.8°C for the Peltier
module and ±1.7°C for SAW. For DNA B the standard deviation was ±0.4°C for the PCR
machine, ±0.9°C for the Peltier module and ±0.8°C for SAW. For DNA C the standard
deviation was ±0.3°C for the PCR machine, ±0.8°C for the Peltier module and ±0.8°C for
SAW. For DNA D the standard deviation was ±0.1°C for the PCR machine was, ±0.5°C for
the Peltier module and ±0.6°C for SAW.
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ANOVA analysis was performed for each method, and for each DNA sample. Across all
DNA samples tested using the ABI7500, ANOVA analysis confirmed that there is a low to
zero (<0.05) probability that DNA samples A, B, C and D are the same groups. DNA
samples A and B were found to have a high probability (P>0.995) of being the same group
across all methods. DNA C heated with SAW only showed a low probability of being the
same group as DNA C heated with the Peltier or PCR machine (P=0.22), whilst DNA D
heated with SAW was even more statistically different with a probability approaching zero
(P<0.01).

Increased variation in the experimental setup with the Peltier module compared to the ABI
7500 PCR machine was expected as the PCR machine performs melt curve analysis over
~90 minutes, in a highly controlled environment including sealed tubes, whilst the
microscope melt curves are performed in 2-3 minutes on a sample droplet covered in mineral
oil to prevent evaporation. It is interesting that SAW showed a higher variation than the
Peltier module experiment. The SAW variation did increase with DNA oligo length, so this
should be investigated further. It is possible that SAW is affecting the folding or binding of
the EvaGreen reporter molecule, or SAW could be increasing the partial melting of the DNA,
resulting in single-stranded DNA that can still influence the fluorescence of EvaGreen (this
will be discussed again in the experiments in Chapter 4 where there are portions of singlestranded DNA). For DNA A the variation between measurements was greater than the
difference in melting temperature seen when SAW was applied, suggesting that the effect is
not constant.
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Annealing Temperature (°C)
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Figure 3-12 Comparison of Annealing Temperatures of DNA A (red), B (yellow), C (green)
and D (purple) in pH7.8 Tris EDTA buffer after being heated to 95°C with the Peltier module
(horizontal lines) or SAW (diagonal lines) 23MHz, -2dBm. T-test showed no significant
difference within groups, and P<0.001 between (showed by ***).

3.3. Discussion and Conclusion

Any deviation of melting temperature due to surface acoustic waves will have implications
for designing SAW lab-on-a-chip devices, or applications such as sequencing which are
currently in development. It was suggested that SAW may lower the melting temperature
of DNA through streaming, or through the differences in pressure and temperature within
the droplet due to streaming. If this were the case, longer DNA oligonucleotides A and B
would be more affected or equally affected, so the results do not support this theory. It
was thought that the DNA could be fragmented by SAW, this effect has been seen before
but relies on a frozen DNA sample or rough surface to encourage shearing of DNA, and
longer DNA oligonucleotides were found to be more affected than short. Annealing curves
and post-experiment gel analysis do not support the theory that the DNA is becoming
fragmented – melting with a Peltier after SAW restored the expected melt curve.
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The melt curves are measured using the reporter molecule EvaGreen, the binding or
conformation of which could be affected by SAW. As discussed in Chapter 1, EvaGreen
changes conformation in the presence of double-stranded DNA, resulting in a shift in
absorption and increase in emission, if the structure or binding of EvaGreen is affected this
would result in altered melt curves.

In order to understand if this was due to concentration of DNA within the droplet,
potentially changing the pH microenvironment, or SAW influencing the binding of the
EvaGreen reporter molecule, Total Internal Reflection Fluorescence (TIRF) microscopy
experiments were planned. TIRF experiments illuminate fluorophores such as the
EvaGreen reporter molecule within 10nm of the surface, so DNA attached to the surface
(and subject to maximum streaming by SAW) could have been studied. However, TIRF
microscopy uses immersion oil between the glass or clear LiNbO3 and the lens, which was
also subjected to SAW. Heating the immersion oil and microscope lens to the
temperatures required to study DNA melt curves is neither possible nor recommended due
to damage to the LiNbO3 and microscope lens. As TIRF was not possible at that time (see
Future Work) it was decided to use FRET to further study this phenomenon, as this would
remove the requirement to use a non-specific reporter molecule such as EvaGreen.

3.4. Fluorescence Energy Resonance Transfer (FRET)
3.4.1

Introduction

Fluorescence/Förster Resonance Energy Transfer (FRET) experiments were designed
when difficulties were encountered preparing experiments with TIRF.
As discussed in Chapter 1, FRET involves energy transfer between two fluorophores, with
the efficiency of this energy transfer directly proportional to the distance between the
fluorophores. In FRET, a donor fluorophore is excited, and the energy may be transmitted
to an accepter fluorophore as a virtual photon, resulting in fluorescence of the acceptor
fluorophore [43,68]. The efficiency of this transfer depends on the distance between the
fluorophores and the available electron energy states (see Figure 1-9) of the FRET donor
and acceptor.
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In order to discover if the lower SAW melting temperatures were due to changes in
EvaGreen fluorescence the FRET experiments were designed so that they could use either
EvaGreen as the donor fluorophore or a fluorophore attached to the DNA with similar
fluorescent properties. If the SAW effect was due to disruption of the binding of EvaGreen
to dsDNA, then the effect would also be noted with EvaGreen FRET to an acceptor
fluorophore. If the SAW effect was due to collisional quenching due to streaming then
controls exciting the acceptor fluorophore alone would exhibit a similar change.

Of the commercially available DNA modifications, EvaGreen and Alexa 488 show similar
excitation and emission spectra (Figure 3-13), therefore Alexa488 was chosen as the donor
fluorophore. The absorption spectra of Alexa532 aligned very closely with the emission
spectra of Alexa488/EvaGreen (Figure 3-14), with an acceptable difference in emission
spectra so they could be distinguished using a standard FITC/EvaGreen emission filter
525±20nm (Thorlabs, US) and a 565±18nm filter (Chroma, US). Crosstalk between filters
will be removed using controls of each fluorophore with each filter. The addition of the
fluorophores adds mass to the DNA strands, so this could give insight into the SAW effect
seen previously if it is due to streaming.
EvaGreen
Alexa Fluor 488

Figure 3-13 Comparison of emission spectra of EvaGreen (solid green) and Alexa488 (solid
blue) with the excitation spectra of Alexa532 (dotted yellow). Image from SpectraViewer,
ThermoFisher. This shows the similarity in emission between the potential FRET donor
fluorophores Alexa488 and EvaGreen, and the match with the excitation of the FRET
acceptor Alexa532.
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Figure 3-14 Predicted FRET spectra, when the acceptor and donor fluorophores are close
together (1-10nm), SpectraViewer (Thermo Fisher). Fluorescence is shown in solid lines
and shaded, Alexa488 (green) and Alexa532 (yellow). Dotted lines show absorption spectra,
Alexa488 (green) and Alexa532 (yellow). 488nm laser is shown as a solid blue line,
565±18nm filter is shown in yellow.

3.4.2. FRET Results
3.4.2.1 Controls
The control experiments showed that the Alexa532 alone was only excited 1.0% of
Alexa488, barely distinguishable from background. With FRET, the fluorescence of
Alexa488 was quenched significantly, to 12.9% of fluorescence without FRET. Quenching
of around 87% is consistent with the literature [158]. The Alexa532 was excited by FRET
with an efficiency of 81.2%.
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Figure 3-15 Absolute fluorescence of Alexa488 and Alexa532 when excited at 488nm,
fluorescence for the Alexa488 experiments was measured with the 525±20nm filter whilst
the Alexa532 experiments were measured with the 565±18nm emission filter. The “No
FRET” experiments included only the named fluorophore; the FRET experiments had both
fluorophores, but fluorescence was only measured with the appropriate named emission
filter. T-test P<0.001 shown as ***.

3.4.2.2 Results
The DNA C FRET experiments using a Peltier module compared favourably with those
using EvaGreen as a reporter molecule (Figure 3-16). The reduction in the green channel
fluorescence of the FRET donor Alexa488 produced a melting temperature at 68.5±0.5°C
whilst the increase in the yellow channel fluorescence of the FRET acceptor Alexa532
produced a melting temperature of 68.7±0.7°C. The EvaGreen control melting
temperature was 68.6±0.8°C. The annealing temperature was 73.9±0.6°C derived with
Alexa488 fluorescence, was 73.2±0.8°C derived with Alexa532 fluorescence and was
73.9±0.1°C derived with the control EvaGreen reporter. ANOVA Tukey analysis
confirmed that the annealing temperature were the same group, which was significantly
different from the melting temperatures.
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Figure 3-16 Melting and annealing temperatures of DNA C derived using the appearance of
the Alexa488 fluorescence (green) and disappearance of the Alexa532 fluorescence
(yellow). The EvaGreen controls are included (blue). Experiment was carried out on the
fluorescence microscope, heating supplied by the Peltier module, and temperature measured
using a calibrated Pt100 RTD. * shows P<0.05, ** P<0.01, *** P<0.001, the rest showed
no significant difference.

The absolute fluorescence of Alexa488 at the end (~80°C) of the FRET experiment in the
green filter was noted to be significantly lower than expected, the resultant fluorescence of
the Alexa532 in the yellow filter throughout was also lower than expected, and controls
using only one of the FRET fluorophores produced unexpected results. Single-stranded
Alexa488-labelled DNA exhibited a linear reduction in fluorescence as temperature
increased due to increased buffer-fluorophore interactions at higher temperatures, as did
single-stranded Alexa532-labelled. This was also confirmed with controls with doublestrand Alexa532 controls - one strand labelled with Alexa532, the other unlabelled.

However, the double-stranded Alexa488 controls did not work as expected, producing a
sigmoidal curve with a melting temperature similar to that seen with the EvaGreen reporter
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molecule instead of a linear seen with the other controls. Alexa488 was chosen due to a
similar excitation and emission spectra to EvaGreen, but a covalently attached Alexa
fluorophore was not expected to produce an EvaGreen-like melt curve. In addition, the
total fluorescence of the double-stranded Alexa488 control was 18.2% higher than the
single-stranded control. The control results that relied on Alexa488/EvaGreen excitation
and emission were further confirmed using the ABI 7500 PCR machine. Whilst the results
seem promising, these discrepancies call the FRET experiments into question.

If the FRET donor Alexa488 fluorophore emission decreases by 18.2% in a sigmoidal
curve, then that would need to be taken into account as the Alexa532 FRET acceptor
fluorescence would also follow a similar pattern even if the fluorophores are still adjacent.
The underlying fluorescence “melt curve” of the Alexa488 when double-stranded requires
investigation and modelling if these experiments are to be used to investigate SAW
melting temperatures.

3.4.3. Discussion and Conclusion
During the experiment it was noted that the absolute fluorescence for the green filter was
significantly lower than expected. Controls measuring temperature dependent fluorescence
of only the ssDNA with each fluorophore showed the expected decrease in fluorescence
from room temperature to 100°C of around 10%, yet when the green fluorescence recovered
in the FRET experiments it was around 20% lower than expected, suggesting that there was
still FRET between the Alexa488 and Alexa532.

Additional experiments noted that the

Alexa488-labelled DNA with unlabelled secondary DNA produced a melt curve similar to
that seen if FRET were working as expected, or if EvaGreen were used (see Figure 4-1).
Whilst the experiment FRET appeared to work, this unexpected signal from the negative
controls needed further research – was the fluorescence of the acceptor Alexa532
fluorescence decreasing because the fluorophores were moving apart as predicted, or was
the fluorescence of the Alexa532 fluorophore decreasing as the fluorescence of the Alexa488
donor fluorophore decreased? If Alexa488 changes fluorescence depending on the binding
of an unlabelled complementary strand, then why persist with FRET if a single fluorophore
could be used to perform the same experiment?
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The preliminary results from the FRET experiments suggested that there wasn’t a significant
difference in melting temperature with SAW when the fluorescence of the FRET
fluorophores was examined, which would mean that the SAW effect seen was due to the
reporter molecule EvaGreen, but no definitive answer can be given until the Alexa488 effect
is better understood. Work in Chapter 4 aims to characterise this effect, whilst Chapter 5
aims to utilise it to perform existing techniques. Once the Alexa488 fluorescence effect is
understood, or an alternative fluorophore identified for FRET that doesn’t exhibit the same
effect, then these experiments should be completed with SAW in the future.
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4. Characterisation of the Nucleobase-Specific Quenching effect (NBS Quench)

The melt curves produced by Alexa488 in the FRET experiments were unexpected and
unexplained. Alexa488 was chosen for its similar excitation and emission spectra to
EvaGreen, although the production of melt curves is not assumed to be directly related –
EvaGreen changes confirmation in the presence of double-stranded DNA, the
excitation/emission profile is incidental.

This chapter compares the fluorescence

phenomenon described in Chapter 3 to known fluorescence effects such as FRET-like πstacking (photoinduced electron transfer when donor and acceptor fluorophores are πstacked) between two or more Alexa488 fluorophores and guanine/nucleotide quenching /
enhancement between Alexa488 fluorophores and DNA, both noted in literature
[75,76,159,160].

In brief, the aim is to determine if this novel fluorescence behaviour is

due to Alexa488-Alexa488 fluorophore interactions, or Alexa488-DNA (likely guanine)
interactions.
A model based on the work in this chapter was introduced to explain the different derivative
peak directions, based on experimental conclusions that the direction of the peak is likely
due to DNA base adjacent/opposite to the fluorophore.
The melting temperatures derived using the nucleospecific fluorescence quenching
technique were compared with those derived using the control EvaGreen reporter molecule
to confirm reproducibility and reliability against an established standard technique.

The

effects of pH were examined (Alexa488 fluorophores are particularly pH stable [161]) , and
absorption was investigated and compared again to EvaGreen as EvaGreen is the industry
standard.
Established protocols using reporter molecules, such as EvaGreen or FRET, were used to
quantify the concentration of both strands of DNA, allowing concentration-dependant
FRET-like quenching to be determined.
Lastly, the sequence effect on Alexa488 fluorescence was elicited by varying the
complementary strands, including LAMP primers so that LAMP with Alexa488 can be
examined in Chapter 5. There are several theories as to the mechanism behind this observed
fluorescence effect, by changing the sequence of the DNA more can be understood about
what is happening at the nucleotide level.
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4.1.

Introduction

Whilst examining controls using the Peltier module for the DNA for FRET experiments
(Chapter 3) an unusual fluorescence signal was noted as the DNA melted. When the
fluorescent molecules are close together on the same ends of the DNA strands, as the DNA
melted the expected FRET signal of an increase in the fluorescence of the donor
fluorophore was seen as (shown by the red points in Figure 4-1), and the expected decrease
in fluorescence of the acceptor fluorophore was seen. However, when the fluorophores
were far apart, instead of a constant, steady decrease in fluorescence (as seen in the black
points of ssDNA labelled with Alexa488 in Figure 4-2) a DNA melt curve similar to that
seen with EvaGreen was found (shown by the green points in Figure 4-1 and Figure 4-2).
At 95°C the absolute fluorescence signals show in Figure 4-1 were equivalent - varying by
1.2% which comparable to the variation between melt curve repeats (±0.9%).

DNA
melting
point,

Figure 4-1 Green fluorescence of Alexa488 and Alexa532 (yellow fluorescence not shown)
FRET experiments normalised between maximum and minimum. Green Square – Alexa488
Fluorophores on opposite ends of DNA A, fluorescence signal similar to EvaGreen. Red
Circle – Alexa488 Fluorophores on adjacent ends of DNA A, showing recovery of green
signal / alleviation of FRET when DNA melts increasing distance from Alexa532
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This phenomenon was limited to double-stranded DNA labelled with Alexa488, whilst
Alexa532 and single-stranded DNA produced the expected results. Double-stranded DNA
with Alexa488 gave a fluorescent signal similar to EvaGreen, with similar melting
temperatures as with EvaGreen (Figure 4-4). The absolute fluorescence signal of singlestranded Alexa488 labelled DNA above the melting temperature was equivalent to that seen
from the double-stranded experiments, suggesting that the Alexa488 fluorescence was
enhanced in double-stranded DNA compared to the single-stranded state, or that the
Alexa488 fluorescence was inhibited in the single-stranded state as can be seen in Figure
4-2.

Figure 4-2 Green fluorescence of single-stranded (black squares), and double-stranded
(green circles) Alexa-488 labelled DNA C, normalised to maximum of double-stranded
fluorescence. Experiments performed on Zeiss upright microscope using EvaGreen filters.
Absolute fluorescence from 70-95°C were within experimental variation.
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Nucleotide quenching of nearby fluorophores has been noted previously and where the
complementary strand overlap so free DNA nucleotides are able to interact with the
fluorophore – donating electrons or protons [20,76,162,163]. Dyes have also been noted
with nucleobase-specific fluorescence lifetimes, allowing all 4 bases to be distinguished
[162].

In these experiments, the fluorescence intensity decreases on addition of the

complementary strand, with fluorescence increasing when the DNA strands melt.
Conversely, DNA tagged with Alexa488 shows increased fluorescence intensity with
addition of the complementary strand, which reduces as the DNA melts. In addition to this,
short secondary strand with no overlap of nucleotides as discussed in section 0 still exhibit
an EvaGreen-like signal.

A

B

Figure 4-3 (A) Fluorescence of Alexa488 decreases when the DNA is single-stranded. (B)
This effect is seen when the fluorophore is attached to the 5’ and 3’ end of the DNA strand.
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π-stacking of the Alexa488 fluorophores, as happens in FRET, can produce self-quenching
in a concentration dependant manner [76]. If the Alexa488 fluorophores were interacting
with each other, and self-quenching, then this quenching would increase as the concentration
increased. This could explain the change in fluorescence when the DNA is single-stranded,
as absence of the complementary strand would allow the fluorophores to interact more
closely in solution, perhaps through partial binding of the GC rich region close to the
fluorophore or secondary structure formation.

Quenching due to π-stacking between

fluorophores and adjacent bases has been noted [164], and methods to reduce this effect
investigated [20], but there has been no suggestion that this quenching would be relieved
when the complementary strand were added, nor that it could be used to determine if the
labelled DNA strand was double- or single-stranded in solution.
It is possible to interpret the data show in Figure 4-2 in two ways, as the fluorescence
increases on addition of the complementary strand of DNA this suggests that the
phenomenon seen involves suppression of fluorescence when the DNA is single-stranded
(modelled in 4.3), or enhancement of fluorescence when DNA is bound. Intercalating
reporter molecules such as EvaGreen show enhancement of absorbance and subsequent
fluorescence as the dye changes confirmation to sit in the presence of double-stranded DNA
to sit in the hydrophobic groove.
This chapter will examine the basis of this fluorescence effect, by comparing the Alexa488
derived melting temperatures to established techniques; how buffer pH affects the
fluorescence; and if the absorption of the fluorophore is changed. These results allow a
model to be suggested in 4.3. Later experiments will look specifically at altering the
sequence of the labelled and complementary strands, and the structural similarities to known
fluorophores, such as Atto488 and FITC.
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4.2. Comparison with Existing Methods

As shown in Figure 4-4, Alexa488 derived melting temperatures of DNA C at 64.5°C
±0.49 whilst unlabelled DNA and EvaGreen reporter molecule was found to be 67.1°C
±1.14, ANOVA Tukey analysis found that the probability that they were the same group
was 0.2198, showing there is some difference. For DNA D, the EvaGreen derived melting
temperature was 59.39°C±0.80 whilst using the Alexa488 method it was 58.7°C±0.02.
ANOVA Tukey analysis was that these were the same group, with P=0.9522. Whilst the
temperature found using Alexa488 was lower, there was less variation than with EvaGreen.
Further experiments looking at comparing the melting temperatures will be discussed in
4.5 and 4.7. If the melting temperature derived using Alexa488 fluorescence is less
variable than existing methods, then it could replace reporter molecules such as EvaGreen
for common laboratory techniques such as PCR and LAMP (discussed further in Chapter
5).

Melting Temperature (°C)

70

***

68
66
64
62
60
58
EvaGreen

Alexa488

EvaGreen

DNA C

Alexa488
DNA D

Method and Sample

Figure 4-4 Melting points derived using Alexa488 method and EvaGreen controls for DNA
C (green) and D (purple). Average of 20 10µl replicates of 10µM DNA in 7.8pH TE buffer
measured in Applied Biosciences 7500 PCR Machine. EvaGreen experiments used 1µl of
20x EvaGreen per reaction. * shows P<0.05, ** P<0.01, *** P<0.001, the rest showed no
significant difference.
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4.3. Modelling of Binding Fluorescence and Melt Curves in OriginPro

The results throughout this chapter (particularly 4.5) suggest that G and A bases are
quenching the Alexa488 fluorophore when adjacent or opposite (on the complementary
strand) [20,76,163]. The Nearest Neighbour model for DNA binding states that the base
closest to the end of the DNA has a lower binding energy, due to base stacking and solvent
effects, so it is proposed that the nucleobase hydrogen bonds transition between the
fluorophore and complementary base resulting in quenching, as has been suggested before
[76,162,163].
For this proposed model, the fluorophore fluorescence parameters were based on previous
experiments. These parameters included decreasing by 20% between 0-100°C, with the melt
curve changing fluorescence by 20% in a sigmoidal function generated by Origin between
40-60°C. Quenching of up to 40% by G bases has been noted [163], whilst quenching by A
bases of up to 95% has also been shown in the literature [75]. The intermediate curves were
produced by averaging the simulated sigmoidal curve with the linear model based on
temperature dependant quenching of fluorophores.

The area:peak ratio for adjacent nucleotide quenching is 2.8±5x10-6 and 3±4x10-6 for
opposite nucleotide quenching. This ratio will be determined experimentally for EvaGreen
and Alexa488, to provide assurance that the melt curves seen are significantly different from
background noise.
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Quenching from adjacent nucleotide when DNA is singlestranded

Figure 4-5 OriginPro model of G/A quenching adjacent to the fluorophore. The double-stranded
model shows higher fluorescence as single-stranded quenching is relieved when G/A bases are bound
to their complements. Black shows the single-stranded model, red shows the average of one singlestrand and one double-stranded model, blue shows the average of one single-strand with two doublestranded models, purple shows the average of one single-strand and ten double-stranded model, and
green shows the average of one single-strand and one hundred double-stranded model.
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A

G or A base

30

Height and Area Units

25

20

15

10

5

0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Double-Strand Model % (1 shows 1:1, 0.01 shows 1:100)

B

Area

Peak

Linear (Area)

Linear (Peak)

Figure 4-6 (A) Pictogram showing that Alexa488 fluorescence is reduced when DNA is
single-stranded. The higher quenching (A/G) base is on the same strand adjacent to the
fluorophore. Fluorescence is relatively higher when the DNA is double-stranded as the A/G
base interacts with its complement base.
(B) Peak height (orange triangle) and area (blue circle) of derivative peaks from those
simulated, measured using OriginPro. Height and area of the derivatives are recorded as
negative to differentiate between a positive direction melt peak and negative direction “melt
valley”.
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Quenching from complementary nucleotide when DNA
is double-stranded

Figure 4-7 OriginPro model of G/A quenching on the opposite strand. The single-stranded model
shows higher fluorescence as quenching is relieved when G/A bases on the complement strand are
not bound. Black shows the single-stranded model, red shows the average of one single-strand and
one double-stranded model, blue shows the average of one single-strand with two double-stranded
model, purple shows the average of one single-strand and ten double-stranded model, and green
shows the average of one single-strand and one hundred double-stranded model.
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A

G or A base

Double-Strand Model % (1 shows 1:1, 0.01 shows 1:100)
0
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Figure 4-8 (A) Pictogram showing that Alexa488 fluorescence is reduced when DNA is
double-stranded. The higher quenching base (A/G) is on the complement strand, and
interacts with the fluorophore and its complement adjacent to the fluorophore. Fluorescence
is relatively higher when the DNA is single-stranded, and the fluorophore only interacts with
the weaker quenching base adjacent (T/C).
(B) Peak height (orange triangle) and area (blue circle) of derivative peaks from those
simulated, measured using OriginPro. Height and area of the derivatives are recorded as
negative to differentiate between a positive direction melt peak and negative direction “melt
valley”.
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4.4. pH Stability

Alexa fluorophores are known to be relatively pH stable when compared to other dyes
including EvaGreen, and are described as pH insensitive between pH 4.0 and 10.0 [161].
The changes in melting temperatures seen using 488-labelled DNA follow that seen with
EvaGreen, the gradients for the trend lines of EvaGreen and Alexa488 methods varied by
6.9% for DNA B and 3.7% for DNA C. Alexa488 had a higher R2 of 0.89 (DNA B) and
0.96 (DNA C) compared to 0.72 (DNA B) and 0.60 (DNA C) for EvaGreen, suggesting that
Alexa488 method is more reliable over the pH ranges measured. These results suggest that
the solvent effect is similar to that seen with EvaGreen.
70
68

Melting Temperature (°C)

66
64
62
60
58
56
54
52
50
7.4

7.6

7.8

8
Tris-EDTA Buffer pH

8.2

8.4

Figure 4-9 Measuring the effects of TE buffer pH on the melting temperature of DNA B
(blue) and C (green) using Alexa488 (diamond, triangle) or EvaGreen (square, circle) as a
reporter molecule. The linear best fit for Alexa488-derived melting temperatures is shown
with a solid line, the linear best fit line for EvaGreen-derived melting temperatures is shown
in a dashed line. Average of 10 replicates of 10µl of 10µM DNA in TE buffer. EvaGreen
experiments used 1µl of 20x EvaGreen per reaction. Melt curves were measured and
analysed using Applied Biosciences 7500 PCR Machine.
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4.5. Labelled Strand, Analysis of Nearest Base Effects on Fluorescence

In order to further study the effect of the sequence adjacent to the fluorophore, additional
DNA oligonucleotides based on DNA B, C, and BRCA1 LAMP primers were designed as
in Table 4-1 below. Full sequences are in Figure 4-11.
Name

Length

(base

GC Content

Adjacent

Complement

Defined Melt

Derivative

pairs)

%

Base

Base

Curve

Peak

C

30

73.3

G

C

Yes

+ (Peak)

C-reverse

30

73.3

G

C

Yes

+(Peak)

D

21

76.2

G

C

Yes

+(Peak)

LPF5B

20

65

A

T

Yes

+(Peak)

LPR5F

22

45.5

A

T

Yes

+(Peak)

FIP

45

42.2

A

T

Yes

+(Peak)

BIP

47

38.3

G

C

Yes

+(Peak)

F3

19

47.4

T

A

Yes

- (Valley)

B3

23

34.88

C

G

Yes

- (Valley)

Table 4-1 Length, GC content, nucleotide and peak comparison of Alexa488-labelled DNA

70.00
Temperature (°C)

65.00
60.00
55.00
50.00
45.00
40.00
DNA C

DNA CDNA D
Reverse

F3

B3

FIP

BIP

LPR5F

LPF5B

Alexa488

64.47

64.25

58.73

43.28

41.74

56.32

52.20

46.45

53.35

EvaGreen

67.07

66.95

59.39

52.51

49.63

58.32

54.36

53.20

61.44

Figure 4-10 Comparison of melting temperatures of the DNA used to analyse the nearest
base effect on the fluorescence. Melting temperatures were derived using the Alexa488
method (blue) and EvaGreen as a control (orange). Average of 10 10µl replicates of 10µM
DNA in 7.8pH TE buffer measured in Applied Biosciences 7500 PCR Machine. EvaGreen
experiments used 1µl of 20x EvaGreen per reaction. * shows P<0.05, ** P<0.01, ***
P<0.001, the rest showed no significant difference.
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DNA C

DNA C
Reverse

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 Melting Temperature (°C)
Alexa488- G G G C C C C A G C G C C A A C A G T C G G C G C T T G T G
C C C GGGGT C G C G G T T G T C A G C C G C G A A C A C

66.7

G G G C C C C A G C G C C A A C A G T C G G C G C T T G T G -Alexa488
C C C GGGGT C G C G G T T G T C A G C C G C G A A C A C

66.7

DNA D

Alexa488 G G G C C C C A G C G C C A A C A G T C G
C C C GGGGT C G C G G T T G T C A G C

59.4

FIP

Alexa488 A T C C C C A G T C T G T G A A A T T G G G C A A A A T G C T G G G A T T A T A G A T G T
T A GGGGT CA G A C A C T T T A A C C C G T T T T A C G A C C C T A A T A T C T A C A

72.2

BIP

Alexa488 G C A G C A G A A A G A T T A T T A A C T T G G G C A G T T G G T A A G T A A A T G G A A G A
C GT CGT CT T T C T A A T A A T T G A A C C C G T C A A C C A T T C A T T T A C C T T C T

71.2

LPF5B

Alexa488 A G A A C C A G A G G C C A G G C G A G
T C T T GGT CT C C G G T C C G C T C

51.5

LPR5F

Alexa488 A G G C A G A T A G G C T T A G A C T C A A
T C C GT CT AT C C G A A T C T G A G T T

44.4

F3

Alexa488 T C C T T G A A C T T T G G T C T C C
A GGAACT T GA A A C C A G A G G

54.5

B3

Alexa488 C A G T T C A T A A A G G A A T T G A T A G C
GT C AAGT AT T T C C T T A A C T A T C G

55.3

Figure 4-11 Sequence, fluorophore binding position and EvaGreen derived melting
temperature of BRCA1 LAMP DNA oligonucleotides.

A combination of length and GC content might explain the differences seen where short low
GC DNA had a large difference in melting temperatures but longer low GC DNA did not.
A rough factor of DNA length in bases multiplied by the GC content could be used to predict
DNA melting temperatures with an R2 of 0.69. A potential correlation was noted between
the difference in melting temperature (as a % of EG) and the combination of DNA length
and GC content, with an R2 of 0.77.

Discussion
As seen in Figure 4-10, analysis of the melting curves showed that for F3 and B3 the absolute
fluorescence increased at the melting temperature instead of decreasing, suggesting that
there was quenching in the double-stranded state that was removed when the DNA melted
to become single-stranded. This resulted in a reverse direction “melt peak” in the derivative,
which could be referred to as a “melt valley”, which is shown in Table 4-2 as “-“. There is
no strong correlation between length, GC content, or melting temperature and the direction
of the derivative melting peak (Figure 4-12 and Figure 4-13). Most of the Alexa488-derived
melting temperatures were significantly different to those derived using the EvaGreen
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controls. As these are produced due to different mechanisms, further investigation is
required to determine the fundamental reason for the discrepancy in melting temperatures.

Figure 4-12 Comparison of GC content (%) and the difference in melting temperature (°C),
statistical analysis found no strong correlation.

Figure 4-13 Comparison of DNA length (bases) and the difference in melting temperature
(°C), statistical analysis found no strong correlation.
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Further experiments should be done with DNA sequences with T and C base adjacent to the
fluorophore (see Future Work), but the results suggest that there is quenching when the
adjacent base is near which is relieved when the complement strand binds, or there is
quenching when the complement strand binds which is relieved (resulting in an increase in
fluorescence) when the labelled DNA is single-stranded. G bases are known to quench
fluorescence, so the proposed model (see 4.3) is that G and A bases are quenching when
adjacent or opposite the fluorophore, although further experiments would be needed to
decide this with a high degree of certainty.
The Alexa488-derived melting temperatures are consistently below the EvaGreen controls,
as seen in Figure 4-10 and Table 4-1. There is no obvious link between individual variables
of GC content, nearest bases, or length and the difference in melting temperatures with the
controls. Most are around 2°C below the controls, but some of the DNA oligonucleotides particularly F3 and B3 but also LPR5F and LPF5B - showed large differences between the
EvaGreen controls (Table 4-2). The strongest correlation was found between the difference
in melting temperature as a percentage of EvaGreen-derived melting temperature, with a
factor combining the length and GC content. This should be further investigated, as it could
mean that the Alexa488 method for deriving melting temperatures is not reliable with short,
low GC content DNA. Additional investigation into the mechanism would be required
before this could be used as a new method.

DNA C
Difference
(°C)

-2.6

DNA C - DNA
Reverse D
-2.7

F3

-1 -9.2

B3
-8

FIP
-2

BIP
-2

LPR5F LPF5B
-7

-8.1

Table 4-2 Difference between melting temperatures derived using EvaGreen and Alexa488
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4.6. Absorption Studies Introduction

To further understand the quenching effects, which result in the Alexa488 DNA melting
curves, the absorbance of the single- and double-stranded DNA was determined. The
absorbance and emission spectra for reporter molecules such as EvaGreen have been well
characterised, and consists of two distinct peaks at 470nm and 495nm [14]. EvaGreen
changes confirmation in the presence of double-stranded DNA, resulting in an increase in
the absorbance at 495nm and decrease at 470nm, see Figure 4-14 [14]. If there is a
significant change in conformation of Alexa488, this could result in a similar multi-peak
absorption spectra and comparable changes in the absorption and emission spectra.

Figure 4-14 EvaGreen absorption in varying amounts of DNA, reproduced from [14].
Dotted line – 0ng/µl, Line 1 - 5 ng/µl, Line 2 - 10 ng/µl, Line 3 – 25 ng/µl, Line 4 – 100 ng/µl
Spectra measured with 11.15µM of EvaGreen, 100mM Tris buffer pH8.0
[14]
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The quenched state is defined as that with the relatively lower fluorescence.

If the

fluorescence increases when the DNA melts, then the lower fluorescence at room
temperature (25°C) when the DNA is double-stranded is defined as the quenched state whilst
the higher fluorescence at 95°C when the DNA is single-stranded is defined as the
unquenched state. If the fluorescence decreases when the DNA melts (as with EvaGreen),
then the lower fluorescence at 95°C when the DNA is single-stranded is defined as the
quenched state whilst the higher fluorescence at room temperature (25°C) when the DNA is
double-stranded is defined as the unquenched state.
Based on the model that G and A bases are quenching Alexa488 when beside or opposite
the fluorophore, it was expected that the absorption of single-stranded F3 and B3 will be
more similar to the double-strand of FIP, BIP, LPR5F and LPF5B as these are unquenched,
whilst the opposite will be true as the fluorophore is in a quenched state.

Results and Discussion
Absorbance spectra for F3, B3, FIP, BIP, LPR5F and LPF5B were obtained, F3 and BIP are
shown in Figure 4-15. The spectra for F3 and B3 show increases in the total absorption area,
when the complementary strand of DNA, as per the model in 0, whilst FIP, BIP, LPR5F and
LPF5B all showed decreases, Figure 4-16 (A and B). The height of the absorption peak
increased for F3 and B3, but decreased for FIP, BIP, LPR5F and LPF5B.
A shift in absorption peak is seen as shown in Figure 4-16 (C and D) when the fluorophore
is unquenched, from 492.2nm ±0.4 to 494.3nm ±0.7, although this is significantly smaller
than the shift seen in EvaGreen (from 470 to 495nm). This suggests that there is not a large
conformational change as seen when EvaGreen binds to double-stranded DNA.
Absorption was only measured in 1nm steps, so a shift of only 2nm should be verified in
future experiments with more accurate equipment, although this setup was able to previously
identify the difference in absorbance of EvaGreen in ssDNA and dsDNA.

As the

fluorescence experiments were performed with a 488nm laser source, any shift away from
488nm will result in less energy absorbed by the fluorophore, and a corresponding reduction
in fluorescence, although this would not account for the 20% reduction observed.
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Normalised Absorbance Units
Normalised Absorbance Units

A

B
Figure 4-15 Averaged absorbance spectra of 1M F3(A) and BIP(B). Single-stranded
DNA is shown with black squares, double-stranded DNA is shown with red diamonds.
10µl of 10 µM DNA were prepared in 7.8pH Tris-EDTA buffer and absorbance
measured in 1nm steps from 400-600nm (5 replicates of 1µl) using a BioTek
Absorbance Reader. Readings were calibrated relative to 400nm and averaged with
OriginPro(2016).
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A

C

B

D

Figure 4-16 (A,C) Red shows double-stranded DNA, black shows single-stranded DNA.
(B, D) Yellow shows fluorophore in quenched state, green shows fluorophore in
unquenched state.
(A) Absorption spectra of double- and single-stranded DNA. F3 and B3 show increases
in absorption area in the single-stranded state compared to double-stranded. FIP, BIP,
LPR5F and LPF5B show decreases in absorption in the single-stranded state compared
to double-stranded.
(B) Percentage change in peak height from single-stranded to double-stranded DNA.
F3 and B3 show decreases. FIP, BIP, LPR5F and LPF5B show increases.
(C) Absorbance spectra absorbance peaks. In the absolute peaks F3 and B3 show
decreases in the wavelength of the highest peak centre in single-stranded DNA
compared to double-stranded DNA, whilst FIP, BIP, LPR5F and LPF5B show
increases.
(D) Shows the average wavelength of the highest peak, as per the model described in 0.
Quenched includes the double-strand of F3, B3 and the single-strand of FIP, BIP,
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4.7. Complementary Strand Effects

In order to discover how nucleotides on the complementary strand affect the Alexa488
fluorescence, several experiments were designed. The first group examined either fully
double-stranded DNA, the second group examined DNA that is double-stranded adjacent to
the fluorophore but with single-stranded portion at the opposite end, the third group
examines the fluorophore adjacent to single-stranded DNA.

The model (section 4.3) predicts that the first and second group of DNA should produce
quantifiable melting curves as the fluorophore can be affected directly by the change in
charge on the nearest nucleotide. For the third group, it is expected that the further away the
double-stranded DNA is from the fluorophore, the less the effect can be measured.

FRET has been known to work at distances of 1-10nm between the fluorophores, although
the effectiveness reduces quickly with distance [43]. The 3, 6, 9 and 12 bases of singlestranded DNA between the fluorophore and the double-stranded sequence correlate to
approximately 1nm, 2nm, 3nm and 4nm respectively. Previous experiments in the literature
have noted that addition of TTT between double-stranded DNA and the fluorophore would
eliminate the fluorescence effect [20], so this was also examined to confirm that this could
remove the fluorescence effect when it is unwanted.

4.7.1. Completely Double-Stranded DNA
Alexa488-modified DNA (Table 4-3) was used to measure melting temperature of
completely double-stranded DNA, and compared to the melting temperature of unmodified
DNA measured with EvaGreen. For DNA C-Reverse, the Alexa488 fluorophore was on the
3’ end of the DNA strand, which did not make a measurable difference to the melting
temperature derived with EvaGreen or Alexa488 compared to the 5’ end for DNA C and D.
In all cases the Alexa488 derived melting temperatures were lower than the controls, and
with less variation between readings (see Table 4-4).
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DNA

Sequence and Fluorophore Position

C

Alexa488-GGGCCCCAGCGCCAACAGTCGGCGCTTGTG

C-Reverse

GGGCCCCAGCGCCAACAGTCGGCGCTTGTG-Alexa488

D

Alexa488-GGGCCCCCAGCGCCAACAGTCG

Table 4-3 Sequences of DNA oligonucleotides

70.00

***

***

Melting Temperature (°C)

68.00

66.00

64.00

62.00

60.00

58.00

Alexa488

EvaGreen

DNA C

Alexa488

EvaGreen

Alexa488

DNA C Reverse

EvaGreen

DNA D

DNA and Method
Figure 4-17 Melting temperatures of completely double-stranded DNA derived using
EvaGreen or Alexa488 as a reporter molecule. Averages of 10 replicates of 10µM
DNA in 7.8pH Tris-EDTA buffer, measured in Applied Biosciences 7500 PCR
Machine. EvaGreen experiments used 1µl of 20x EvaGreen and unlabelled DNA
oligonucleotides. * shows P<0.05, ** P<0.01, *** P<0.001, the rest showed no
significant difference.

DNA C

DNA C Reverse

DNA D

Method

Alexa488

EvaGreen

Alexa488

EvaGreen

Alexa488

EvaGreen

Average

64.47

67.07

64.63

67.07

58.73

59.39

StDev

0.49

1.14

0.59

1.14

0.16

0.81

Table 4-4 Melting points and standard deviation between measurements by DNA and
method.
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As discussed in 4.5, the reason for the difference in melting temperatures is not clear,
although DNA D seemed to be closer than DNA C. DNA D is a truncated DNA C, 24
bases instead of 30, so length could be a factor. DNA C also has a slightly lower GC
content, at 74.2% compared to 77.3% for DNA D. As T bases act as insulators, length and
GC content will both be important.

4.7.2. Double-Stranded Adjacent to Fluorophore
The labelled strand is the same used for DNA C (1) and DNA C reverse (2) in 4.5. As in
4.5, the Alexa488-derived melting temperature is below that for the control, and showed less
variability. For both experiments the nearest base adjacent to the fluorophore was G base,
as in previous experiments. Figure 4-19 shows examples of the melting curves derived using
Alexa488 fluorescence.
Experiment
1
5
Alexa488- G G G C C C C A G
1
C C C G G G G T C
G G G C C C C A G
2

10
C G C C
G C G G
C G C C
G

A
T
A
T

15
A
T
A
T

C
G
C
G

A
T
A
T

G
C
G
C

T
A
T
A

20
C
G
C
G

25
30
G G C G C T T G T G
C
G G C G C T T G T G Alexa488
C C G C G A A C A C

Melting Temperature (°C)

A
66
64
62
60
58
56
54
52
50
48
46
Alexa488

B

EvaGreen

Alexa488

1

EvaGreen
2

Experiment and Method

Figure 4-18 Sequence (A) and melting temperatures (B) of DNA that is doublestranded adjacent to the fluorophore derived using EvaGreen (green) or Alexa488
(blue) as a reporter molecule. Averages of 10 replicates of 10µM DNA in 7.8pH TrisEDTA buffer, measured in ABI 7500.

EvaGreen experiments used 1µl of 20x

EvaGreen and unlabelled oligonucleotides. * shows P<0.05, ** P<0.01, *** P<0.001,
the rest showed no significant difference.
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Derivative Reporter (-Rn)

Temperature (°C)

Derivative Reporter (-Rn)

A

B

Temperature (°C)

Figure 4-19 (A) Example derivative curve from Experiment 1 and (B) Experiment 2 showing
a melt peak at 58°C (A) and 50°C (B). 10µM DNA in 7.8pH TE buffer, measured in ABI
7500
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Double-Stranded DNA Summary
A reliable melt curve was derived when the fluorophore was attached to completely
double-stranded DNA, or if there was double-stranded DNA adjacent to the fluorophore.
It should be noted that DNA C and D were originally chosen for this portion of the
experiment as the Alexa488 derived melting temperatures were close to the controls
derived using EvaGreen. Further experiments would be needed to ascertain the reason for
the differences in melting temperatures seem with the BRCA1 LAMP oligonucleotides
(section 4.5). DNA C and D will be used below to investigate the effects of partial singlestranded DNA between the fluorophore and double-stranded DNA.

4.7.3. Single-Stranded Adjacent to Fluorophore
These experiments examined the effect of short single-stranded DNA adjacent to the
fluorophore. If the effect seen is due to photoinduced electron transfer, then the
fluorescence will primarily be affected by the base closest to the fluorophore. The charge
of that base will in turn be affected by the next adjacent base along the sequence, which in
turn influences the fluorophore via the closest nucleobase.
EvaGreen can bind to ssDNA, so an increase in ssDNA was expected to increase the
variability in these experiments.

4.7.3.1.
Fluorophore

3 Bases of Single-Stranded DNA, 1nm from

There were 3 bases (~1nm) of single-stranded DNA adjacent to the fluorophore. The
melting temperature derived from Alexa488 is closer to that found with EvaGreen, but
again with less variation. In 3A the melting temperature is above that found with
EvaGreen, contrary to previous experiments, in 3B it is slightly lower. There is a slightly
larger variation in 3B of ±0.83°C compared to ±0.49°C for 3A. The single-stranded
sequence next to the fluorophore is GTG for 3A instead of GGG for 3B, if T bases reduce
the quenching effect due to a different redox potential, this could explain the differences in
the derived melting temperatures. Additionally, if T bases are having the opposite charge
effect on the fluorophore, this could explain the larger variation in melting temperature.
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Another possible reason could be the nearest base where the DNA is double-stranded.
Both derivative curves (Figure 4-21) show a false melt peak due to signal noise just after
the melt curve is begun, around 27°C, and numerous additional other peaks, which act as a
comparison between the signal from the fluorophore and background noise. The false melt
peaks appeared at the start of derivative curves where there is very little change in
fluorescence, and can be used to determine how likely a melt temperature is to be true.

A

Melting Temperature (°C)

80
75
70
65
60
55
50
45
40
Alexa488

EvaGreen

Alexa488

3A

B

EvaGreen
3B

Experiment and Method

Figure 4-20 Sequence (A) and melting temperatures (B) of DNA that has 3 singlestranded bases adjacent to the fluorophore derived using EvaGreen (green) or
Alexa488 (blue) as a reporter molecule. Averages of 10 replicates of 10µM DNA
in 7.8pH Tris-EDTA buffer, measured in ABI 7500. EvaGreen experiments used
1µl of 20x EvaGreen and unlabelled oligonucleotides. * shows P<0.05, ** P<0.01,
*** P<0.001, the rest showed no significant difference.
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Derivative Reporter (-Rn)

Temperature (°C)

Derivative Reporter (-Rn)

3A

3B

Temperature (°C)

Figure 4-21 Example derivative curve from Experiment 3A (3A) and Experiment 3B
(3B) showing a melt peak at 70°C (3A) and 66°C (3B). 10µM DNA in 7.8pH Tris-EDTA
buffer, measured in ABI 7500
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4.7.3.2.
3 Bases of Single-Stranded DNA consisting of T
bases, 1nm from Fluorophore
The addition of 3T bases adjacent to the fluorophore to remove the photoinduced
quenching effect has been noted in the literature. As predicted, single-stranded TTT
adjacent to the Alexa488 fluorophore removed the fluorescence effect previously seen
(Figure 4-22). The false peak due to signal noise at 27°C was predominant, and there were
no peaks distinguishable in the background noise around the expected melting temperature
(Figure 4-23)

Experiment 1
5
10
15
20
25
30
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A
***

Melting Temperature (°C)

80
70
60
50
40
30
20
10
0
Alexa488
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B
Figure 4-22 Sequence and melting temperatures of DNA that has 3 single-stranded T bases
adjacent to the fluorophore derived using EvaGreen (green) or Alexa488 (blue) as a
reporter molecule. Averages of 10 replicates of 10µM DNA in 7.8pH Tris-EDTA buffer,
measured in ABI 7500. EvaGreen experiments used 1µl of 20x EvaGreen and unlabelled
oligonucleotides. * shows P<0.05, ** P<0.01, *** P<0.001, the rest showed no significant
difference.
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Derivative Reporter (-Rn)

Temperature (°C)
Figure 4-23 Averaged derivative curves from Experiment 3T showing a false peak around
27°C. 10µM DNA in 7.8pH Tris-EDTA buffer, measured in ABI 7500.

4.7.3.3.
Fluorophore

6 Bases of Single-Stranded DNA, 2nm from

There are 6 bases (~2nm) of single-stranded DNA adjacent to the fluorophore. The
melting temperature derived using Alexa488 were found to be higher than EvaGreen, and
with higher variation, see Figure 4-24. The EvaGreen controls in this case were the same.
Derivative peaks (Figure 4-25) are wide, with numerous additional peaks and a false peak
due to signal noise at the start, suggesting that this is unreliable.
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Figure 4-24 Sequences (A) and melting temperatures (B) of DNA that has 6 single-stranded
bases adjacent to the fluorophore derived using EvaGreen (green) or Alexa488 (blue) as a
reporter molecule. Averages of 10 replicates of 10µM DNA in 7.8pH Tris-EDTA buffer,
measured in ABI 7500. EvaGreen experiments used 1µl of 20x EvaGreen and unlabelled
oligonucleotides.
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Figure 4-25 Example derivative curve from Experiment 6A and 6B with melt peak
at 66°C (6A) and 58°C (6B). 10µM DNA in 7.8pH Tris-EDTA buffer, measured in
ABI 7500
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4.7.3.4.
Fluorophore

9 Bases of Single-Stranded DNA, 3nm from

There are 9 bases (~3nm) of single-stranded DNA adjacent to the fluorophore. 9A is
above the control melting temperature, with higher variation. The derivative curve of 9A
has the 27°C false peak due to signal noise, and multiple additional peaks. In 9B, 9C and
9D the software called the false peak at the start. Further investigation would be required
to determine if the signal derived from 9A can be used, it could be that the length of the
double-stranded DNA is a factor in producing the background noise seen in 9B, 9C and
9D.
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Figure 4-26 Sequence (A) and melting temperatures (B) of DNA that has 9 single-stranded bases
adjacent to the fluorophore derived using EvaGreen (green) or Alexa488 (blue) as a reporter
molecule. Averages of 10 replicates of 10µM DNA in 7.8pH Tris-EDTA buffer, measured in
ABI 7500. EvaGreen experiments used 1µl of 20x EvaGreen and unlabelled oligonucleotides.
T test P<0.001 shown by ***.
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Figure 4-27 Example derivative curves from Experiment 9A, 9B, 9C and 9D showing a melt
peak at 54°C (9A) and false peaks due to signal noise around 27°C (9B/C/D). 10µM DNA
in 7.8pH TE buffer, measured in ABI 7500
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4.7.3.5.
Fluorophore

12 Bases of Single-Stranded DNA, 4nm from
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Figure 4-28 Sequence (A) and melting temperatures (B) of DNA that has 12 singlestranded bases adjacent to the fluorophore derived using EvaGreen (green) or Alexa488
(blue) as a reporter molecule. Averages of 20 replicates of 10µM DNA in 7.8pH TrisEDTA buffer, measured in ABI 7500. EvaGreen experiments used 1µl of 20x EvaGreen
and unlabelled oligonucleotides. T test P<0.001 shown by ***.

This sequence, but with the fluorophore adjacent to the double-stranded portion at the 3’ end
was used above, as experiment 1 in 4.7.1, where it was found to function reliably and produce
a quantifiable melt peak. Experiment 12 (Figure 4-28) was expected to fail to work, due to
the 12 base / 4nm distance between the fluorophore and the secondary strand, although FRET
is known to work over similar distances.

The 7500 FAST software reports the melting temperature of the false peak due to signal
noise at the start of the heating run, suggesting that the data afterwards is background noise.
In order to study this background noise in more depth, the melt curves were extracted using
OriginPro and examined in more detail in Figure 4-29.
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Derivative Reporter (-Rn)

Temperature (°C)

Figure 4-29 Derivative curve for 12 single-stranded base experiment showing a false peak
due to signal noise around 27°C. 10µM DNA in 7.8pH TE buffer, measured in ABI 7500

Page 151

4.7.3.6.

Single-Stranded Adjacent to Fluorophore Summary

As other research has noted, addition of TTT bases adjacent to the fluorophore removes the
observed fluorescent effect, whilst GTG does not. If, as predicted in the model, G or A
bases are quenching the Alexa488 fluorophore, then T bases would alleviate that by
distancing any quenching bases from the fluorophore. There was not a direct distance
effect seen in the above experiments. If the effect were due to π-stacking between
Alexa488 fluorophores, then the effect should have been lost immediately when the steric
hindrance of a secondary strand was removed.

The distance between two DNA base pairs is 0.3nm, so the removal of 3 bases adjacent to
the fluorophore would provide around the same space as an Alexa488 fluorophore
[95,161]. In addition, GGG and GTG provide slightly different melt curves, with a
different peak:false peak ratio, which suggests that the bases adjacent to the fluorophore
are influencing the effect, rather than fluorophore-fluorophore interactions.

Further research will be required to discover if the fluorescence signal usually discarded as
“background noise” could still yield valuable information as to the condition of the
fluorophore, until then the rest of the work within this thesis will use the Alexa488
fluorescence effect only where the DNA is predicted to be completely double-stranded.

The peak height:median ratio was calculated for all of the above results, and summarised
in . It is interesting to note that the results for the completely double-stranded DNA (0
bases of single stranded DNA) had ratios of 2.33 for Experiment 1 and 1.81 for
Experiment 2. It could be that the difference seen is due to the difference in sequence –
Experiment 1 is adjacent to GGG / opposite CCC, whilst Experiment 2 is adjacent to GTG
/ opposite CAC. As T base is known to insulate the quenching effect, this could explain
the reduction in the strength of the melting temperature seen in the derivative curve.
Further experiments examining this sequence effect should be studied, as this may lead to
the use of this effect for sequencing in the future.
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Figure 4-30 Peak height / baseline median for the melt curves for experiments detailed in
4.7.3 with partially single-stranded DNA adjacent with the Alexa488 fluorophore.

The model and literature predict that G base adjacent to the fluorophore will quench
fluorescence, and the single-stranded experiments above show this is dependent on the
bases adjacent to the G base, suggesting that electron transfer is involved rather than πstacking between fluorophores.

4.8. Structural Similarities to Known Fluorophores

There are several structural similarities between Alexa488 and other known fluorophores.
The results of the absorption experiments in 4.6 and the model proposed in 4.3 suggest that
the fluorophore does not undergo a significant change in structure like EvaGreen. FITC
and ATTO488 were chosen as they have similar chemical structures (Table 4.5)
[66,72,165,166]. Due to similarities in structure, they both show similar absorption
(Figure 4-31A) and emission spectra (Figure 4-31B) allowing melting curves comparison
examined using an Applied Biosciences 7500 FAST PCR machine (triplicate of 10µl of
1M in TE pH 7.8 of DNA B modified with FITC and ATTO488). Note that these none of
these fluorophores (Alexa488 included) were expected to produce DNA melt curves, it is
not presumed that excitation/emission is directly responsible for this effect.
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A

B
Figure 4-31 Absorption (A) and Emission (B) spectra of Alexa488 (black square), FITC (red
circles) and Atto488 (blue triangles) fluorophores, drawn and analysed with OriginPro. The
standard deviation between these fluorophores and an imaginary average was 3.22 for the
absorption between 420-540nm and 3.46 for the emission between 480-600nm, showing the
close alignment.
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Fluorophore

Alexa488

ATTO488

FITC

Yes

Yes

No

Structure

Melt curve

Table 4-5 Structures of Alexa488, ATTO488 and FITC fluorophores. Alexa488- and
ATTO488-labelled DNA B exhibited the NB-S Quench effect, allowing the melting
temperature to be derived, whilst FITC did not.

One theory was that π-stacking between fluorophores could explain the quenching of the
fluorophores, this would suggest that FITC would show a similar pattern to ATTO488 and
Alexa488 due to the similar chemical structures - π-stacking between the benzene rings
would not depend on the side groups. FITC failed to produce a readable melt curve, instead
exhibiting the expected temperature-dependent quenching, whilst ATTO488 produced a
melt curve at the expected temperature (Table 4-5). Fluorophore-fluorophore interactions
would not produce melt curves with negative peaks - these were accurately predicted based
on the base nearest to the fluorophore, which is further evidence for nucleobase specific
quenching, a very different mechanism from EvaGreen which cannot be predicted based on
emission and excitation spectra alone.

The main structural differences between the fluorophores relate to the side groups of the
benzene rings where light is absorbed and emitted [66]. The amine (NH2) side group is also
found in DNA bases and could act as a hydrogen bond donor between the fluorophores and
DNA bases. The sulfonate (SO3) group could act as a hydrogen bond acceptor, its presence
itself is not known to significantly influence fluorescence alone. Electrochemically,
Alexa488 and ATTO488 resemble Uracil, which may explain why the quenching effect is
greater with Guanine and Adenine bases – both of these are found to pair with Uracil.
Unbound SO3 (electron-withdrawing group) and NH2 (electron-donating group) allow
photoinduced charge transfer across the molecule, which would be altered if one or both of
these side groups were hydrogen-bonded to nearby molecules [66]. The position of the
potential hydrogen acceptors and donors are mirrored, so potentially there could be
Page 155

interactions at either side, with bases beside or across from the fluorophore. As expected,
the emission and excitation spectra did not predict the NB-S quenching effect, although the
SO3 and NH3 side groups may.

4.9. Conclusion
An early theory was that the EvaGreen-like melt curve could be due to FRET-like
interactions between Alexa488 fluorophores although the experimental evidence does not
suggest this. Negative melt curves were discovered - the Alexa488 fluorescence increases
when the DNA strand melts - and this was found to be due to the base immediately adjacent
to the fluorophore.

Double-stranded DNA was analysed, which worked as expected

although the melting temperature with Alexa488 was below that found with EvaGreen,
sometimes by up to 9°C – as the Alexa488 melt curves are based on a different mechanism
to a non-specific nucleic acid dye such as EvaGreen, more research will be needed to
understand why these sequences produced different melting temperatures.
Single-stranded DNA experiments confirmed that the Alexa488 method should not be used
to examine oligonucleotides with single-stranded DNA adjacent to the fluorophore without
more research. The single-stranded DNA experiments suggested, as per the literature,
photoinduced electron transfer between the adjacent nucleotides as this could explain that
some effect was seen over longer distances, and this effect was different depending on how
much of the oligo was double-stranded.
A model based on the literature and experimental results was produced, allowing predictions
of the direction of the melt curve and additional melt-curve analysis based on the height and
area of the peaks seen compared to a false peak due to signal noise seen when the melt curve
is initiated.
Lastly, fluorophores with similar chemical structures (therefore producing similar emission
and excitation spectra) were investigated to discover if this novel fluorescence effect could
be explained based on chemical structure. Alexa488 and Atto488 both produce melt curves
and contain NH2 and SO3 side groups, whilst FITC does not produce melt curves nor contain
NH2 and SO3 side groups. Excitation and emission spectra alone cannot predict the
nucleobase-specific quenching effect, further investigation is needed to ascertain how
important the S03 and NH2 side groups are for this mechanism.
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Summary of Melt Curve Analysis for NB-S Quench Fluorescence

Figure 4-32 Model showing melt curves seen using the photo-induced fluorescence
quenching effect. Red lines show the fluorescence signal seen when the fluorophore
attached to double-stranded DNA is adjacent to a G or A base, blue line shows the
fluorescence signal seen when the fluorophore attached to double-stranded DNA is opposite
to a G or A base, grey shows the fluorophore attached to single-stranded DNA. dF shows
the change in fluorescence between the double-stranded and single-stranded state. Points A
show the absolute fluorescence when the DNA is double-stranded, B and C will be singlestranded. The melting temperature is shown by the dotted line, marked Tm
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Various aspects of the DNA can be ascertained from the EvaGreen DNA melt curves, but in
order to fully understand this with NB-S Quench additional experiments are needed to fully
characterise the system. In order to discuss this, it is necessary to assume that the fluorophore
has a completely unquenched state, experimentally it has been shown that G>A>C>T, so the
quenching when DNA is single stranded adjacent to a T base would be the least quenching
experimentally possible..
In the single-stranded state, the absolute fluorescence can be used to calculate the
concentration of the single-stranded DNA. This depends on the nucleotide that is adjacent
to the DNA, as experiments showed that the adjacent base quenched. If the quenching can
be quantified for each of the nucleotides for a specific fluorophore, then this could allow
accurate quantification, but would allow calculation of an idealised non-quenched state.
Figure 4-32, shows a red model which is based on the higher quenching base (G or A) on
the same strand, and a blue model with the higher quenching base (G or A) on the
complementary strand. This idealised unquenched state would be at point A for the red
model, and point B for the blue model.
The direction of the change in fluorescence from double-stranded to single stranded (shown
by the dotted line and labelled dF) is dependent on the base directly adjacent to the
fluorophore, G or A base result in a reduction in fluorescence as seen in the red model, whilst
C or T base result in an increase in fluorescence as shown by the blue model. If the DNA is
known to be complementary and double-stranded, then the change in fluorescence between
A and C will be proportional to the concentration of the secondary strand of DNA.
The melting point Tm is dependent on both the sequence of the DNA (as discussed in Chapter
1.3), but also the environment that the DNA is found in. If the DNA is complementary and
double-stranded, then a change in the melting point can be due to buffer pH, and salt
concentration.
It was thought that the quenching effect could be constant across the DNA, proportional to
the charge carried by each base. In this way, partial binding of the secondary strand could
be monitored through a change in dF and a corresponding shift in the melting temperature.
As there are 4 different bases, each with different quenching coefficients, this would require
further experimentation. It is suggested that instead of a 3 base gap, which seemed to
eliminate the charge effect seen with 3 T bases, this should be examined per base gap, with
experiments examining the same single base gap with each of the 4 bases adjacent to the
fluorophore.
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5. Techniques Utilising the Nucleobase-Specific (NB-S) Quenching
Effect

Chapter 4 investigated and characterised the Alexa488 fluorescence effect, this chapter
examined novel potential applications. Non-specific intercalating nucleic acid dyes such
as EvaGreen are used extensively in both medicine and science [14], NB-S Quench relies
on a different mechanism and so could be a direct-label alternative – removing the
possibility of contamination affecting results.
This chapter showed that the Alexa488 NB-S Quench effect could be used to quantify the
total DNA product concentration and target/complement strand concentration. Techniques
to amplify DNA such as Polymerase Chain Reaction (PCR) and Loop-Mediated Isothermal
Amplification (LAMP) are mainstays of genetic and infectious diagnostics, this chapter
showed that NB-S Quench could be applied to these methods without inhibiting PCR or
LAMP reactions. After DNA amplification, melt curve analysis was used to differentiate
products by sequence, information that is unavailable with FRET or EvaGreen.
In situations where intercalating dyes cannot be used, Fluorescence Resonance Energy
Transfer (FRET) is commonplace utilising the transfer of fluorescence from the donor to
the acceptor fluorophore specifically when they are in close proximity [35,43,67]. For
DNA work, some FRET experiments could instead be performed with a single
fluorophore, resulting in a faster, cheaper experiment. In order to work towards a LOC
device, NB-S Quench was successfully incorporated into microfluidic devices [35].
Using the NB-S Quenching technique in laboratory applications is completely novel to this
thesis.
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5.1. Using the NB-S Quench Technique to Quantify DNA Concentration

Commonly used nucleic acid dyes such as EvaGreen are used not only to observe the
melting point of a sample but also to quantify the concentration of genomic material in the
sample.

5.1.1. Quantifying Concentration of Labelled DNA using Alexa488
Fluorescence
EvaGreen is useful for PCR and qPCR because it can be used to quantify the DNA present
in the sample as it binds non-specifically to any DNA [14]. A drawback of this is that in
addition to the amplified product, the template or genomic DNA in the sample will also
cause fluorescence of EvaGreen, hence the requirement for amplification. The total
fluorescent signal from Alexa488 labelled DNA is directly proportional to the
concentration of the fluorophore. For these experiments, the dsDNA was labelled on one
strand with Alexa488, and the fluorescence read using the ABI 7500. These experiments
did not involve amplification of the DNA, and will investigate if this technique might be
able to ascertain concentrations of the target DNA without qPCR. A potential use for this
could be to determine the presence and concentration of plasmid DNA.

Page 160

5.1.1.1.

Results
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Figure 5-1 – Variations in concentrations (10 µM, 5 µM, 1 µM, 500 nM and 100 nM)
of Alexa488-labelled DNA C in 7.8pH Tris-EDTA buffer. The concentration of the
unlabelled complementary strand was the same as the DNA. Total fluorescence was
measured using the Applied Biosciences 7500 Fast Real-Time PCR machine at 25°C.
Each point shown is the average of 4 replicates, with the fluorescence for each read
10 times. Dotted line shows linear best fit, error bars show standard deviation.

5.1.1.2.

Discussion

As can be seen in Figure 5-1 there is a linear correlation between the total fluorescence of
Alexa488, with an R2 of 0.995. The standard deviation for each point ranged from 0.24%
to 0.54%. As discussed in Chapter 4, if the fluorescence effect was due to Alexa488
fluorophores interacting with each other, a non-linear relationship would be expected with
higher concentrations resulting in additional quenching, but this was not seen. This linear
relationship follows that of other fluorophores such as Cy5, as well as EvaGreen. One
advantage of this technique over EvaGreen is that that the fluorescence seen is only the
labelled DNA strand (and changes due to binding of its complement sequence), whereas
EvaGreen fluoresces in the presence of contaminating and genomic DNA. Section 5.3
includes experiments with Alexa488 labelled BRAC primers, showing that there is no
change in fluorescence with non-complementary DNA.
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5.1.3. Quantifying Concentration of Complementary Strand using
Alexa488 Fluorescence and Melt Curve Analysis
In addition to quantifying the concentration of the labelled strand, it would be useful to
quantify the concentration of the complementary strand in experiments. As the fluorescent
signal changes by up to 20% when the complementary strand binds, the small changes in
the total fluorescence could be used to ascertain the concentration of the unlabelled
complementary strand. Using the concentrations above however, the smallest change in
fluorescence (100nM complementary with 10µM primary, 20°C) would likely be in the
region of 0.1% - unlikely to be reliably measured with the Applied Biosciences 7500 PCR
machine when the standard deviation of fluorescence readings is 0.24-0.54%.

In addition to measuring total fluorescence, or the change of fluorescence when the
unlabelled complementary DNA is added, it could be possible to use the melting curves to
measure the concentration of the complementary strand. The melt curve is due to doublestranded DNA melting to become single-stranded, lower concentrations of complementary
strand results in a high proportion of the labelled DNA remaining single stranded,
contributing a static background signal. Once there are sufficient complementary strands,
at full binding saturation it would be possible for every single labelled strand to meet its
complement and so the fluorescence of every fluorophore will change by the maximum
possible. As the DNA strands are free in solution, the saturation point where every
labelled strand binds to a complementary strand will require an excess concentration of the
complementary strand, so this method has the potential to be calibrated so that
concentrations above that of the primary strand could be measured – although the
reliability will decrease above this saturation threshold.
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5.1.2.1.

Results

Figure 5-2 below shows the results of the fluorescence experiments to quantify the
concentration of the complementary strand of DNA. The change in total fluorescence was
not a reliable method of measuring the concentration of complementary DNA.

Figure 5-3 shows the derivative curves from the Applied Biosciences 7500 software. The
measurements were extracted and analysed using Origin 2016 and the peak of the derived
melt curve was compared to the background (at 60°C) to produce Figure 5-4. 60°C was
chosen as any change in fluorescence at that temperature is not related to the DNA melting
point. Logarithmic trend lines of 1µM and 500nM Alexa488-labelled DNA had the
highest R2 values at 0.99 and 0.98 respectively. Higher concentrations of Alexa488labelled DNA showed lower R2 values, 0.89 for 5µM and 0.81 for 10µM.
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Figure 5-2 Varied concentrations of Alexa488-labelled DNA C with varied
concentrations of unlabelled complementary DNA - 10µM (green), 5µM (orange), 1µM
grey), 500nm (yellow) and 100nm (blue) - in pH 7.8 Tris-EDTA buffer.

Total

fluorescence was measured using the Applied Biosciences 7500 Fast Real-Time PCR
machine at 25°C. 4 replicates, fluorescence for each read 10 times. Tukey ANOVA
analysis for each group showed P>0.001 showed by ***
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Figure 5-3 (A) and (C) are the derivative curves with high concentrations of complementary
DNA (10µM) with 10µM (A) and 500nM (C) of Alexa488-labelled DNA C. (B) and (D) are
the derivative melt curves with lower concentrations of complementary DNA (100nM) with
10µM (B) and 500nm (D) of Alexa488-labelled DNA C. Grey shaded area shows standard
deviation between derived melt curves. All experiments were performed in quadruplicate with
an Applied Biosciences 7500 Fast PCR machine at the 480nm excitation/530nm emission,
measurements taken from 20-95°C.

Page 165

Derivative peak hieght/
background (60°C)

14

R² = 0.9821

12
R² = 0.9914

10
8

R² = 0.8887

6

R² = 0.8058

4
2
0
0

1

2
3
4
5
6
7
8
9
Concentration of unlabelled complementary DNA (μM)

10

Figure 5-4 Derivative of the melt curve at the melting peak and 60°C. 10µM (green),
5µM (orange), 1µM (grey), 500nM (yellow).
Replicates of 5 in pH 7.8 TE buffer were performed in Applied Biosciences 7500 Fast
PCR and analysed in Origin 2016. Experiments with 100nM of labelled DNA showed
melting curves that were indistinguishable from background noise.

5.1.2.2.

Discussion

The melt curve peak analysis results showed that lower concentrations of labelled DNA
could accurately estimate concentration of the complementary strand. It suggested that the
method would work with higher concentrations of the complementary strand than labelled
strand, 500nM and 1µM Alexa488-labelled DNA C worked best (R2 of 0.98 and 0.99
respectively) from 500nm-1µM but still within 10% at 5µM and 10µM. As previous
experiments have shown that the concentration of the labelled strand can be obtained by
the total fluorescence (if not known), and the melt peak analysis could then be used to
estimate concentration of the complementary strand. 60°C was chosen to represent the
background of the melt curve, it may be that another measure such as an average of the
derivative could be more accurate –high temperature, low temperature, or a whole average
excluding the expected melt peak. These weren’t explored in this thesis but could be
explored to improve this as a tool.
Further experiments with PCR in the following section examined this further to determine
if the product concentration can be accurately measured.
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5.1.3. Quantitative Polymerase Chain Reaction using Alexa488
fluorescence (qPCR)
Quantitative PCR (qPCR) is an amplification technique that allows quantification of the
original concentration of template DNA in the sample. This is useful for determining gene
expression, or quantifying severity of infection or bacterial contamination. qPCR can be
performed using a reporter dye such as EvaGreen, or fluorescent probes utilising FRET
(see sections 1.2 and 1.4). For this experiment, the amount of template DNA was varied,
and qPCR performed in an ABI 7500 to amplify a modified BRCA1 (further experiments
are discussed in 5.4) using unlabelled primers and EvaGreen as a control, or with B3
primer modified with Alexa488 (Figure 5-5). The last base of the template DNA and B3
primer was changed so that the higher quenching G base would be adjacent to the
Alexa488, resulting in an increase in fluorescence instead of a decrease (see the model
discussed in section 4.3).

Primer sequences:
F3: TCC TTG AAC TTT GGT CTC C
Modified B3: Alexa488-G*AG TTC ATA AAG GAA TTG ATA GC

Modified BRCA1 sequence:
1 TCCTTGAACT TTGGTCTCCC AAAATGCTGG GATTATAGAT GTGAGCCACC
1 AGGAACTTGA AACCAGAGGG TTTTACGACC CTAATATCTA CACTCGGTGG
51 TCGCCTGGCC TCTGGTTCTG TTATTATCCC AATTTCACAG ACTGGGGATA
51 AGCGGACCGG AGACCAAGAC AATAATAGGG TTAAAGTGTC TGACCCCTAT
101 CTGAAACTGT GCAGCAGAAA GATTATTAAC TTGGGAGGCA GATAGGCTTA
101 GACTTTGACA CGTCGTCTTT CTAATAATTG AACCCTCCGT CTATCCGAAT
151 GACTCAAACC CTAATCTTCC ATTTACTTAC CAACTGTGCT ATCAATTCCT
151 CTGAGTTTGG GATTAGAAGG TAAATGAATG GTTGACACGA TAGTTAAGGA
201 TTATGAACTC*
201 AATACTTGAG*

Figure 5-5 Primer (F3 in red, B3 in Green) and template sequence of
modified BRCA1 used to perform qPCR. Modified base indicated by *.
Polymerase direction indicated by arrow.
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Normalised change in fluorescence (%)

5.1.3.1.

Results
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Figure 5-6 40 cycle qPCR performed in ABI 7500 using Alexa488-labelled primer (green)
or unlabelled primers with EvaGreen (black) as a control. The amount of template DNA
was varied, 400ng (circle), 100ng (square), 10ng (triangle). PCR was otherwise performed
as described in 2.5.4.

5.1.3.2.

Discussion

qPCR calibration curves are performed in order to quantify the concentration of DNA in an
experimental sample. These were successfully performed as shown in Figure 5-6 using a
commercial PCR machine (ABI 7500) using the fluorescence of Alexa488-labelled primers
instead of the non-specific DNA dye EvaGreen. Early attempts using the ABI 7500 using
Alexa488-labelled F3 and B3 failed as the higher quenching nucleotide (G, A) was on the
complementary strand opposite the fluorophore, resulting in a decrease in fluorescence
which the ABI 7500 software fails to recognise. It was decided that the template DNA and
B3 primer would be changed to avoid this, although it would have also been possible to
change the position of the primer so that the last nucleotide next to the fluorophore is a G
or A base. An alternative solution could be to utilise the microscope setup used for other
experiments or reprogram the ABI 7500 to recognise decreases in fluorescence during
DNA amplification, these could form the basis of future work.
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The Alexa488-derived amplification curves began sooner than the EvaGreen controls, this
was noted too when LAMP is performed in section 2.4.1. As EvaGreen is a non-specific
dye, it will fluoresce in the presence of the double-stranded template DNA and partially
fluoresce due to unincorporated nucleotides, resulting in background fluorescence
unrelated to the amplified product. Further experimentation will be needed to see if this
finding is statistically relevant, measurements were taken every minute and so this may not
always be true. The ABI 7500 software measures the change from this base background
fluorescence, and so amplification of the target DNA is only seen once this has resulted in
a relatively large change in fluorescence. In contrast, the fluorescence of Alexa488labelled primers is not significantly affected by the free nucleotides in solution or the target
DNA, as such there is lower background fluorescence to overcome.

5.2. Deriving Melting Temperatures of Partially Single-Stranded DNA
EvaGreen can bind to and fluoresce in the presence of single-stranded DNA. The results
from Chapter 4.7 suggested that completely double-stranded DNA adjacent to the
Alexa488 could accurately derive the melting temperature, but that this effect was reduced
(but not removed entirely) by single-stranded DNA. 3 bases of single-stranded DNA
produced an accurate melting temperature, but 6 bases of single-stranded DNA did not. It
was decided for these experiments to take the sequences used in section 0 and increase the
single-stranded DNA adjacent to the Alexa488 fluorophore by single bases to derive the
melting temperature (Figure 5-7). These experiments are effectively investigating the
effects of deletions on the complementary strand at the end near the Alexa488 fluorophore.
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Experiment

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
GGGCCCCAGC G C C A A C A G T C G G C G C T T G T G

Double-Strand Alexa488
Control
-1
Alexa488
-2

Alexa488

-3

Alexa488

-4

Alexa488

-5

Alexa488

-6

Alexa488

Figure 5-7 Figure showing the sequences of the DNA sequences used. The green strand is
Alexa488 modified or unlabelled for the EvaGreen controls. The light blue represents the
unlabelled complementary strand, which is the same for both the control and the Alexa488
experiments.

5.2.1. Results
Controls using the EvaGreen reporter molecule are shown in Figure 5-8. EvaGreen could
not distinguish between double-stranded DNA, and -1, or -2. The -5 results do not fit with
the overall trend. EvaGreen and Alexa488 differ in mechanism, EvaGreen can bind to
single-stranded DNA and fluoresce, which will reduce the accuracy of melt curves.
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Temperature (°C)

***

***
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70

***

65
60
55

-6

-5

-4

-3

-2

-1

Double-Strand
Control

50

DNA Sample

Figure 5-8 Melting temperatures of DNA with sequential deletions on the complementary
strand derived using EvaGreen reporter molecule on the ABI 7500 PCR machine. * shows
P<0.05, ** P<0.01, *** P<0.001, the rest showed no significant difference.
Previous work in section 4.7.3 found increased variation in fluorescence readings as the
proportion of single-stranded DNA increases, which fits with the literature. For simplicity,
a linear relationship is assumed although G≡C and A=T will result in different binding and
hence the difference in melting temperature is sequence dependant. The experiments here
showed only a slight correlation, with an R2 of 0.16, although the sequence in question
(Figure 5-7) shows that the only bonds that are changed in -4, -5 and -6 are all G≡C. If -5
is removed the R2 is substantially improved to 0.65, which is still below that obtained with
Alexa488 NB-S Quenching.

Previous Alexa488 experiments in 4.7 showed that photoinduced electron transfer effect is
most effective when the DNA is double-stranded adjacent to the fluorophore, less so at
distances of 3 single bases / 1nm and ineffective at 6 single bases / 2nm, due to charge
transfer across the DNA bases. The results of Figure 5-9 support this, the correlation
seems to reduce from 5 to 6 single bases adjacent to the Alexa488 fluorophore and is
shown in Table 5-1. A second order polynomial correlation was also modelled, with a
stronger R2 which also reduced from 5 to 6 single bases at which point the equation
changed significantly (Table 5-2).
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Temperature (°C)
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Figure 5-9 Melting temperatures of DNA with sequential deletions on the complementary
strand derived using Alexa488 effect on the ABI 7500 PCR machine. -n indicates that a
number of bases that have been removed from adjacent to the fluorophore on the
complementary strand. * shows P<0.05, ** P<0.01, *** P<0.001, the rest showed no
significant difference.

Points

DS to -2

DS to -3

DS to -4

DS to -5

DS to -6

R2

0.96

0.97

0.96

0.93

0.68

Table 5-1 Linear correlation between the Alexa488 experiment (Figure 5-9), correlation
reduces as the distance from the fluorophore increases.

Points

DS to -2

DS to -3

DS to -4

DS to -5

DS to -6

R2

1

0.99

0.99

1

0.81

Table 5-2 Second order polynomial correlation between the Alexa488 experiments (Figure
5-9), correlation reduces as the distance from the fluorophore increases.

Points

DS to -1

Melting Difference (°C) 1.5±0.3

-1 to -2

-2 to -3

-3 to -4

0.7±0.3

0.9±0.3

0.2±0.3

Table 5-3 Difference in melting temperature with Alexa488 experiments with standard
deviation between readings (averaged).
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5.2.2. Discussion
When performing DNA amplification by PCR the primers are incorporated into the
double-stranded DNA product, so ssDNA is not a common issue relevant to research or
diagnostics. For multiplex PCR, the products are designed so that the melting
temperatures are sufficiently different for them to be distinguished – usually a minimum
difference of ~5°C. As single base additions or deletions cannot be detected, reporter
molecules such as EvaGreen cannot be used for DNA sequencing. Experiments to
determine single point mutations are performed using specific primers which include the
expected point mutation – if the sequence is as expected, the primers bind and PCR
amplification is achieved, if there is a mutation then the primers do not bind and PCR
amplification fails. If there is an unknown mutation, then sequencing is required as the
alternative is to produce all possible primer sequences to see which results in DNA
amplification.

The sequence for this experiment was chosen as the only bonds that are changed are G≡C,
although it should be noted that DNA binding is additive (discussed in 1.1.1), and that the
GC rich regions may form secondary structures within the same DNA strand or between
DNA strands (see section 1.1.4). For the EvaGreen controls, it was expected that there
would be a linear reduction in melting temperature and that single-stranded DNA would
have a relatively small effect – increased variability in readings as the proportion of singlestranded DNA increased. This confirms current practice of ensuring that PCR products
have a sufficient difference in melting temperature, or of designing primers over the
expected single point mutation.

The Alexa488 experiments (Figure 5-9) do show significant difference to distinguish
between single bases (Table 5-3). Both a linear, and a second order polynomial correlation
were modelled (Table 5-1 and Table 5-2), with the second order polynomial correlation
showing a higher R2 value, although T-test analysis could not distinguish between many
samples. The reduction in accuracy with distance isn’t dissimilar to the reduction in
fluorescence with distance with TIRF (see section 1.4.2 and Figure 1-12). As per the
sequence (Figure 5-7), it is only G≡C bonds that are removed, so the correlation should be
linear. As the NB-S quenching effect is due to charge, the charge effect on the fluorophore
will rely on distance and the charge of bases between the fluorophore and the doublePage 173

stranded DNA, which could explain the polynomial correlation and the fact that variation
increases in a similar manner.

These results suggested that the Alexa488 effect could be used for sequencing of up to 4
bases near the fluorophore, addition or removal of a single base would change the
fluorescence sufficiently for this to be differentiated, this is not possible with reporter
molecules such as EvaGreen. With EvaGreen, the 5°C rule for designing PCR products
means that the PCR products require a difference of ~6 bases depending on sequence,
whereas Alexa488 derived melting temperatures could be more specific, potentially
allowing differentiation of single base differences in products. An area of research where
this could be used is restriction enzymes, some of which cut DNA resulting in short singlestranded “sticky ends”.

DNA amplification by PCR does not usually result in partially single-stranded products, a
potential application for this is to differentiate products after PCR amplification. This is
discussed in the following section.

5.3. Multiplex Target Sequence Identification

EvaGreen is used extensively to identify PCR products in solution, these experiments were
based on previous work investigating differentiating single nucleotide variations with Gspecific quenching in this thesis and in the literature [74]. These controls are also relevant
for the DNA amplification experiments in section 5.4 and are discussed in the proceeding
section, with the full sequences in Figure 5-15. Figure 5-10 shows the melt curves
produced with the ABI 7500 when the primers are unlabelled – there is no distinguishable
melt peak, the melting temperature of the primers cannot be observed.

Based on the BRCA1 LAMP primers (see section 4.5, Table 4-1, Figure 4-10, Figure 4-11
and Figure 5-15) controls were performed to measure the melt curves of Alexa488 labelled
LPR5F and LPF5B. Melt curves of the unlabelled (or FITC-labelled) DNA produced no
discernible melt curves with (Figure 5-10 A) or without (Figure 5-10 B) the
complementary strand. OriginPro calculated 12-20 peaks, the most significant had a peak
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area of 7-8%. Three sets of experiments were performed, the first used Alexa488-labelled
LPRF5 and LPF5B, with one or both unlabelled complement strands added. Additional
controls were performed individually for F3, B3, FIP and BIP, along with EvaGreen melt

A

Derivative Reporter (-Rn)

Derivative Reporter (-Rn)

curves of the unlabelled variants of all 6 primers.

Temperature (°C)

B

Temperature (°C)

Figure 5-10 Derivative curves of standard unlabelled BRCA1 LAMP primers without (A)
and with (B) LPR5F and LPF5B complement strands (see 0. for full sequences). No
significant peak is observed.

Derivative Reporter (-Rn)

44.4°C

Temperature (°C)
Figure 5-11 Averaged derivative curve of BRCA1 LAMP primers Alexa488-LPRF5 and
Alexa488-LPF5B with the unlabelled LPR5F complement strand showing a distinct melt
peak at 44.4°C. 10µM dsDNA in pH7.8 TE buffer
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Derivative Reporter (-Rn)

51.0°C

Temperature (°C)
Figure 5-13 Averaged derivative curve of BRCA1 LAMP primers Alexa488-LPRF5 and
Alexa488-LPF5B with the unlabelled LPF5B complement strand showing a distinct melt

Derivative Reporter (-Rn)

peak at 51.0°C. 10µM dsDNA in pH7.8 TE buffer

44.4°C

51.0°C

Temperature (°C)
Figure 5-12 Average derivative curve of BRCA1 LAMP primers Alexa488-LPRF5 and
Alexa488-LPF5B with their unlabelled complement strands showing two distinct melt
peak at 44.4 °C and 51.0°C. 10µM dsDNA in pH7.8 TE buffer
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Addition of the unlabelled LPF5B complement resulted in a melt curve with a peak at
44.4±0.19°C (Figure 5-11), addition of the unlabelled complement LPF5B resulted in a
melt curve with a peak at 51.0±0.16°C (Figure 5-13), whilst addition of both resulted in a
two-peak melt curve that allowed accurate identification of both complements (Figure
5-12). These experiments were repeated to mimic a LAMP reaction with the addition of
the other unlabelled LAMP primers, Optigene ISO-004nd LAMP Mastermix and 5µl
pH7.8 TE buffer instead of template DNA, which did not alter the melting curves. The
peaks were analysed and integrated with OriginPro (an example of the separation of the
dual peak is shown in Figure 5-14) so that the peak height, area, and area (%) could be

Derivative Reporter (-Rn)

calculated Table 5-4.

Temperature (°C)
Figure 5-14 Example of analysis in OriginPro of the averaged melt curve of BRCA1 LAMP
primers Alexa488-LPRF5 and Alexa488-LPF5B with their unlabelled complement strands.
The centre points of the two peaks are shown by red lines and numbered, the separation line
is in blue, and the areas are shaded in grey.
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Number of peaks Single

Dual

Primer

LPR5F

LPF5B

LPR5F

LPF5B

Height

128000

99000

52000

52000

Area

634000

540000

250000

260000

Area (%)

58

57

24

26

Table 5-4 Peak attributes of Alexa488-LPR5F and Alexa488-LPF5R singularly and together
for multiplex sequence identification. Analysis performed with OriginPro 2016 using
averaged melt curves of data produced with an ABI7500.

As can be seen from Table 5-4, when the experiment is multiplexed (dual LPR5F and
LPF5B) the peak attributes are approximately half the equivalent of the single peaks. This
can be seen as the derivative in Figure 5-12 is roughly half that in Figure 5-13 and Figure
5-11. Whilst the negative controls above (Figure 5-10) found 12-20 peaks, with a
maximum peak area of 7%, these experiments could be distinguished as OriginPro
identified 1 significant peak in the single complement experiments and 2 significant peaks
in the dual complement experiments.

5.4. DNA amplification using Alexa488 fluorescence
The Alexa488 fluorescence changes if the DNA is double- or single-stranded, this could be
used for DNA amplification protocols, such as Polymerase Chain Reaction (PCR) and
Loop-mediated Isothermal Amplification (LAMP).

5.4.1. Polymerase Chain Reaction (PCR) using Alexa488
Additional PCR experiments were planned to use BRCA1 in order to analyse the melt
curves produced after PCR using NB-S quenching. Previous work in this chapter (5.1.3)
showed qPCR with modified BRCA1 template and B3 primer. The F3 and B3 primers for
BRCA1 LAMP reactions are routinely used to amplify the whole template sequence for
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maintaining laboratory stocks, whilst the existing LPR5F and LPF5B LAMP primers were
used to provide alternative PCR products.

Figure 5-15 BRCA1 template and primer sequences. Colour indicates primer sequences and
arrow indicates amplification direction and strand. FIP and BIP were only used for LAMP
DNA amplification (5.4.3) and so are not highlighted here.

Combination

Forward

Reverse

PCR Product length

PCR Product

EvaGreen Melting

Primer

Primer

(base-pairs)

Weight (kDa)

Temperature (°C)

1

F3

B3

210

129.8

71.7±0.4

2

F3

LPF5B

69

42.7

79.4±0.1

3

LPR5F

B3

75

46.4

75.4±0.2

Table 5-5 BRAC1 PCR primer combinations, product length, weight and melting
temperature.
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As discussed in 4.7 and 4.8, F3 and B3 produce negative peak melt curves due to
quenching by nucleotides present on the complementary strands (the target and primer
sequence was altered in 1.2 to produce positive amplification curves). LPR5F and LPF5B
give positive peak melt curves due to the quenching nucleotides on the labelled strands
adjacent to the Alexa488 fluorophore. It was predicted that combination of a positive peak
and negative peak primers would produce opposing melt curves, resulting in noisy,
unreadable results, although as the efficiency and strength of quenching is different there
may be one fluorophore that results in a greater change and so dominates.
Unlabelled F3, B3, LPR5F and LPF5B were used as controls, with the melt curves read by
EvaGreen. Primer concentrations, or PCR Master Mix volumes can be used to limit the
final product concentration. In order to keep the concentration of the labelled primer
constant, and avoid the situation where there is skewed PCR amplification (by varying the
concentration of the unlabelled complementary strand), it was decided to vary the volume
of the MasterMix in order to limit the nucleotides present and so final concentration of the
product. PCR product concentrations were measured using the melt curve analysis method
described previously in 5.1.2, quantified using a ThermoFisher NanoDrop, and examined
using the Agilent Bioanalyzer 1000, with the sizes as expected once the fluorophores were
taken into account.
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Results and Discussion
Using one Alexa488-labelled primer with one unlabelled primer, or two Alexa488-labelled
primers resulted in PCR products the same size as the EvaGreen controls using two
unlabelled primers. Melt curves as below in Figure 5-18, Figure 5-17 and in the correct
melting temperatures, although F3 and B3 had negative peaks as previously discussed. As
seen in Figure 5-16 there was not a significant difference between the temperatures

Temperature (°C)

measured using the Alexa488 fluorescence.

***

***

82
81
80
79
78
77
76
75
74
73
72
71
70

Alexa488-LPR5F+Alexa488-B3

Alexa488-LPR5F+B3

LPR5F+Alexa488-B3

LPR5F+B3+EvaGreen

Combination 2

Alexa488-F3+Alexa488-LPF5B

Alexa488-F3+LPF5B

F3+Alexa488-LPF5B

F3+LPF5B+EvaGreen

Alexa488-F3+Alexa488-B3

Alexa488-F3+B3

F3+Alexa488-B3

F3+B3+EvaGreen

Combination 1

Combination 3

Figure 5-16 Melting temperature of BRAC1 PCR products measured with Alexa488 (blue)
or EvaGreen (green) fluorescence in ABI 7500. EvaGreen with F3 and B3 are controls. ***
shows p<0.001 between combinations.
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Normalised Fluorescence

A

Derivative Reporter (-Rn)

Temperature (°C)

B

Temperature (°C)
Figure 5-17 Spectra of normalised fluorescence (A) and derivative (B) curves of the products
of Combination 1. In A and B, F3+B3+EvaGreen (control) is shown in black, Alexa488labelled F3+B3 is shown in red, and F3+Alexa488-labelled B3 is in green. PCR was
performed as described, with a melt curve performed between 25-95 °C. Origin 2016
performed smoothing with 10 point adjacent-averaging in Origin 2016, and derivative.
Peakfinding function was limited to a single peak, shown.
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Normalised Fluorescence

Temperature (°C)

Derivative Reporter (-Rn)

A

B

Temperature (°C)

Figure 5-18 Spectra of normalised fluorescence (A) and derivative (B) curves of the products
of Combination 2.

In A and B, F3+LPF5B+EvaGreen (control) is shown in black,

F3+Alexa488-labelled LPF5B is shown in green, and Alexa488-labelled F3+LPF5B is
shown in red. PCR was performed as described, with a melt curve performed between 2595 °C. Origin 2016 performed smoothing with 10 point adjacent-averaging in Origin 2016,
and derivative plotted. Peakfinding function was limited to a single peak, shown.
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5.4.2. Loop-Mediated Isothermal Amplification (LAMP) using Alexa488
LAMP is a method of DNA amplification requiring 3 pairs of primers and a constant
temperature instead of PCR cycling [41–44]. The fundamentals of LAMP were discussed
in section 1.2.2; the detailed reaction method is in 2.2.3.4. LPR5F and LPF5B were
chosen from the 6 primers to be Alexa488-labelled as the fluorescence increases when
double-stranded, so the amplification plot and melt curve should be similar to that seen
with EvaGreen.
Experiments with primers with the lower quenching (T or C) base adjacent to the Alexa488
fluorophore resulted in a decrease in fluorescence each cycle which the ABI 7500 was not
calibrated to measure.
EvaGreen controls were performed with and without template DNA. LAMP reactions A,
B and C did not contain EvaGreen and relied on the single LPF5B (A), single LPR5F (B)
or dual (C) Alexa488-labelled primers. After 20 minutes of amplification at 60°C, melt
curves were performed and the products were run on agarose gels to confirm the products.
LAMP produces large products due to the reaction producing multiple products of different
lengths, whilst unreacted primers and template would have produced identifiable bands.
As there were differences seen in the LAMP products when the reaction was performed
and melt curve derived using Alexa488-labelled primers, these products were
photobleached for 24 hours at room temperature. After photobleaching EvaGreen was
added, and the melt curves performed again.

Results and Discussion

The control experiments (Figure 5-19) worked as expected - without template DNA there
was no increase in fluorescence in the amplification plot (1), nor a distinguishable melt curve
(2). The EvaGreen control with template DNA showed amplifcation after 5 minutes with
was complete after 10 minutes (3), producing a melt curve (4) with a single peak around
85°C.
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Amplification Plot
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Figure 5-19 Amplification plots (left) and melt curves (right) of BRCA1 LAMP EvaGreen
controls with (3 and 4) and without (1 and 2) template DNA performed on ABI 7500. Total
reaction time was 20 min (40 cycles of 30 seconds). The control without template DNA
showed no increase in fluorescence (1), nor a distinguishable melt curve (2). The EvaGreen
control used unlabelled primers and worked as expected with positive LAMP amplification
seen after 5 minutes and complete after 10 minutes (3), producing melt curve (4) with a
single peak around 85°C.
The Alexa488 LAMP reactions (Figure 5-20) performed as expected, although the
amplication appeared faster than the control, starting around 0.5-1 minutes and complete
after 3-5 minutes (1, 3 and 5). The melt curves show 2-3 peaks, at the expected near 85°C
but also at 80°C. The height of these secondary peaks depended on which primer was
used, it is suggested that additional information specific to the location of these primers
within the LAMP product is producing the differences in melt curves. When the Alexa488
fluorophore was photobleached, and melt curves performed with EvaGreen they were
restored (Figure 5-21) suggesting that the altered melt curves are not due to different
LAMP product structures, but due to the Alexa488 fluorophore position.
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Figure 5-20 Amplification plots (left) and melt curves (right) of BRCA1 LAMP
reaction performed using Alexa488-labelled primers in ABI 7500. Total reaction time
was 20min (40 cycles of 30 seconds), with positive LAMP amplification seen after 0.5-1
minute and complete after 3-5 minutes, producing melt curves as seen on the right.
LAMP (A) utilised Alexa488-labelled LPF5B (1 and 2), LAMP (B) utilised Alexa488labelled LPF5B (3 and 4), LAMP (C) utilised Alexa488-labelled LPF5B (5 and 6).

Page 186

LAMP (A)
488-LPF5B

Derivative Reporter (-Rn)

Restored EvaGreen Melt Curves

LAMP (B)
488-LPR5F

Derivative Reporter (-Rn)

Temperature (°C)

LAMP (C)
488-LPF5B
488-LPR5F

Derivative Reporter (-Rn)

Temperature (°C)

Temperature (°C)
Figure 5-21 Restored averaged melt curves of Alexa488-labelled LAMP (A), (B) and (C)
products – samples were photobleached and EvaGreen added to measure the melt curves in
an ABI7500. The Alexa488 produced melt curves seen in the previous graph reverted to
the expected curves, suggesting that the differences seen previously were due to specific
position of the labelled primers within the overall LAMP product.
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5.5. Incorporation of the Nucleobase-Specific Quenching Effect in a
Reusable Microfluidic Lab-on-a-Chip Device

Lab-on-a-chip format devices can provide affordable diagnostics in low-resource
environments [131,167]. There are several potential advantages to using Alexa488 for a
microfluidic device. The first is that DNA binding could be analysed with a change in
fluorescence (when the complement strand binds and the fluorophore is either quenched or
unquenched), and additional sequence information could be gained by performing a melt
curve. After that, the target DNA can be washed at temperatures above the melting
temperature and collected, leaving the microfluidic chip able to be used for another
sample, as shown in Figure 5-23.

Flow sample through chip
Complementary target DNA
attaches to the immobilised probe
and is trapped, fluorescence
increases

Additional sequence information
from melt curve
When heated, sample DNA flows
away and is collected. High salt, or
NaOH could be used to further
clean the sample DNA without
removing the 488-labelled probe
Alexa488-labelled DNA probe is
still attached to the surface, chip is
ready for the next run
Figure 5-23 Schematic representation of the potential stages of a microfluidic DNA
microarray using Alexa488 fluorescence to monitor DNA binding.
As this fluorescence effect was discovered in a microfluidic droplet system, it was a logical
step to move it to an enclosed microfluidic system. For these two prototypes were created.
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5.5.1. First Generation Microfluidic Device
The first generation device worked as expected, and accurate melt curves were obtained for
DNA B (Figure 5-24). There were several drawbacks to the design, such as movement
upon melting of the thermal paste (evident in the experiment shown in Figure 5-25 B)
coupling the Peltier module and well. DNA was found in the well at 40°C and peaking at
95°C, suggesting that heating to 95°C could be used to remove the target strand from the
probe in order to reuse the device. Trace amounts of DNA in the well before the target
DNA was added will need to be investigated further, as this could be probe DNA that has
detached from the surface of the glass coverslip. A further control experiment in the
second-generation enclosed device will look at the rate that this DNA detaches from the
surface.

Figure 5-24 Melt curve derived using the First-Generation microfluidic device. Sigmoidal
curve (red) fitted by OriginPro(2016).
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A

B
Figure 5-25 Testing the First-Generation Microfluidic device. Temperature (black line) and
DNA content (blue squares) over the course of an experiment (A) and the control (B).
Temperature measured using J-type thermocouple, fluorescence measured using the
microscope and software previously described.
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5.5.2. Second Generation Microfluidic Device
As in the first generation device, an 8mm by 8mm coverslip was coated with Alexa488labelled DNA, and this was enclosed within a PDMS microfluidic chip as published
previously [131,132,167,168]. For this experiment TE buffer was pumped at a constant
rate of 20µl per minute with 10µl of 10mM unlabelled secondary DNA injected into the
start of the chip, fluorescence measured using the upright fluorescence microscope with an
EvaGreen / FITC filter set. As the device is fully enclosed, a thermocouple could be not be
used. It was noted that the coverslip with DNA had made contact with the device, as can
be seen in Figure 5-26, which prevented buffer flow over the whole of the chip, and
resulting in unreadable melt curves.

Outlet

Inlet
DNA test
coverslip

Figure 5-26 Complete Second Generation single input/output PDMS microfluidic device
with DNA test chip enclosed in the centre (labelled). The inlet port and outlet ports are
shown and are interchangeable.

There are several difficulties that will need to be overcome in order to improve this so that
it has potential as a LOC diagnostics device. Firstly, there needs to be an integrated
temperature sensor so that accurate melt curves can be derived. Secondly, an alternative
fabrication protocol will need to found as this device requires plasma ashing to bind the
microscope slide to the PDMS chamber – this would remove unprotected DNA attached to
the surface. These will be discussed in the future work, Chapter 6.
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5.6. Conclusion

The Alexa488 sequence-specific photoinduced electron transfer NB-S quenching effect
was used instead of EvaGreen to perform common biological techniques. Many protocols
use a fluorophore to ascertain the presence or absence of a DNA strand, and a secondary
fluorophore to analyse if the DNA is double-stranded or single-stranded - this could be a
non-specific reporter molecule, such as EvaGreen, or a fluorophore attached to the
complementary strand as discussed previously with FRET. By making use of the NB-S
Quench effect, only a single fluorophore is needed to analyse presence/absence,
single/double-stranded, and concentration of the secondary strand. Although at an early
stage, Chapter 4 showed that binding of a partial complementary strand altered the
fluorescent signal so this technique could provide additional information as to the
sequence/length of the secondary strand with some additional research.
DNA amplification protocols PCR and LAMP using this technique were shown. When
designing primers for DNA amplification it is important to know the expected sequence, as
the melting of the DNA could cause either an increase or decrease in fluorescence (see
Chapter 4). If two or more labelled fluorophores are to be used, it is recommended that
they either all increase or all decrease fluorescence, as additive interference of fluorescence
would increase the signal whilst reductive interference resulted in a poor fluorescent
signal. In addition, PCR machines are programmed to look for increases in fluorescence,
DNA amplification where the fluorescence decreases each cycle could be misinterpreted.
The ABI 7500 software only recognises positive melt curve peaks, not negative, and so
these had to be independently analysed using Origin2016.
Preliminary designs to incorporate this into a reusable microfluidic device were examined,
results from the first-generation device suggest that the secondary strand could be removed
by heating sufficiently to reuse the device for subsequent tests. Although difficulties with
fabrication were noted, this seems to be a promising line of research, as there is the
potential for multiple DNA diagnostic tests on a single chip.
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6. Conclusion and Future Work

This thesis examined the effects of surface acoustic waves on DNA hybridization, with a
view to integrate molecular diagnostic assays onto acousto-fluidic devices. The work used
fluorescence to characterize the binding of DNA in a range of conditions, and revealed
nucleobase-specific quenching (NB-S Quench) of fluorophores when attached to DNA as a
double strand. This effect has been studied previously, but this is the first research into its
potential applications for research and low-cost diagnostics. There is a potential for the
effect to be used to simplify existing techniques, such as DNA melt curves, which also
fulfilling other roles such as quantification and localisation which are usually reliant on
non-specific DNA dyes such as EvaGreen. In short, this effect could be used to replace
non-specific dyes or dye/quencher/FRET pairs in DNA amplification techniques entirely.
There will be additional impacts on research involving FRET, it was commonly expected
that the emission of the acceptor fluorophore would only depend on the distance and
excitation of the donor fluorophore but this research shows that the emission of either
fluorophore may be increased or decreased by the DNA strand melting.
This work will have an impact on research into low-cost medical diagnostics, and improve
the understanding of fluorescence of DNA modified with fluorophores, contributing to the
understanding of future work in these areas. This chapter discusses the wider implications
of the research in this thesis, and suggests further experimentation that could be
implemented.

6.1. Surface Acoustic Waves and DNA

The experiments with SAW suggested a slightly lower melting temperature in some cases
when using EvaGreen as a reporter molecule. EvaGreen has been characterised, and it is
known that the molecule changes conformation with double-stranded DNA which also alters
the absorbance and subsequent fluorescence [14,150]. Lower melting temperatures recorded
with EvaGreen could have been due to the DNA itself melting at a lower temperature.
Preliminary results in this thesis, where the FRET and Alexa488 measured melting
temperatures did not change suggest that there may be something inherent to the reporter
molecule.
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Streaming within the droplet due to SAW may be affecting the binding of EvaGreen to the
grove of DNA. Another theory is that Fluorescence Resonance Energy Transfer (FRET)
and Alexa488 fluorescence are mainly affected by the binding of the whole molecule of
DNA, whilst multiple copies of EvaGreen are known to bind along the length of DNA. If
SAW are increasing local melting within a DNA strand, this might not affect
FRET/Alexa488 fluorophores which are next to double-stranded DNA at one end of the
DNA strand. In addition, if SAW are increasing the melting of the ends of DNA, this would
only affect FRET/Alexa488 if it occurred at that end. In the case of FRET, the fluorescence
is dependent on the distance between the acceptor and donor fluorophores [43], so partial
melting of the DNA adjacent to the fluorophore which only slightly increases the distance
between the acceptor fluorophore and the donor fluorophore would partially reduce the
fluorescence signal.
In the case of Alexa488, partial melting of the DNA adjacent to the fluorophore which halved
the quenching effect would change reduce the fluorescence of that fluorophore by 5-10%,
and the experiments with complementary strand effects suggest that the photo-induced
electron transfer effect may depend on the charge of more than just the adjacent nucleotide.
In both cases, if EvaGreen changes confirmation when binding to the grove of doublestranded DNA, this partial melting would result in dislocation of the fluorophore, and
changing of the conformation (and absorption/fluorescence) of that molecule, resulting in a
large change in fluorescence, and requiring the molecule to again bind to the DNA groove
and change conformation before the fluorescence signal recovers. If the DNA strand is
relatively long, and the ends are affected more than the nucleotides within the strand, then
there would be more EvaGreen bound to the unaffected nucleotides than affected at the end.
The theory is that although the change in fluorescence is relatively large, on a long strand of
DNA relatively few reporter molecules are affected, so this warrants further investigation if
SAW and intercalating reporter molecules are to be used in the future.

Further to this, it was an aim of this thesis to investigate the difference of SAW on DNA in
a microdroplet and DNA bound to the surface as the microenvironments will be different,
with different pressure and streaming [52]. There was insufficient time to complete the
experiments using FRET and Alexa488 fluorescence to evaluate DNA attached to the
surface, so these were not included, but this research could provide interesting results and
would improve understanding of SAW diagnostic devices. Current research is examining
the preparation of DNA for sequencing with SAW, and the potential for the sequencing
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reaction to be performed using SAW, if this is to be performed on a patterned surface then
understanding the surface microenvironment will be essential. A thorough study could
comparing DNA within the droplet, DNA attached to the surface, and DNA attached to bead,
with saw would be relevant to past and future research [48,49,152,169].

6.2. Further Characterisation of Alexa488 Fluorescence Effect

There are still several important questions on the characterisation of the Alexa488 photoinduced electron transfer effect. ATTO488 was identified as also exhibiting this effect,
whilst FITC does not, additional work could discover the chemical basis of this mechanism
and allow additional fluorophores with these properties to be identified. It could be possible
to engineer fluorophores to this end.
It is unknown why the melting temperature is almost always below that when measured with
the EvaGreen control, there was no obvious correlation with DNA length, GC content, or
the sequence of the nucleotides adjacent, further experiments could examine this in more
detail. It could be as simple as the addition of the fluorophore on the end influencing the
binding, perhaps through hydrogen bonding or other steric hindrance, although this would
also be noted in FRET experiments – two fluorophores would also increase this effect.
Additional work to discover if this is the case could utilise chemically similar fluorophores
that do not fluoresce in the green channel, allowing use of intercalating dyes such as
EvaGreen. In this thesis, Alexa488 fluorophores were photobleached and EvaGreen added
to restore the expected melting peak, although it is unclear if this photobleaching would have
destroyed the fluorophore so that it can no longer change the melting temperature. This
theory may be disproven by additional experiments using partial complementary strands.
It was noted that the partial complement strands showed melting temperatures closer to the
expected temperature, which could be simply due to the fact that the background signal
increased along with the distance between the fluorophore and double-stranded DNA. Some
experiments suggested that this did depend on the sequence of the nucleotides adjacent to
the fluorophore – such as TTT eliminating the photo-induced electron transfer effect
[20,76,163].

In order to understand the effects of deletions, mismatches, and insertions may have, 3
experiments are suggested. It is suggested that the experiments use the same sequence, but
Page 195

with the fluorophore at either the 5’ or 3’ end, with a different nucleotide attached so as to
produce melt curves in both directions, for example:

5’

GGG CCC CAG CGC CAA CAG TCG
CCC GGG GTC

GCG GTT

GTC

GCG CTT

GTC

3’

AGC CGC GAA CAG

Mismatches in the nucleotide closest to the fluorophore could be examined. This is predicted
to increase quenching, with the fluorophore when double-stranded quenched by the
fluorophore adjacent and opposite as this part is always single-stranded. This could mean
that both the 5’ and 3’ fluorophore are relieved of quenching when the complementary strand
has melted and is in solution. Examining mismatches as below could provide valuable
information to improve the model:

3’-G

GAC AAG CGC CGA CTG

TTG

GCG CTG

GGG CCG

3’-T

GAC AAG CGC CGA CTG

TTG

GCG CTG

GGG CCT

3’-A

GAC AAG CGC CGA CTG

TTG

GCG CTG

GGG CCA

5’-A

AAC AAG CGC CGA CTG

TTG

GCG CTG

GGG CCC

5’-C

CAC AAG CGC CGA CTG

TTG

GCG CTG

GGG CCC

5’-T

TAC AAG CGC CGA CTG

TTG

GCG CTG

GGG CCC

Table 6-1 Example of sequences that could be used to investigate the effect of mismatches
of the base closes to the Alexa488 fluorophore on the complementary strand.

Insertions/additions could be examined by adding a base opposite from the fluorophore. It
is predicted that these results will be easier to interpret than the mismatches experiment
detailed above as the effect of a quenching single base adjacent to the fluorophore will be
removed. As G>C>A>T, the theory states that is the order of quenching that will be seen,
and in all cases the overall quenching of the fluorophore will be removed when the DNA
melts to become single-stranded.
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6.3. Conventional Protocols with the Photo-induced Electron Transfer
Effect

Additional research studying the fluorescence of Alexa488, or ATTO488, attached to, for
example, antibodies would be interesting. If the binding of the antigen to the antibody near
the fluorophore altered the fluorescence, this could lead to simpler antibody-based
diagnostics. This could lead to improvements in histology, and antibody-based diagnostics
such as Enzyme Linked Immunosorbent Assays (ELISA).
The compatibility of the photo-induced electron transfer effect with conventional DNAbased techniques would require more research on understanding complementary strand
effects.

Polymerase Chain Reaction (PCR) is a mainstay of genetic and infectious

diagnostics, including lab-on-a-chip, and other DNA amplification techniques such as
LAMP are used regularly in point-of-care diagnostics, including paper-based microfluidics
[3,33,35,41,111].
The difference in melting temperature of some double-stranded DNA compared to the
EvaGreen controls suggests that there may be other factors which require investigation
before this technique could intercalating reporter molecules like EvaGreen. This thesis
investigated using Alexa488 instead of EvaGreen for PCR and LAMP, although it was noted
that there were difficulties (especially with LAMP) due to the fact that EvaGreen produces
much larger changes in fluorescence, whereas Alexa488 only changes by 10-20%. For the
ABI 7500 FAST PCR system, this meant that the software had difficulty during the
amplification steps of the reaction as the increase (or decrease in the case of F3 and B3
primers) was of a magnitude smaller and much closer to the background than expected.
Improving the sensitivity of the fluorescence sensors, and software changes, in these systems
could lead this to become a commercially successful technique, although it was viable within
our laboratory.
Experiments on surface-attached DNA were performed as an alternative to Fluorescence
Resonance Energy Transfer (FRET)[67]. The advantages of FRET is there is a relatively
large reduction in the signal from the donor fluorophore and increase in the signal from the
acceptor fluorophore, and these can independently be monitored.

Using the 10-20%

quenching of a single fluorophore to monitor DNA binding requires relatively more sensitive
equipment but there is potential for Alexa488 and similar fluorophores to be incorporated
into DNA microarrays[3]. As the number of fluorophores is reduced in microarrays, the
fluorescence is also reduced, so this technique may not be suitable for current high-density
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microarrays without improving the sensitivity of the fluorescence sensor. In the long-term,
microarrays may be completely replaced by sequencing.
There may also be a way for this technique to be incorporated into Next Generation
Sequencing (NGS). As discussed before, some next generation sequencers rely on a
fluorophore that is later cleaved [43], using dyes that exhibit the discussed fluorescence
effect could allow additional information to be obtained, in turn allowing longer DNA probe
binding to be studied and so increasing the efficiency of the sequencing.
Next generation sequencing, and Lab-on-a-Chip diagnostics often involves DNA attached
to magnetic or fluorescent beads [170,171]. Experiments in this thesis used thiolated DNA
attached to the surface of glass, which had no measurable effect on the fluorescence.
Magnetic beads can be separately introduced, moved/kept in place, and later released, so this
fluorescence technique could be combined with established protocols for Lab-on-a-chip
diagnostics [82,83,168]. For example, the magnetic particles could be added to microfluidic
devices with Alexa488-labelled DNA attached as a probe. If the target DNA is present in
the sample, this is indicated by a change in fluorescence, and the particles with the target
DNA can be collected.
It is likely that attachment to beads as is commonplace in NGS will not change the
fluorescence effect discussed, although attachment to a fluorescent bead would still allow
FRET. It is possible that this could improve current FRET bead techniques as the FRET
signal would confirm that the probe DNA is attached, as well as providing information as to
if it is double- or single-stranded. For example, if the fluorescent particle was a FRET donor,
and the FRET acceptor Alexa488-DNA was attached to the bead within the FRET distance,
then the existence of any signal would show that DNA binding had worked as expected.
Addition, or removal of the complementary strand, would change the fluorescence giving a
melting peak/annealing peak.
As current attachment chemistry can be used on the same DNA strand on the opposite end
to the fluorophore, this could be used for surface attachment in microfluidic devices. This
thesis contained preliminary work on integrating this technique into a droplet device, as well
as two generations of microfluidic flow devices[131]. The second-generation flow device
used a piece of coverslip with the DNA attached, due to difficulties noted in PDMS device
fabrication – the microscope slide and PDMS must be processed in a plasma asher to ensure
binding. This step would require protection of the DNA, with a resist coating for example,
that would later require removal. There are some advantages to this, as the coating would
prevent degradation of the DNA and photobleaching of the fluorophore, but alternative
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fabrication methods such as “sticky” chambers, perhaps 3D printed, should be researched
[88,172].

6.4. Second and Third Generation Microfluidic Devices

An RTD will be fabricated onto the microscope slide and calibrated before the device is
sealed, this will need to be longer than those previously designed so that the contact points
are outside of the device. It was noted that when the microfluidic device was sealed, part of
it stuck to the DNA chip. There are several strategies to prevent this in the future, which
could potentially aid in storage of the devices. A protective coating could be used between
the DNA on the surface of the test chip and the microfluidic device that degrades with heat
or a solvent that will not degrade the DNA or affect the DNA binding (nor interfere with the
PDMS microfluidic chip). Agarose gel has been shown to work with lateral flow paper
devices, and does not interfere with DNA including DNA amplification by LAMP or PCR.
Another option would be to use a photoresist, such as S1818, which would be able to protect
the DNA on the surface during the plasma asher bonding step during fabrication, before
being broken down with ethanol when the chip is to be used. Both of these could be explored
in the future, and would allow the DNA to be attached directly to the surface of the
microscope slide instead of a coverslip in the device. If s1818 were used to fabricate the
RTD to measure the temperature then it could be used for DNA patterning too.
An alternative would be to change the device fabrication, there are commercially available
options that use an adhesive to attach to the microscope slide, removing the requirement
plasma asher the surface to clean the surface before binding, such as the Ibidi sticky slides.
For these experiments, the buffer will be collected at several points during the run to show
the levels of DNA are indistinguishable from water background. When the microfluidic chip
is heated, more DNA is expected to be collected until it peaked at the melting temperature
of the DNA. If multiple DNA binding sites were used, with differing melting temperatures,
it would be possible to collect fractions as the DNA melts in order to use the sample DNA
for other uses.
It is important to point out that the NB-S Quench effect seemed to work reproducibly when
there was double-stranded DNA adjacent to the fluorophore, and this resulted in the ability
to multiplex target sequence identification. If each spot on a DNA microarray were able to
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differentiate between different similar target sequences, by length or perhaps by sequence if
the experiments from 6.2 work as expected, then this would be a significant enhancement.
An obvious use for this would be a negative control, where any unused primer binds to the
same sequence attached to microarray. If there is successful PCR amplification, then this
will be seen from the higher melting temperature. If there is no PCR, then the primers will
be seen. A mixture could provide an insight as to the levels of original substrate DNA, which
would link to disease severity. There would be the potential for multiple DNA tests along
the length of a reusable microfluidic chip, limited only by the fabrication and fluorescence
imaging.
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