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Abstract

Communicable diseases, such as malaria, viral and bacteria infections, which are still
widely spread in low- and middle-income countries, cause high morbidity and mortality
rates. Elimination of infectious disease reservoirs requires rapid, and highly sensitive
molecular diagnostic platforms that can be effectively used outside laboratory settings.
The integration of nucleic acid amplification tests (NAATS) in paper-based microflu-
idic devices has represented a remarkable turning-point in the context of point-of-care
(POC) diagnostics, as they combine NAATS’ high sensitivity and specificity with the
advantages of low-cost, easy-to-use paper-based microfluidics. Various configurations
of low-cost single-use POC diagnostic devices have been developed. However, none of
those thoroughly fulfil the ASSURED criteria for effective POC testing provided by
the World Health Organisation in 2003 (Affordable, Sensitive, Specific, User-friendly,
Rapid and robust, Equipment-free and Deliverable to end-users). Even if current tests
can successfully detect very low concentrations of infectious organisms, the degradation
of essential reagents restricts their practical use in challenging field conditions where
refrigerators, external equipment and trained personnel might not be easily accessible.
Increasing attention has been paid to achieving “reassUREd” aspects in the recent
years, but further investigations are still required to face the real challenges that in-
field testing entails.

My PhD research aims at addressing some of the major limitations of paper-based POC
NAATS in terms of user-friendliness and robustness in resource-poor settings. First of
all, I have developed a new paper-based procedure to extract nucleic acid (NA) mate-
rial from bacteria present in large volumes which reduces user intervention. Secondly,
I have stored reagents in a ready-to-use solid format and “on-board” to incorporate
NAATSs inside a POC diagnostic platform for easy shipment and long-term storage.
Moreover, a simple device that combines sample pretreatment and NA amplification
in one chamber was investigated. Such a device will incredibly facilitate access to
low-cost, accessible, and accurate diagnosis, thus delivering all the ASSURED aspects.
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Thesis Outline

This thesis is divided into six chapters.

Chapter 1: Overview of point-of-care devices for the diagnosis of infectious diseases.
The focus is given to paper-based point-of-care devices that detect genomic pathogenic
material and integrate nucleic acid amplification methods. Strategies used to modify
paper and control fluid flow are also briefly summarised.

Chapter 2: Materials and methods common to each result chapter. The chapter
describes the paper-based methods for extracting nucleic acids and the fabrication
techniques for developing devices based on paper and plastic. The strategies for stor-
ing molecular reagents at ambient temperature are also presented in detail.

Chapter 3: Optimisation of paper-based nucleic acid extraction methods. The chap-
ter presents the steps followed to optimise sample pretreatment methods that use paper
to capture and release DNA. The performance of different lysis buffers, types of papers,
dimensions of paper and paper-functionalisations are analised.

Chapter 4: Strategies to store loop-mediated amplification (LAMP) reagents for
molecular diagnostics at room temperature to eliminate the need for cold-chain. The
chapter investigates the role of pullulan (polysaccharide) in preserving LAMP reagents
reactivity over time. Pullulan and trehalose (a common disaccharide) have been used
to create tablets containing different reagents and they have been tested after shipping
in uncontrolled temperature conditions. Moreover, the chapter introduces a proof-of-
concept point-of-care device for the detection of malaria that was shipped with dried
LAMP reagents stored ‘on-board’ to Uganda. The design and fabrication of the device
are presented, along with the challenges of field testing in a low-resource setting.
Chapter 5: Modular paper- and plastic-based point-of-care device that integrates
sample pretreatment and nucleic acid amplification in a single chamber. The device
was developed for the detection of the bacteria Escherichia coli in large samples. The
chapter describes the device design, fabrication processes, and limitations.

Chapter 6: Enzyme-free amplification strategies. The chapter explores catalytic hair-
pin assembly (CHA), as an alternative to LAMP, combined with lateral flow assays to
investigate the deployability of CHA at the point-of-use. The work was mostly carried
out during a 12-month placement at McMaster University (Ontario, Canada), and pre-
liminary results are given.

Chapter 7: Conclusions and future works. The chapter offers a summary of findings
and future works, including preliminary results about the integration of enzyme-free
amplification method with result visualisation on lateral flow assays.

Xiv



Nomenclature

2D - Two dimensional
3D - Three dimensional
C. - Clostridioides

E. - Escherichia

P. - Plasmodium

ANOVA - Analysis of variance

BSA - Bovine serum albumin

CHA - Catalytic hairpin assembly

DNA - Deoxyribonucleic acid

EDTA - Ethylenediaminetetraacetic acid

FAM - Fluorescein amidites

FIND - Foundation for Innovative Diagnostics
FITC - Fluorescein isothiocyanate

GuHCI - Guanidine hydrochloride

IDT - Integrated DNA Technologies

ISPf - International Standard for Plasmodium falciparum
LAMP - Loop-mediated isothermal amplification
LB - Lysis buffer

LFS - Lateral flow strip

LMICs - Low- and middle-income countries
LOD - Limit of detection

NA - Nucleic acid

NAAT - Nucleic acid amplification test

XV



NEB - New England Biolabs

NFW - Nuclease free water

NTC - No template control

PAGE - Polyacrylamide gel electrophoresis
PBS - Phosphate buffered saline
PC - Positive controls

PCR - Polymerase chain reaction
PDMS - Polydimethylsiloxane

PK - Proteinase K

PMMA - Poly(methyl methacrylate)
POC - Point-of-care

gqPCR - Quantitative polymerase chain reaction, real-time polymerase chain reaction
RDT - Rapid diagnostic test

RT - Room temperature

SDS - Sodium dodecyl sulphate
TBE - Tris-boric-EDTA

TBS - TRIS buffered saline

TE - Tris-EDTA

TTP - Time-to-positive

UV - Ultraviolet light

w/v - Weight per volume

WHO - World Health Organization

Xvi



List of Figures

1.1
1.2
1.3
1.4

1.5

1.6

1.7

1.8
1.9

2.1
2.2
2.3
24
2.5
2.6
2.7

2.8
2.9

2.10
2.11

2.12

2.13
2.14

2.15

2.16

Steps involved in nucleic acid amplification tests (NAATs). . . . . . . . 3
Time line of paper-based diagnostic devices. . . . . . . . . . .. .. .. 12
Strategies for fluid and analyte handling in paper substrates. . . . . . . 14
Schematic of pH dependent capturing and releasing of DNA on chitosan-
functionalised paper. . . . . . . ... 17
Examples of low-cost plastic-based microfluidic chips that integrate nucleic-
acid amplification tests and lateral flow assays. . . . . . . . . .. .. .. 21
Schematics of freeze-drying and drying of nucleic acid amplification tests
reagents. . . . ... e 23
Structural formulas of trehalose and pullulan in Haworth projection. . . 25
Example of a RNA-cleaving DNAzyme. . . . . . . ... ... ... ... 26
Enzyme-free amplification methods. . . . . . . . .. .. ... 0. 27
Computation of time-to-positive values in real time LAMP. . . . . . . . 39
Interpretation of test results on lateral flow strips. . . . . . . .. .. .. 43
Schematic of the nucleic acid purification method performed by Zou et

al. (2017). . . . . 45
Procedures to investigate DNA-paper binding properties. . . . . . . . . 46
Schematic of paper-based sample pretreatment procedure. . . . . . . . 47

Schematic of the reduction of steps for the paper-based DNA extraction
from Escherichia coli bacterial sample. . . . . . .. ... ... ... .. 48
Schematic for the addition of the elution step in the paper-based DNA
extraction procedure. . . . . . .. . ... Lo 49
Schematic of paper-based DNA extraction using MagaZorb® reagents. 50
Schematic of the paper-based DNA extraction with lysis buffer air-dried

on the paper disc. . . . . . . . ... 51
Disc-shaped pullulan films. . . . . . . . ... ... L 53
Schematic of the ‘two-pill method’ to store LAMP reagents in pullulan-
trehalose tablets. . . . . . . ..o oo o7
Two-pill method used to ship LAMP reagents to Uganda under uncon-
trolled temperature conditions. . . . . . .. .. ..o 60
Modified DNA extraction from blood finger prick. . . . . . . .. .. .. 62
Schematic of the point-of-care device for the detection of malaria from
blood. . . . . . 63
Schematic of the functioning of the point-of-care device for the detection
of malaria from blood. . . . . . .. ... ... oL 65
Results interpretation on diagnostic cassette for detection of malaria. . 66

XVvil



2.17
2.18
2.19
2.20
2.21
2.22
2.23
2.24
2.25
2.26
2.27
2.28

2.29
2.30

3.1

3.2

3.3

3.4

3.5

3.6
3.7

3.8

3.9

3.10

3.11

3.12
3.13

3.14

3.15

Assembly of the point-of-care malaria cassette. . . . . . . . . ... ... 68
Field testing. . . . . . . . . . . 71
Schematic of the diagnostic device for E. coli detection. . . . . . . . .. 72
Overview of the working mechanism of the diagnostic device for F. coli

detection. . . . . . . .. 73
Poly(methyl methacrylate) (PMMA) layers used to create the 3D struc-

ture of the point-of-care device. . . . . . . . ... ... ... ... ... 74
Bonding process of three PMMA layers. . . . . ... ... ... ... .. 75
E. coli point-of-care device sealing process using adhesive film. . . . . . 7
Pullulan tablets drying on glass slides for dimension control. . . . . . . 78
Different combinations of Allura Red and Xylene Cyanol for pullulan

tablets dissolution analysis. . . . . . . . .. ... .. oL 81
PMMA mould for pullulan tablets dissolution measurements. . . . . . . 82
Schematic of PDMS position to seal central chamber in POC device. . 85
Incubation time on the device determined by pullulan discs. . . . . .. 86
Materials to test the full operation of the E. coli point-of-care device. . 87
Schematic of the sample pretreatment on the point-of-care device. . . . 89

Time-to-positive values and melting curve plots of LAMP reaction for
the detection of E. coli malB gene using three different concentrations

of primers. . . . . . ... 93
Analytical sensitivity and standard curves of the LAMP assay for the
detection of F. coli malB gene. . . . . . . ... ... 94
Analytical sensitivity and standard curves of the qPCR assay for the
detection of F. coli malB gene. . . . . . . . .. ... ... ... ... 96
DNA-paper incubation time comparison when using the first paper-
based DNA extraction procedure. . . . . . . .. ... ... ... .... 98
Comparison between the first and “in tube” paper-based DNA extrac-
tion procedures. . . . . .. ... 99
Sensitivity of the paper-based DNA extraction “in tube” procedure. . . 100

Time-to-positive values of paper-based extraction when changing lysis
step conditions. . . . . ... 102
Time-to-positive values of paper-based extraction performed using the
9-steps or 7-steps methods. . . . . . . . ... ... L. 104
Analytical sensitivity experiment of the paper-based sample pretreat-
ment for the detection of E. coli malB gene from a sample, using LAMP. 105

Time-to-positive values of the 7-steps paper-based DNA extraction pro-
cedure performed using different paper substrates. . . . . . . .. . ... 106
Amplification plot of the 7-steps method when proteinase K is added to
the sample. . . . . . . .. 107
Interaction of paper disc with fluorescence reading in qPCR. . . . . . . 109
Time-to-positive values of paper-based extraction performed using the
7-steps methods with and without an additional elution step. . . . . . . 110
Cycle threshold values of the paper-based DNA extraction performed
with different volumes of lysis buffers. . . . . . . .. .. ... ... ... 111
Structural formula of ethylenediaminetetraacetic acid (EDTA). . . . . . 112



3.16

3.17
3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

3.28

3.29

3.30

3.31

4.1

4.2
4.3

4.4

4.5

4.6

Cycle threshold values of the paper-based DNA extraction performed
with different lysis buffers having different EDTA concentrations. . . . 113
Structural formula of Guanidine hydrochloride (GuHCI). . . . .. . .. 113
Cycle threshold values of the paper-based DNA extraction performed
with lysis buffers having different GuHCI concentrations. . . . . . . . . 114
Cycle threshold values of the paper-based DNA extraction performed
with lysis buffers having different pH. . . . . . . . .. ... ... ... 115
Cycle threshold values of the paper-based DNA extraction performed

with different sizes of Whatman® Grade 1 paper discs. . . . . . . ... 117
Cycle threshold values of the paper-based DNA extraction performed
with one or two paper discs of Whatman® Grade 1, or one disc of
Whatman® Grade 3 paper. . . . . ... .. ... ... ... 118
Cycle threshold values of the paper-based DNA extraction performed
with one, two or three paper discs of Whatman® Grade 3, compared to
one disc of Whatman® Grade 1 paper. . . . . .. . ... ... ..... 119
Cycle threshold values of the paper-based DNA extraction performed
using Whatman® Grade 3, Grade 470, CF4, CF5. . . . . . . . . . ... 120
gPCR results when proteinase K is added to the paper-based DNA ex-
traction methods. . . . . . . .. .. 122
Cycle threshold values of the Magazorb Kit paper-based DNA extraction
performed with different types of paper. . . . . . . ... ... ... 123
Cycle threshold values of the Magazorb Kit paper-based DNA extraction
performed with two different lysis buffers. . . . . .. .. .. ... ... 124
Cycle threshold values of the 7-steps method with elution performed
with air-dried lysis buffer. . . . . .. .. ..o 126

Cycle threshold (Ct) values of the 7-steps method with elution performed
with air-dried lysis buffer when the dilution step is not perfomed. . . . 127
Cycle threshold (Ct) values of the two paper-based DNA extraction
methods developed performed with air-dried lysis buffer. . . . . .. .. 128
Amplification plot and time-to-positive values of paper-based extraction

procedure performed using chitosan-functionalised Whatman® Grade 1
paper diSCs. . . . ... 129
Time-to-positive values of paper-based extraction procedure performed
using chitosan-functionalised Fusion 5 paper discs. . . . . . . . . .. .. 130

Master mix ISO004-LYO stored in 10% (w/t) pullulan tablets at 35 °C

over time. . . . . ..o 138
Primer mix stored in 10% (w/t) pullulan tablets at 35 °C over time. . . 139
Performance of LAMP assay carried out using the master mix provided
by New England Biolabs or by Optigene Ltd. (ISO-004). . . . . .. .. 140
Optimisation of MgSO, and betaine concentration in LAMP master mix
(New England Biolabs, NEB). . . . .. ... .. ... ... .. ..... 141

Analytical sensitivity and standard curves of the optimised LAMP assay
with New England Biolabs reagents. . . . . . .. .. .. ... ... ... 142
Simplified schematic of loop-mediated isothermal amplification (LAMP). 144

XixX



4.7

4.8

4.9

4.10
4.11

4.12

4.13

4.14

4.15

4.16
4.17

4.18
4.19
4.20
4.21
4.22
4.23
4.24

4.25
4.26

4.27

4.28
4.29

4.30

4.31

4.32

4.33

Gibbs free energy change (AG) of labelled primers for the detection of
E.coli malB gene. . . . . . . . .. 145
Lateral flow assay results obtained with a primer mix made of only loop

primers for the detection of E. coli malB gene. . . . . . . . . .. .. .. 146
5X labelled primer mix stored in 10% (w/v) pullulan tablets at 35 °C
and tested after 10 ,30, and 60 days. . . . . .. .. ... .. .. .... 147
LAMP assay with different primer mixes concentrations. . . . . . . .. 148
25X labelled primer mix stored in 10% (w/v) pullulan and 0.5 M tre-
halose tablets at 35 °C and tested after 10 , 30 days. . . . . . . . . . .. 149

LAMP amplification plots of reagents stored in separate 10% (w/v) pul-
lulan and 0.5 M trehalose tablets, compared to reagents stored at -20 °C. 150
LAMP reagents stored in two 10% (w/v) pullulan and 0.5 M trehalose

tablets for 10 and 30 days. . . . . . . . ... ... 152
Amplification plot of tablet-based LAMP assays with different concen-
trations of WarmStart® Bst 2.0 (New England Biolabs). . . . . .. .. 153
Limit-of-detection of LAMP reagents stored in two separate 5% or 10% (w/v)
pullulan and 0.5 M trehalose tablets for 10 days at 35 °C. . . . . . . .. 155
LAMP assays for the detection of Plasmodium falciparum. . . . . . . . 157
LAMP assays validation of dried reagents brought back from the field

for the detection of Plasmodium species. . . . . . . . .. .. ... ... 158
LAMP assays validation of dried reagents brought back from the field

for the detection of BRCA1 gene. . . . . . . . . .. ... ... ..... 158
Tablet-based LAMP reagents brought back from the field. . . . . . .. 159
Schematic of simplified DNA extraction methods from whole blood. . . 161
Results of simplified DNA extraction methods from whole blood. . . . . 162

Comparison of simplified DNA extraction methods from whole blood. . 162
Dimensions of the point-of-care device for the detection of malaria: de-

SIGNS A, .« . . L L e 164
Dimensions of the point-of-care device for the detection of malaria: de-

signs b. ... 165
Heating process of the malaria diagnostic cassette; design b - 1. . . . . 166

Different types of walls and thicknesses between chambers (5)-(6), (6)-
(7) and (8)-(6). . . . . . . . 167
Dimensions of the point-of-care device for the detection of malaria and
magnetic beads handling: designsec. . . . . . ... ... ... ...... 168
Results of liquid and magnetic beads handling in the device: design ¢ - 1.169
Heat block and aluminium bands used to perform LAMP on the point-
of-care device for malaria. . . . . . . .. ... ... oL 170
Results of liquid manipulation and heating of the point-of-care device
for the detection of malaria with different wall thicknesses between the

reaction and LFS chambers: design b =1. . . . . ... ... ... ... 171
Results of full DNA extraction from blood and LAMP assay performed
on the point-of-care device. . . . . . . ... ..o 172
Results of full DNA extraction from blood and LAMP assay performed
on the point-of-care device. . . . . . . . . ... ... ... 173
LAMP reaction set-up in the field. . . . . .. ... ... ... ..... 174

XX



4.34
4.35
4.36
4.37
4.38

4.39

0.1

5.2
2.3
5.4

2.5

2.6
5.7
0.8
2.9

5.10

5.11

5.12

5.13

5.14
2.15
0.16
0.17
5.18
5.19
5.20

5.21

Example 1 of issues encountered during the field-trial. . . . . . . . . .. 176
Results of devices sealed with or without the use of super glue. . . . . . 177
Results of a device whose resuspension chambers are sealed from the
adjacent oil chambers with parafilm. . . . .. ... ... ... ... .. 178
New batch of lateral flow strips run with proprietary runnin buffer and
water. . . . e 179
DNA extraction from whole blood performed with reagents brought back
from the field. . . . . . . .. .. 180
Plastic cassettes for malaria diagnostics shipped to Uganda and tested
in the laboratory in UK. . . . . . . .. .. ... ... ... ... ... 181
Table of content figure of the modular paper- and plastic-based point-
of-care device. . . . . . .. 191
Colour change detected by the camera. . . . . . .. ... ... ..... 192
Mean AE of each well compared to the well controls. . . . . .. .. .. 193
Time-to-plateau values of pullulan tablets with different dimensions and
concentrations. . . . . .. ..o Lo Lo 194
Mean AE curves of 6-mm pullulan discs with concentrations between
2% and 3%. . . ... 195
Dimensions of the first and second layer of the point-of-care device. . . 196
Dimensions of the third layer of the point-of-care device: designs a and b.198
Results of drying pullulan inside the point-of-care device. . . . . . . . . 199
Results of incubation time provided by pullulan discs on point-of-care

Pictures of paper-discs soon after the fluid front in the absorbent pad
stops and after washing. . . . . . . ... .. oL 201
Examples of liquids overflowing in adjacent channels inside the point-of-
care device. . . ... L. 203
Results of incubation time provided by a 2% pullulan disc on point-of-
care device with pre-wetted central chamber or additional glue in sample

Dimensions of the second layer of the point-of-care device that reduces

overlap between central chamber and waste container. . . . . . . . . .. 205
Pictures of full device operation. Design b -3.. . . . . ... ... ... 207
Dimensions of the third layer of the point-of-care device: designs c¢. . . 208
Pictures of design ¢ - 1 and ¢ - 3 testing. . . . .. .. ... .. ... .. 208
Pictures of design ¢ - 2 and ¢ - 4 testing. . . . .. .. ... ... ... 210
Dimensions of the third layer of the point-of-care device: designs d and e.211
Pictures of the waste container of the point-of-care device sealed. . . . 212
Ct values of the T7-steps paper-based DNA extraction procedure per-

formed with lysis buffer dried on the paper discs at room temperature
orat 70 °C. . . . . . 215
Results of the paper-based DNA extraction procedure performed on the
point-of-care device. . . . . .. . ... 216

poel



5.22

0.23

6.1
6.2
6.3

6.4

6.5
6.6
6.7
6.8
6.9
6.10

6.11

A2

B.1

Results of the paper-based DNA extraction procedure performed on the
point-of-care device compared with the paper-based 7-steps method per-
formed in tube and the gold standard. . . . . ... ... .. ... ... 218

Lateral flow strips result of the 7-steps paper-based DNA extraction
procedure with lysis buffer already dried on paper discs and directly
inserted in LAMP mix. . . . . . . ... oo 219
Enzyme-free DNA biosensing system. . . . . . . . .. ... ... .... 227

Performance assessment of catalytic hairpin assembly (CHA) on nPAGE. 229
Performance assessment of catalytic hairpin assembly (CHA) on nPAGE
for different incubation times. . . . . .. ..o 230
Performance assessment of different catalytic hairpin assembly (CHA)
on nPAGE. . . . . . 232

Labelling options of hairpins for CHA and lateral flow assay integration. 233
Assessment of hairpins stability on nPAGE and lateral flow strips. . . . 234
Assessment of CHA leakage on lateral flow strips. . . . . . ... .. .. 236
Assessment of hairpins stability on lateral flow strips. . . . . .. .. .. 237
Assessment of four-way junction formation on nPAGE. . . . . . . . .. 238
Assessment of DNAzyme-mediated RNA cleavage for the recognition of

E. coli bacteria on denaturing PAGE. . . . . . ... .. ... ... ... 239

Schematic of a fully paper-based device that integrates a DNAzyme

biosensor with lateral flow assay. . . . . . . . .. ... ... .. ... 242
10% dPAGE analysis of the DNAzyme cleavage reaction. . . . . . . . . 277
Wells identification in PMMA mould for pullulan dissolution rate study. 296

xxil



List of Tables

1.1

2.1
2.2

2.3

2.4
2.5

2.6
2.7
2.8
2.9
2.10

2.11

3.1

3.2

3.3

3.4

3.5

4.1

4.2

Summary of paper-based point-of-care nucleic acid amplification tests. .

Properties of different types of paper tested. . . . . . .. ... ... ..
Volumes and concentrations used to create master mix using reagents
from New England Biolabs (NEB). . . . .. ... ... ... ......
Conversion table from international units (IU) per milliliter (WHO In-
ternational Standard for P. falciparum) to parasites/pL. . . . . . ...
Primers sequences of LAMP assays. . . . . . .. .. ... ... ... ..
LAMP primer mixes for the detection of E. coli malB gene, Plasmodium
species, and BRCA1 gene. . . . . . . . . . . . .. ...
PCR primer mix for the detection of E. coli malB gene. . . . . . . . ..
Graphical symbols for p-values. . . . . . ... ... 0oL
Optimised formulation of the stored dry Tablet 1 and 2 for LAMP test.
Volumes of chambers incorporated in the plastic cassette to perform the
nucleic acid amplification test for Plasmodium Falciparum detection. . .
Pullulan tablets of different (w/v) concentrations tested inside the point-
of-care device. . . . . . ...
Pullulan tablets of different (w/v) concentrations tested inside the point-
of-care device. . . . . . . ..

Three different concentrations of primers tested in the final LAMP re-
action for the detection of F. coli malB gene. . . . . . . . . . ... ...
Conversion table for 204 bp long E. coli malB gene synthetic DNA from
ng/nL to copy number per LAMP reaction. . . .. ... .. ... ...
Conversion table for 4,639,675 bp long E. coli genomic DNA from ng/nL
to copy number per LAMP reaction. . . . ... ... ... ... ....
Conversion table for 204 bp long FE. coli malB gene synthetic DNA from
ng/uL to copy number per reaction in qPCR. . . . . . ... ... L.
Conversion table for 4,639,675 bp long E. coli genomic DNA from ng/uL
to copy number per reaction in qPCR. . . . . . .. ... ... ... ..

Conversion table from ng/pL to copy number per reaction in LAMP for
204 bp long E. coli malB gene synthetic DNA with 5 L template in
final reaction. . . . . . ...
Volumes to prepare a primer mix containing only labelled loop primers
for E. coli malB gene detection. . . . . . . . . ... L.

18

36

146

xxiil



4.3

4.4

4.5
4.6

5.1
6.1

Al
A2
A3

A4
A5
A6
AT

Primer mix concentrations used to understand the lowest concentrations
that allowed to detect the target DNA on the lateral flow assay.

Volumes of reagents to create 10% (w/v) pullulan and 0.5M trehalose
tablets containing dNTPs and different concentrations of Bst 2.0 DNA
polymerase. . . . . . . ..
Summary of the results of LAMP reagents stored in pullulan solutions.
Number of point-of-care malaria cassettes used during in-field testing. .

Cost analysis per point-of-care device and assay (FE. coli). . . . . . . ..
Gibbs free energy of hairpins in kcal/mol. . . . . . . . ... ... ...

Accuracy indices for diagnostic tests and their definitions. . . . . . . .
Factors affecting sample size calculation for diagnostic studies. . . . . .
Oligonucleotide sequences used in the CHA biosensors developed by
Zhou et al. (2020) . . . . . .
Volumes used in DNAzyme mediated RNA cleavage (DRC) reactions. .
Volumes used in CHA reactions. . . . . . . . .. ... ... ... ....
Copyright permissions. . . . . . . . . .. ... oL
Copyright permissions. . . . . . . . . .. ...

149

XxXiv



Chapter 1

Introduction

Communicable diseases, such as malaria, diarroheal diseases and tubercolosis, are
widespread globally and cause high morbidity and mortality rates [1]. As illustrated
in the current COVID-19 pandemic, early detection of infections is essential to prevent
further spread of pathogens amongst populations, increased severity, and death by fa-
cilitating rapid treatment and prompt isolation. To halt epidemics and fight the global
threat of antimicrobial resistance, rapid, point-of-care (POC), highly sensitive and spe-
cific molecular diagnostic platforms need to go beyond the current centralised testing
approach that relies on costly, complex procedures and significant infrastructure, often
not available at the community level and in rural areas. The World Health Organ-
isation (WHO) has established the ASSURED criteria for endorsing effective POC
devices: Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment
free and Deliverable to end-users [2]. To overcome data collection and interpreta-
tion difficulties, and tackle complicated specimen acquisition, the ASSURED criteria
have been adjusted to REASSURED by Land et al. [3], where R addresses real-time
connectivity, and E refers to both the ease of specimen collection and environmental
friendliness.

This thesis project focuses on developing new strategies to secure the user-friendliness,
rapidity and robustness, and equipment free (“reassUREd”) in paper-based POC molec-
ular diagnostic devices, since “reaSSured” features have already been extensively ad-

dressed in the literature.
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1.1 Motivation of Study

Accurate disease diagnosis is a critical component of healthcare to guide patient man-
agement by identifying the appropriate treatment, and to take broader public health
actions, such as control and surveillance measures. Laboratory-based molecular diag-
nostic techniques have rapidly progressed in the past decades with the development
of robust nucleic acid (NA) approaches to achieve rapid, highly sensitive and specific
diagnosis. The first laboratory-based nucleic acid amplification test (NAAT) was based
on polymerase chain reaction (PCR) which requires repeated cycles at different temper-
atures. To overcome the complexity and long running times of this approach, different
types of isothermal NA amplification procedures have been developed during the last
10 years, including loop-mediated amplification (LAMP) [4], helicase-dependent ampli-
fication (HDA) [5], recombinase polymerase amplification (RPA) [6] and rolling circle
amplification (RCA) [7]. These techniques can detect very low levels of the target NA
sequences, having a great impact in detecting infections at a very early stage. However,
laboratory-based NAATS require very expensive equipment and trained personnel to be
performed, thus, making access to such tests prohibitive in high-incidence regions. For
instance, in low-income countries, where infectious diseases still represent the leading
cause of death [8], about 60% of the population lives in rural-areas with limited access
to healthcare or laboratory facilities. Therefore, there is a dire need for diagnostic
tests that can be performed outside laboratory settings, at the point-of-need, and that
are affordable, user-friendly, rapid, robust and deliverable [3]. NA-based tests offer a
more sensitive and specific option over other types of POC devices for infectious dis-
eases, i.e., diagnostics tests based on antigens, antibodies or biomarkers [3]. In general,
NAATS require three main steps: (a) sample pretreatment to extract the NAs from
cells, (b) DNA/RNA amplification and (c¢) detection (Fig. 1.1).

There are already many commercially available POC NAATS [9] that come in the form
of closed automated devices and that use single-use integrated cartridges with pre-
measured dried reagents ready for hydration. However, the cartridges manufacturing
costs are very expensive and usually not affordable to most developing countries with-
out subsidies [3]. The increasing need for field-deployable POC devices has turned the
attention to paper-based disposable devices to fill the gap on several counts. In fact, pa-
per has advantages stretching from being low-cost and abundant to relying on capillary

flow and having the potential to form batteries. The recent translation of isothermal
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Figure 1.1: Steps involved in nucleic acid amplification tests (NAATSs). NAATSs involve three
main steps. (a) Sample pretreatment consists in the lysis of the intact organisms and the following
purification of the DNA from the cellular debris. (b) Amplification of the purified DNA. (¢) Detection
of the amplified DNA.

NAATS to a paper-based format has combined the advantages of paper with the high
accuracy of NAATS, thus having a great potential for the development of affordable
and accessible POC devices that are portable, reduce reaction volumes and lower the
risk of sample contamination when fully enclosed. Only a few configurations of paper-
based molecular tests have been developed to incorporate all the steps of NAATS with
minimimal user’s intervention [10-13], and another few have been validated with clini-
cal samples for the detection of a variety of diseases stretching from SARS-CoV-2 and
influenza viruses, to Plasmodium falciparum, Mycobacterium tubercolosis and Staphylo-
coccus aureus [13-19]. To the best of our knowledge only one of these paper-based POC
NAATS has been tested in a resource-poor setting and this was presented by Reboud et
al. [17] (University of Glasgow). Therefore, most of the paper-based NAATS have been
limited to proof-of-concept and they have not been tested outside laboratory settings
where adverse environmental conditions could affect the diagnostic results. More gen-
erally, when referring to application in-field, paper-based NAATSs devices show some
major challenges: (i) complicated manual operations in sample pretreatment, sample
processing and control of application volume, (ii) cross-contamination, (iii) need for
an external incubator, (iv) long-term reagent stability affected by temperature and
humidity, as well as (v) reagents evaporation [17,20]. To have an impactful progress in
diagnosing communicable diseases, in future, paper-based POC NAATSs need to show
adequate performance under adverse field conditions, along with improved accuracy.

Thus, attention must be focused in new strategies to secure “assUREd”aspects and
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not only “aSSured” criteria [2].

1.2 Aim and Objectives

My research aims at increasing paper-based POC NAATS access in low-resource set-
tings by addressing two main challenges: reduce the number of steps necessary for
sample pretreatment, and find an effective pre-load and storing strategy for NAATS
reagents. The ultimate goal of this research work was to create the basis for a LAMP
POC diagnostic device that provides pipetting-free sample preparation, amplification
and detection of pathogens with NAATSs reagents stored dry “on-board”. The idea was
that the specimen introduction alone led to the reagent hydration, with the addition
of only one additional buffer.

The achievement of this goal builds around the development of two main strategies:

1. Paper-based protocol to extract genomic material from bacteria present
in large volumes. The use of a paper-based DNA extraction protocol reduces
the number of handling steps in the sample pretreatment phase compared to the
use of magnetic beads-based DNA extraction method that was originally imple-
mented by Reboud et al. [17] and previous laboratory group members. The use
of paper in the extraction procedure holds promise for an easy integration in a
fully enclosed paper-based POC device as it reduces the number of buffers to be
used and facilitates the use of the device by unskilled healthcare personnel.

A paper-based DNA extraction procedure similar to the one introduced by Zou
et al. [21] was optimised and investigated using different lysis buffers and types
of paper. FEscherichia coli K12 was used as a proof-of-concept pathogen, and FE.

coli malB gene as DNA target.

2. Easy-on-board-storage technique that also allows for long-term stor-
age of reagents at room temperature. The limited shelf-life of reagents at
ambient temperature represents one of the major barriers for the effective de-
ployment of POC NAAT devices outside laboratory settings. Creating simple
and inexpensive tablet-based assays to stabilise labile bioreagents over the long
term and in extreme environmental conditions would significantly improve diag-
nostic support in resource-limited settings, by lowering devices costs, facilitating

shipping and manual operations. One of the main challenges in reagent stabil-
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ity is the susceptibility of enzymes to degradation by water. To preserve the
activity of such protein-based reagents for long-term use, dry storage is prefer-
able over liquid conditions, especially for POC devices that require simple design
and manufacturing. Existing dry storage of pre-mixed LAMP reagents, such as
freeze-drying [22-24] and drying by concentration/desiccation [25], is experimen-
tally laborious and requires sophisticated equipment.

I have developed and validated a novel method for storing dry LAMP reagents
in a ready-to-use format without compromising sensitivity, based on the use of
pullulan and trehalose, following the approach of Leung et al. [26]. Pullulan-
trehalose tablets preserves the reactivity of the reagents and allows for their
on-board storage, facilitating the future integration of all the steps involved in

NAATS in a fully enclosed device.

My research has the potential to transform the POC diagnostic landscape for a whole
range of infectious diseases that pose a serious risk to a huge proportion of the world
population. More specifically, by developing a sample-in-answer-out POC diagnostic
device that can operate with minimal infrastructure, energy, high temperatures and
untrained personnel, my PhD research aligns with the United Nations’ Sustainable
Development Agenda (SDGs) 3.3 [27], which aims to end the epidemics of AIDS, tu-
berculosis, malaria, neglected tropical diseases and other infectious diseases. The goal
is to improve health outcomes in general and reduce health inequalities, especially for
the young (<5 years) and minorities in low- and middle-income countries (LMICs),
who are disproportionately affected by these diseases and face barriers to education
and social mobility. Thus my work also supports SDG 1 (no poverty) and SDG 10

(reduced inequalities) by addressing the root causes of poverty and exclusion.

1.3 Point-Of-Care Diagnostic Devices for Infectious
Diseases

Point-of-care (POC) testing is a broad term that covers many medical tests that are
performed outside the central laboratory, where the patient is receiving care or treat-
ment [28]. The location of the testing, rather than the type of tests, is what defines
point-of-care testing [29], that can also be referred to as remote testing, bedside testing,

near-patient testing, or rapid diagnostics. The main advantage of POC testing is that
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the results are available in a short time and can be used to make immediate clinical
decisions.

POC tests need to be accurate, reliable and have a short turn-around-time in order
to rapidly inform appropriate clinical actions and improve patient outcomes. The AS-
SURED criteria were introduced as general guidelines to evaluate the quality of POC
tests by the WHO in 2003 for tropical and sexually transmitted diseases [2]. However,
these criteria are not absolute, and trade-offs are necessary depending on the context
and the level of the health care system [3,29]. For instance, at the community and pri-
mary care level, that is the lowest level of the healthcare system, the limited access to
infrastructure and skilled personnel requires POC tests to be simple to use, fast so that
patients do not have to travel far to get their results, equipment-free, and portable with
stable reagents that can function in different environmental conditions. In addition,
when it comes to infectious diseases that demand elimination or eradication, tailored
solutions are necessary to address the specific challenges and needs of the patients and
the health care providers, such as mental well-being and lack of resources. Therefore,
POC tests should not only be patient-centric and context-specific, but also aligned
with the treatment strategies and the health care system as a whole [30].

Broadly, POC diagnostics for infectious diseases can be classified in immunological,
molecular (NA-based), and biomarker-based tests, which are described in the sections

below.

1.3.1 Immunological Tests

Immunological POC tests detect either antigens or antibodies that are associated with
the immune response to a specific infection. An antibody or an antigen is usually im-
mobilised on a solid substrate, such as a paper strip or a microfluidic chip, and when
a sample containing the target analyte is applied, it forms an immune-complex with
the immobilised molecule. The complex then produces a visible signal, such as a color
change or a fluorescence emission, that can be read by the naked eye or by an optical
device [28]. Immunological POC tests rely on the ability of antigens/antibodies to bind
to a particular target, such as a protein, a drug, or a pathogen, with high sensitivity
and specificity; and they can provide both qualitative and quantitative results.

Immunological POC tests offer many benefits and are widely used for the detection of

infectious diseases. They are robust, they provide results rapidly (in approx. 15 min-
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utes), and they are cost effective compared to other types of diagnostic tests, thus
being accessible in various healthcare settings. Moreover, this type of test does not
need sample preparation and the clinical sample can be directly applied to the test
pads. Therefore, immunological POC tests can be easily used by untrained operators
in remote areas where complex equipment is not available [30]. Immunoassay-based
POC tests have some limitations that affect their performance and reliability [30].
First, they rely on the detection of antibodies/antigens in the patient’s blood or other
body fluids, which may not be present at the early stages of infection or may vary
depending on the immune response of the individual. For instance, the immune re-
sponse is affected by pathogens’ growth cycle: fast-growing pathogens can trigger an
immune response within days of infection, slow-growing pathogens can take weeks be-
fore enough antibody is produced in the body fluid, resulting in false negative results.
In some cases, pathogens can evade the immune system and remain in the body for
weeks/months without generating a detectable immune response. Moreover, a weak-
ened immune systems due to co-morbidities or malnourishment can affect the immune
response of individuals [30]. Second, temperature and humidity may compromise the
functionality of the test kits or reagents. In addition, antibody-based tests cannot be
used to verify the presence of a disease or to evaluate the effectiveness of a treatment
because antibodies persist after infection and can cause false positive results. There-
fore, in many scenarios, immunological POC tests should be complemented by other
diagnostic methods, such as molecular or microbiological tests, to confirm diagnoses
and guide patient management.

Immunological POC tests can provide multiplexed and rapid results, but they can have
lower sensitivity and specificity than nucleic acid-based testing methods, resulting in
incorrect diagnosis and unsuitable treatment [28]. Rapid antigen- or antibody-based
diagnostic tests are the preferred choice in in-field testing where infectious diseases,
such as malaria and dengue, are endemic [31], however, for the reasons highlighted in

this section, more sensitive POC tests would be crucial.

1.3.2 Nucleic Acid Amplification Based Tests

Nucleic acid-based POC tests detect the genetic material (DNA or RNA) of the
pathogen to identify the diseases of interest. The high sensitivity of these tests is
usually achieved by the specific amplification of the targeted nucleic acid (NA) se-
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quence, thus the name of nucleic acid amplification tests (NAATS).

In general, NAATSs are the most sensitive tests for infectious disease diagnosis with
excellent specificity [32]. Indeed, they can detect very low levels of the target NA se-
quences from low-volume clinical samples, e.g., 10 copies/reaction of Escherichia coli
malB gene [33] and below 1 parasite/uL of malaria infections [31], which might become
reservoirs for future disease emergence. Moreover, NAATS can test multiple pathogens
in one single assay (multiplexing), thus accelerating the best treatment choice, and
identify the severity of the infection (virulence). The main drawback associated with
POC NAATS is the need for sample preparation that increases complexity and running
times. NA contamination is a common problem for POC NAATS, so they need a closed
automated system to prevent false positives [30]. However, automation may increase
the costs because of the hardware required for system management. Furthermore, the
design of NAATS for specific NA sequences that are unique and do not match any other

genomes in the sample could be a challenge.

Initially, the vast majority of miniaturized and POC NAATSs diagnostics exploited the
polymerase chain reaction (PCR) amplification procedure which requires repeated ther-
mal cycles [34]. However, PCR-based NAATS are not feasible in resource-constrained
areas because they need expensive instruments and they have a high-energy consump-
tion [35]. Therefore, different types of isothermal NA amplification procedures, which
work at a single temperature, have been developed. These methods would require sim-
pler instrumentation than their PCR counterpart as a single contact temperature is
needed. Not only are the whole process and test run times significantly shorter, but
the instrumentation is also simpler, since the method only aims at reaching one con-
stant temperature. Isothermal NAATSs have equivalent or higher sensitivity in clinical
diagnosis than PCR-based systems, and have shorter test run times [36]. Some ex-
amples are loop-mediated amplification (LAMP) [4], helicase-dependent amplification
(HDA) [5], recombinase polymerase amplification (RPA) [6] and rolling circle amplifi-
cation (RCA) [7]. LAMP operates at 60 - 65 °C and it shows interesting performances
in terms of amplification rates, sensitivity and stability, thus being the most popular
procedure at present for innovative POC applications [37]. On the other hand, RPA
and RCA have the advantage of allowing nucleic acid amplification at lower tempera-
tures than LAMP and HDA.

Currently commercially available NAATSs that can be used near the patient bedside
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are still dominated by PCR-based assays [36]. However, the recent COVID pandemic
has stimulated more investment in POC diagnostics, leading to the development of
LAMP-based tests. A new COVID-19 test, developed by Anavasi Diagnostics (Wash-
ington, United States) and branded as AscencioDx, has entered the market recently.
However, this test is not suitable for home testing or for most LMICs, because its high
costs require a detection unit for US$ 250 and each test kit costs US$ 34. The in-
creased demand for low-cost and accessible testing platforms, either at home or at the

primary healthcare settings, has seen an increased interest in exploring paper-based

POC NAATS, as described in Sections 1.4.2, and 1.4.3.

1.3.3 Biomarkers

Biomarkers are biological molecules found in body fluids or tissues of living organisms
that can signal a disease condition when their levels differ from the ‘normal range’ [30].
For clarity, in this section, the term biomarker is used for any molecule, e.g., pro-
teins, other than antigens and antibodies produced in immunological reactions (Sec-
tion 1.3.1) or pathogenic genomic material (Section 1.3.2). Infectious diseases can be
detected by various biomarkers, such as those related to inflammation, acute phase
response, and specific proteins such as C-reactive protein, procalcitonin, and SARS-
CoV-2-S spike glycoprotein [38]. Another type of biomarkers is metabolites, which
are the final products of the metabolic processes of the pathogens [39]. Among these,
C-reactive protein is the only biomarker used in a POC test to direct anti-microbial
therapy in acute respiratory-tract infections [30]. The most widely used detection tech-
niques for biomarkers are colorimetric, fluorescent and electrochemical detection, but
also chemiluminescence, and electrochemiluminescence are implemented [40,41]. Ap-
tamers, which are single-stranded DNA or RNA sequences that bind to specific targets,
are a promising alternative to antibodies for the detection of infectious diseases and
POC devices development [30,42]. Aptamers have high sensitivity and selectivity, and
they can be quickly produced through simple chemical synthesis, making them promis-
ing for rapid diagnostic approaches during epidemics or pandemics [43]. Aptamers
have been developed for various infectious diseases, including cholera, tuberculosis, an-
thrax, malaria, viral hepatitis, AIDS, and COVID-19 . The aptamer-based detection
technologies have been recently reviewed by Wang et al. [43] and among others they

include enzyme-linked oligonucleotide assay, and aptasensors.
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Biomarkers play a significant role in different stages of a disease [44]. They can help
with screening and risk evaluation before a diagnosis is made, or with determining
the stage, grade, and optimal primary treatment of a disease at the time of diagnosis.
Furthermore, they can be useful for tracking therapy responses to choose additional
interventions. Therefore, they play a crucial role in personalised medicine. However,
biomarkers have some limitations that could lead to wrong measurements or inter-
pretation and, in turn, to false associations with diseases [44]. The development and
screening of biomarkers can be expensive and time-consuming. For example, the selec-
tive expansion of ligands by ex-ponential enrichment (SELEX) used to develop highly
specific aptamers can take up to several months [42]. Complex diseases may involve
multiple biomarkers that are hard to identify and understand how they relate to the
disease pathophysiology. Moreover, not all biomarkers are equally reliable or useful for
making critical decisions, so they need to be distinguished from potential or exploratory
ones. Thus, biomarkers are important tools in healthcare, but they also need rigorous
evaluation and validation. Despite the potential benefits of biomarker-based POC de-
vices, there are some major challenges around low sample volumes, skilled personnel,
long optimisation times, mass production incompatibility that need to be addressed
before this type of devices can be applied as clinical POC testing [41]. Another sig-
nificant obstacle is the higher cost associated with the creation and distribution of

biomarker-based POC tests compared to rapid immunological methods [30].

1.4 Paper-Based Microfluidics

Paper substrates play a crucial role in sensing applications due to their unique prop-
erties, driving their widespread adoption in clinical diagnostics, food/environmental
analysis, and wearable devices [45]. First and foremost, the global abundance of pa-
per facilitates the production of low-cost disposable devices across various regions.
Additionally, its biocompatibility and fibrous structure - providing an ideal three-
dimensional matrix for sample interactions and analyte capture - make it suitable
for diagnostic assays and reactions. Moreover, paper’s chemical stability allows it to
withstand exposure to commonly used reagents. Lastly, the ease of production and
modification renders paper an attractive substrate for creating cost-effective sensing
platforms [?7].

Therefore, compared to other microfluidic detection platforms, paper substrates of-
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fer distinct advantages in terms of cost-effectiveness, flexibility, and passive fluidic
transport [?]. Understanding fluid transport characteristics within paper (see Sec-
tion 1.4.1) and its property for functionalisation is crucial to unlock its full diagnostic
potential (Sections 1.4.2). Additionally, paper’s properties, such as thickness, porosity,
roughness, and wettability, allow precise regulation of microfluidic behavior to meet
diverse requirements [46]. As demand grows for accessible and affordable diagnostic
testing platforms - whether at home or in primary healthcare settings - researchers
have increasingly explored paper-based POC NAATS to leverage diagnostic sensors
in low-income areas. In diagnostic applications paper serves the essential functions
of transporting and measuring samples and analytes, providing reaction support, and

visualising results [45].

1.4.1 Fluid Transport in Paper

Fluid transport in paper is passive and driven by capillary forces, thus no external
pumping sources are required. In paper, wicking is the result of the interplay between
surface tension, that is generated by the cohesive forces between fluid molecules at the
liquid-air interface, and the Van der Waals force (adhesion) between the fluid and the
fibers. The surface characteristics of the paper determine how much adhesion there
is, and thus paper wetting which can be described by the contact angle between the
fluid and the fiber. The fluid transport can be modelled using the Lucas-Washburn’s

equation which shows how the wetted length depends on the wicking time [47]:

() = ,/%‘;059 / (1.1)

where [(t) is the distance moved by the fluid front under capillary pressure, ¢ is the
wicking time, 7 is the effective liquid-air surface tension, r is the average pore radius
of the paper matrix, # is the liquid-fiber contact angle, and p is the fluid viscosity.
The main limitation of the Lucas-Washburn’s equation is that pores are assumed to
be uniform and have a constant cross-sectional area, thus being significantly far from
real paper conditions [47]. Equation 1.1 has been expanded in several ways to describe
that the imbibition speed of paper is also affected by the presence of hydrophobic
barriers [48], non-uniform channels cross-sections [49], and evaporation [50]. Moreover,

experimental results have shown that wicking is affected by not only the pore size and
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specific surface area of paper, but also by the temperature and fiber alignment [47,51].
Most recently, Chang et al. [52] proposed a mathematical model that combines the fluid
transport within the network of fibers (inter-fiber voids) with cellulose-paper swelling
caused by flow through intra-fiber pores. Through the integration of fibers swelling
that also alters the pores’ size and shape between the fibers, Chang et al.’s model can

accurately estimate the flow rate in various types of cellulose-based filter papers.

1.4.2 Paper for Diagnostics and pPADs

Paper-based diagnostic systems have a very long history [53,54] and significant mile-
stones have been set in the twentieth century (Fig. 1.2), such as the development of
lateral flow tests and the first microfluidic paper-based analytical device (nPAD) in-

troduced a bit more than a decade ago [55].

Lateral flow assay to diagnose
rheumatoid arthritis
Urinary test & Microfluidic paper-
papers in the Spot test paper for Paper-based dipstick to based analytical device
market metal detection measure urinary glucose level (LPAD)

Paper-based Fluidic channel First one-step lateral
chromatographic patterning on a filter flow strip
method for protein paper with a paraffin
analysis

Figure 1.2: Time line of paper-based diagnostic devices [53,54].

Cellulose-based paper has found its application as a substrate for the development
of POC diagnostic tests thanks to several factors: paper is cheap, abundant, mass-
producible, safely disposable and it can be easily modified i.e., folded, cut, chemically
modified [47,56]. Another advantage of using paper relies on the passive fluid transport
driven by capillary forces, that does not require external pumping sources (as explained

in Section 1.4.1).

1.4.2.1 Fluids and Analytes Handling

Different strategies for fluid and analyte handling have been adopted in paper-based mi-
crofluidic devices based on geometry and use of physical or chemicals barriers. Fluids
direction on paper can be controlled by patterning paper with hydrophobic materi-

als, such as wax [57], polydimethylsiloxane (PDMS) [58], inkjet printing/etching [59],
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plasma or laser treatment [60,61], however, some bioassays (immunoassays and NAATS)
need different reagents or buffers to be applied at specific times. Flow control and the
associated time delays indeed become very important in timing the onset and offset of
reactions, and in the process of automating multistep paper networks [47,62]. Fig. 1.3
shows some examples of how fluid and analytes have been handled in paper-based
devices. For example, imbibition can be controlled geometrically using channels with
expanding and contracting widths (Fig. 1.3A) [63,64], delayed shunt (Fig. 1.3B) [65]
or by paper folding (principle of paper origami) to allow the flow across different lay-
ers (Fig. 1.3C) [66]. Physical delays, instead, can be introduced, e.g., by compressing
specific regions in the channel so that the porosity is reduced and the fluidic resistance
increased (Fig. 1.3D) [67,68]. Alternatively, paper matrix permeability can be altered
through deposition of sugar [69], wax [70] or water-insoluble ink [71] to chemically
control the flow.

Valving systems have also found their application in stopping and actuating the flow
in paper. Examples are erodible porous or polymeric bridges between two paper strips
that are based on the dissolution of a solid component [72,73]. Wax with high melting
temperatures has also been used to fully stop liquid flow and small resistive heaters
have been integrated to restore the flow by melting the wax [12]. Mechanical displace-
ment and paper deformability represents alternative valving techniques. For instance,
a fluid-triggered expanding element, when wicked, can expand and move the main
channel thus creating an on-switch, off-switch or diversion switch [74]. A multi-layered
paper structure with fluidic connectivity interrupted by air spacers can be used to con-
trol fluid flow by pressing the paper in those positions and restore the liquid continu-
ity [75]. Other valving systems use fluidic diodes, electromagnets, and volume-metered
actuation [71]. Most of these valving methods, however, have large dead volumes that
limit their use with small sample volumes, require unscalable fabrication processes, or
are not as effective in fluid control as claimed. Therefore their practical use is limited.
A few methods have also been developed for the control of flow rate of fluids in paper,
based on printable porous media. The printable porous media based on colloidal, pre-
cipitated calcium carbonate developed by Li et al. [76] bring the advantage of producing
sensors with different shapes without using hydrophobic barriers, changing the media
porosity along the sensor length, and the potential to fabricate a fully printed biosensor
in a continuous production line. However, this preliminary study needs to overcome

challenges surrounding unwanted binding, bioconjugation, and the small working pH
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Figure 1.3: Strategies for fluid and analyte handling in paper substrates. A. Sequential
delivery of reagents to a detection region. Input legs of different dimensions are used. In t; the source
pads are filled with fluids. The clear fluid in the center leg is the first one to reach the detection
region (at tq), next yellow fluid arrives (t3), and finally red fluid reaches the detection region (ts4).
Reproduced from [64], with permission of the rightsholder Springer-Verlag (Appendix A.5). B. Delay
shunt. a) Flow of fluid through a channel of a porous membrane in the absence and in the presence
of a shunt. b) Idealised plot of the distance travelled by the fluid front as a function of square root of
time. Reprinted with permission from [65]. Copyright 2013 American Chemical Society. C. Three-
dimensional (3D) paper-based device in which four panels are shown. A few paper-folding steps are
performed for fluidic manipulation. The arrows indicate the direction of folding. The fluid flows
vertically when paper is folded. Reproduced from [17], with permission of the rights holder, PNAS
(CC BY). D. Paper strip with a pressed region. a) Schematic and pictures of water flowing through
strips that are pressed with different pressures. Varying amounts of pressure are applied to specific
paper regions to modify the physical properties of the paper strip. b) Laminar flow profile of dyes
when pressure increases. Adapted from [67], with permission of the rights holder, ATP Publishing
(Appendix A.5).

range. Another recent development in paper-based assays is the use of synthetic pa-
per [77], which has a uniform and controlled microstructure that can improve the
prediction of fluid dynamics. However, the lithographic fabrication method makes syn-
thetic paper expensive. A cheaper approach to control flow rate of fluids in paper
strips is based on deploying flexible films (with different contact angles) to sandwich

them [78].
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1.4.2.2 Paper and Bioconjunction

The types of paper used as support in POC tests normally include cellulose, cotton
fiber, glass fiber, nitrocellulose membrane and thread. Their physicochemical proper-
ties, such as hydrophilicity /hydrophobicity, pore size, and specific surface area, have
been exploited for developing sample pretreatment strategies that aim at reducing, or
even eliminating, the use of sophisticated instrumentation and need for skilled work-
ers [79]. These strategies improve the in-field deployability of POC tests. Sample
pretreatment, in general, aims at purifying the target from other components, and its
implementation on paper enables a significant reduction of handling steps compared
to the widely used solid phase DNA extraction methods.

In general, paper surfaces have different chemical groups, such as hydroxyl and carboxyl
groups, that can bind chemical reagents and biomolecules. There are various methods
to immobilise molecules on paper, that Pelton et al. has summarised in four categories:
(1) physical and (2) chemical immobilisation, (3) biochemical coupling and (4) bioac-
tive pigments [80]. To contextualize this thesis, the following paragraphs offer a concise
overview of (1) and (2). Physical immobilisation is represented by biomolecules adher-
ing to the paper surface due to van der Waals and electrostatic forces [80]. Pure cellulose
is a slightly anionic (with a low negative charge on its surface) and very hydrophilic
material. Water-soluble cationic polymers can easily bind to cellulose, while anionic
ones usually do not. Protein adsorption onto paper also depends on electrostatic inter-
actions between cationic regions on proteins and anionic cellulose. Most filter papers
used in laboratories are made of pure cellulose, however, some paper products that need
to work when wet, e.g., kitchen towels and coffee filters, are treated with wet-strength
resins, such as PAE or polyvinilamaine. PAE gives paper a net positive charge and
can make both antibodies and DNA aptamers bind to cellulose. Therefore, pure cellu-
lose weakly binds DNA aptamers and proteins, whereas paper with wet-strength resin
might be a good substrate for biosensor immobilization. The fact that the cationic
surface of treated cellulose can bind most biomolecules might make it necessary to
use something to block non-specific binding, such as Tween 20 (non-ionic surfactant),
albumin bovine serum (BSA), or casein. Due to the weak attachment of biomolecule,
the simple physical immobilisation is not a reliable method. Chemical immobilization
can also be used to bind biomolecules to paper surfaces through covalent bonds [80].

However, pure cellulose has limited options for direct bioconjugation, because its hy-
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droxyl groups are not very reactive in water at low temperature. Therefore, to make
cellulose substrates available for biomolecule immobilisation, paper activation might
be necessary using small molecules or polymer that adds surface functional groups.
This process is not very appealing for mass production of paper products with low-cost
pathogen detection, because it involves several chemical steps.

In paper-based NAATS, for instance, NA extraction has been performed using un-
treated Whatman® Grade 1 filter paper (cellulose) [21] and Fusion 5 membranes
(glass fibers) from Whatman® [81] exploiting the affinity of different charges between
the membranes and DNA. Detection of proteins, NAs and chemical molecules is mainly
based on the physicochemical features of nitrocellulose (NC) membranes, adsorption
paper and glass fibers that are generally used to fabricate lateral flow assay (LFA) test
strips [79]. Furthermore, various paper modification approaches have been developed
to improve extraction efficiency, detection sensitivity and specificity [79]. For example,
the efficiency of nucleic acid extraction using Whatman® Grade 1 filter paper was in-
creased by treating the paper with cationic polymers, such as polyethylenimine (PEI)
and chitosan [21]. DNA adsorption in Fusion 5 membranes was improved by modifying

Fusion 5 fibers with chitosan polymer [82,83].

Chitosan-functionalised paper. Chitosan is a non-toxic cationic polysaccharide,
with an amino group pKa of 6.3-6.4. It is positively charged and soluble in weakly acidic
solutions (for pH lower than 6.3-6.4) and negatively charged in alkaline solutions (pH
above 6.3-6.4) [84]. Chitosan has a series of characteristic that makes it a promising
polymer for functionalisation of paper in DNA extraction application (as also confirmed
in [82,85,86]). Firstly, chitosan has shown to strongly interact with DNA through
electrostatic forces while having a weak binding with protein in different applications
[87,88]. This advantage facilitates, e.g., the purification of DNA from other components
in biological samples. Secondly, chitosan can rapidly release adsorbed DNA through
the pH-induced deprotonation of an amine. Lastly, the pH of the charge change is
low enough to not interfere with downstream processes. Therefore, when paper is
functionalised with chitosan, DNA can be trapped in the presence of a weakly acid
solution thanks to the interaction of opposite charges between the polysaccharide and
DNA, and its release can be induced using a pH in the 8.5-9.0 range (as schematically
indicated in Fig. 1.4) [85]. The so released DNA is in a PCR-ready state that can be
further processed [87].
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== Chitosan = Chitosan|
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Figure 1.4: Schematic of pH dependent capturing and releasing of DNA on chitosan-
functionalised paper. Chitosan is positively charged in weakly acidic solutions (pH < 6.3) and
creates a high electrostatic interaction with the negatively charge DNA, facilitating its capture of
functionalised paper. A pH above 6.3 induces a change of charges in chitosan that promotes the
realise of DNA. Reproduced from [85], with permission of the rightsholder, Royal Society of Chemistry
(Appendix A.5).

Studies demonstrated that cellulose paper strongly retains chitosan due to the opposite
surface charges of the chitosan and cellulose [89]. Moreover, it has been studied that
nitrocellulose adsorbs more chitosan than glass fiber [85], probably due to nitrocellulose
higher surface area per unit volume. However, chitosan has a higher capacity for DNA
in glass fiber than in nitrocellulose meaning that if a type of paper has a good chitosan
binding ability, it does not necessarily facilitate DNA binding to the functionalised
membrane. Lastly, DNA binding capacity of chitosan has shown to be equally good as
other cationic polymers such as PEI and 3-aminopropyl trimethoxysilane (APTMS) in
Grade 1 filter paper, but better than spermine. However, chitosan was the only one
able to rapidly release the adsorbed DNA at pH 8.5-9, while the other polymers did
not show the same characteristic [21].

Given the great potential of chitosan in binding DNA, future efforts will move towards
understanding the role of chitosan in a paper-based extraction process and how this

could be exploited in a potentially enclosed device.

1.4.2.3 Paper-Based POC NAATSs

After the introduction of pPADs, various configurations of paper-based NAATSs have
been developed which incorporate in the device either NA purification, amplification
and detection [15,17,18,90], lysis and purification [91,92], purification alone [85,93],
amplification and detection [19,94,95], or lysis, purification, amplification and detection
[10-13]. A summary of the paper-based POC NAATSs discussed is given in Table 1.1. It
is worth mentioning that sample preparation is performed in all the devices presented

in [10-13], but while in [10, 12] some auxiliary equipment is still required, such as
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pipettes, incubators and heat blocks, the devices introduced by Tang et al. [11] and
Lafluer et al. [13] need sample deposition only to run the assay. However, none of
these sample-in-answer-out devices have been evaluated at the point-of-need with the
potential final end-user.

Table 1.1: Summary of paper-based point-of-care nucleic acid amplification tests (NAATSs)
discussed in this chapter. The target pathogen, the type of amplification and paper membranes
included in the devices are provided. The NAATS steps integrated inside the device (‘on-chip’) are
also indicated. Abbreviations: PES, Polyethersulfone; LFS, Lateral flow strips; iSDA, Isothermal
strand displacement amplification; LAMP, Loop-mediated amplification; HDA, Helicase-dependent
amplification.

NAAT steps ‘on-chip’
Target Type of Types of paper Lysis | Purification | Amplification | Detection | Ref.

g amplification P pap y p :
Methicillin-sensitive ) Chitosan treated X Byrnes
Staphylococcus aureus glass fiber et al. [85]

Glass fiber, Kolluri
Plasmodium falciparum - Chromatography X
et al. [14]
paper
Amelogenin marker Lo Gan
from human genomic DNA | ~ Fusion 5 X X et al. [91]
Ty e Fusion 5, Tang
Hepatitis B virus (HBV) ) Whatman Grade 1 X X et al. [92]
Human papillomavirus . Rodriguez
(HPV) 16 LAMP PES, LFS X X X t al. [18]
Rotavirus A LAMP Glass fiber X X X e
et al. [16]
Plasmodium species Glass fiber, LFS X X X Reboud
et al. [17]
Escherichia coli, Chitosan treated Trieu
and Salmonella LAMP Whatman Grade 2 X X X et al. [90]
SARS-CoV-2, and . y Manzanas
influenza A (HINT) LAMP Whatman Grade 1 X X X et al. [15]
Whatman 1
Chromatography Cordray
Plasmodium species RPA paper, X X Y
et al. [94]
blotter paper,
glass fiber, LF'S
. ) . Kaur
Mycobacterium tubercolosis | LAMP Glass fiber X X
et al. [19]
Streptococcus agalactiae, o
Streptococcus pneumoniae, | LAMP PES, Glab,b fiber, X X Seok
cellulose fiber et al. [95]
and Staphylococcus aureus
FTA, Connelly
Escherichia coli LAMP Ahlstromm X X X X ¢ al [18]
Grade 226 e a
s . Whatman
Methicillin-resistant iSDA Standard 17, X X X X Lafleur ‘
Staphylococcus aureus et al. [13]
LFS
Fusion 5, Tang
Salmonella typhimurium HDA Whatman Grade 1, X X X X >
et al. [11]
LFS
, Whatman MF1, Phillips
HIV LAMP PES, LFS X X X X et al. [12]

All these devices use different types of paper to perform NAATSs and a thorough critical
review of paper-based POC NAATSs is available in the literature [96]. Paper-based
NAATSs have the potential to offer fast, simple, low-cost, and accurate diagnosis at
the point-of-care, without requiring specialized facilities or equipment. However, the
challenges of scaling up and distributing these technologies, as well as developing and
validating new assays for emerging pathogens, remain significant [96]. To make these

technologies ready for real-world applications, it is essential to design and develop them
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with clear objectives, and collaborate with local stakeholders. A paper-based POC
NAAT that is commercially viable and field-deployable is not yet available [32,96].

1.4.3 Beyond Paper-Based Diagnostic Devices

Paper is a very convenient platform, but it has some challenges in fluid manipulation
and predictability compared to other microfluidic devices. Therefore, fully paper-based
devices able to perform all the steps of NAATS are limited in number [37]. Thermo-
plastic materials have been used to translate conventional microfluidics from laboratory
prototyping to industrial production and commercialization, as they offer good com-
patibility with manufacturing processes. In addition, their low-cost and fast fabrication
processes can provide diagnostic access to low- and middle-income countries (LMICs).
Some common thermoplastics used for microfluidic chips or cartridges are polymethyl-
methacrylate (PMMA) [97], cyclo olefin copolymer (COC) [98], polycarbonate (PC)
and polystyrene (PS) [99], which can be processed by milling, laser-cutting and mould-
ing techniques. Ongaro et al. [99] have also proposed a biodegradable thermoplastic,
polylactic acid (PLA), as a more environmentally friendly alternative to the petroleum-
based plastics usually employed for POC applications.

Hybrid devices that combines paper and microchips or paper and plastic-casings have
been used to perform NAATSs since the dawn of nPAD studies [37]. This is shown
also in the paper-based POC NAATSs mentioned in Section 1.4.2.3, that mostly use
the time flexible plastic films or plastic supports. In addition to the paper-based POC
NAATS included in the most recent reviews by Magro et al. [37], Kaur et al. [32], and
Sritong et al. [96], there are some interesting low-cost plastic-based microfluidic chips
that integrate NAATs and visualise the results on LFSs [100-102]. NATflow is a novel
test that can detect two types of HPV DNA (HPV16 and HPV18) in 45 minutes using
LAMP [101] (Fig. 1.5A). The estimated cost of the test is less than US$ 5 per sample
and US$ 1000 for the equipment, which includes a NATflow heater and a minicen-
trifuge. The test is still expensive and requires many manual handling steps, but it
could be feasible at the district care level where technicians can perform the test [3]. It
is unsuitable for use at the community level. Lu et al. [100] introduced an automated
POC NAAT controlled with an Arduino board designed for the detection of tuber-
culosis in sputum samples (Fig. 1.5B). The device consists of a disposable cartridge

that incorporates special pumps for fluid control, water electrolysis for pumping, ce-
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ramic beads for sample pretreatment, and LFSs for result visualisation. To prevent the
reaction chamber from being affected by external factors before and during the amplifi-
cation process, the system employs a venting chamber and check valves that only allow
one-way flow as effective mechanisms of isolation. Even though the cartridge is pro-
duced using injection moulding that is scalable manufacturing method, the assembly
of the device is far from being easily automatised. Another disadvantage of this system
is that it is not fully automated as the sputum is disinfected and filtered outside the
device itself, thus limiting its use by untrained personnel. A POC NAAT device that is
easy to operate and only requires loading the sample on the chip and moving magnetic
particles before visualising the results was introduce by Rodrigues-Mateos et al. [102]
(Fig. 1.5C). The device was designed for the detection of SARS-CoV-2 infection and
it was produced by machine milling of PMMA. The NAAT exploits the IFAST (Im-
miscible Filtration Assisted by Surface Tension) method, and uses magnetic particles
that binds to NA molecules to lyse and purify the sample. The magnetic beads are
dragged across aqueous-organic liquid interfaces in microchannels, thus transporting
NA molecules, while unwanted substances are blocked by the immiscible phase. This
technique eliminates the need for multiple washing steps and simplifies the extraction
process. Once the magnetic beads have reached the last amplification chamber, reverse
transcription LAMP is performed and a color change is produced that indicates the
presence or absence of the targeted infection. The user-friendliness and rapidity of this
device (1 hour turnaround) makes it suitable for low-resource settings at the primary
healthcare where unskilled personnel might perform the tests. However, a possible
limitation of the device is the difficulty in discerning the colour change. In a later
iteration of the device, the results have been displayed on LFSs [103], but they were
not yet incorporated into the device and required additional manual handling steps
to open the amplification chamber and transfer the sample on LFSs. Moreover, the
integration of dried LAMP reagents inside the device would enhance the effectiveness
of the device at the point-of-care. Strategies for storing dry molecular reagents are

discussed in Section 1.5.1.

1.5 Storing Reagents for DNA Detection

The limited shelf-life of reagents at ambient temperature represents one of the major

barriers for the application of paper-based POC NAATS in low resource settings. The
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Figure 1.5: Overview of low-cost plastic-based microfluidic chips that integrate nucleic-
acid amplification tests (NAATSs) and lateral flow strips result visalisation. A. NATflow
for the detection of HPV16 and HPV18. a) NATflow components and accessories. b) External equip-
ment (minicentrifuge). ¢) Schematic of NATflow workflow. Reproduced from [101], with permission
of the rightholder, American Association for the Advancement of Science (Appendix A.5). B. Au-
tomated diagnostic device for detection of tuberculosis in sputum samples. a) Overview of sample
preparation. b) Schematic of the cartridge that includes pumps and valves. c¢) Schematic of NAATSs
inside the device. Reproduced from [100], with permission of the rightholder, Royal Society of Chem-
istry (Appendix A.5). C. IFAST reverse transcription LAMP device for SARS-CoV-2RNA detection.
a) Photograph of the device. b) Schematic of testing workflow. Reproduced from [102], with permis-
sion of the rightholder, Elsevier (Appendix A.5).

instability of reagents is mainly associated with the presence of enzymes that are prone
to denaturation and non-specific proteins binding. Processes facilitated by water are
believed to promote enzyme denaturation and decrease their thermostability [104]. For
instance, the presence of water increases the mobility of enzyme molecules and their
unfolding rate [105].

To overcome the limitations of NA amplification methods associated with fragile bio-

logical enzymes, two main approaches have been adopted:
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e Strategies to retain the original structural integrity and the activity of enzymes
for an extended period of time in extreme environmental conditions, pH and
detergents. Examples of these strategies are lyophilization and drying [19, 25,
106,107] (Section 1.5.1), enzyme encapsulation in golden cages [108] and enzyme
conjugation with polymers [109].

e Enzyme-free strategies for NA amplification, such as catalyzed hairpin assembly
(CHA) [110], hybridization chain reaction (HCR) [111] and DNAzymes [112,113]
(Section 1.5.2).

1.5.1 Techniques to Store Reagents in Extreme Environmen-

tal Conditions

Several techniques have been investigated to stabilise reagents containing proteins over
the long term and these storage strategies can vary substantially [114]. However, for
the majority of NA amplification reagents, dry storage is preferred to liquid storage
because of the negative effects of water. Furthermore, dry storage is advantageous in
terms of in-field applicability of POC devices because it simplifies their design and fab-
rication procedures. Therefore, one of the main challenges in developing POC NAAT
devices is to find strategies to store reagents in a ready-to-use format, where reagents
are rehydrated directly at the time of use, that can ensure robust and reproducible
device function over the long term and in different environmental conditions.

Several techniques to store-dry reagents have been used in POC NAATSs application,
but the two most common ones to stabilise pre-mixed LAMP reagents are freeze-drying
and drying by concentration or desiccation (Fig. 1.6). All strategies utilise additives
like sugars to stabilise enzymes during the drying process and successive storage. In-
deed, sugars have been proven to stabilise proteins by hindering denaturing conforma-
tional movements [115]. Generally, disaccharides are better at forming tight molecular
packing around proteins and restrict local mobility, whilst polysaccharides can reduce
global mobility more efficiently [115]. Trehalose is the most common disaccharide used
to store-dry LAMP reagents because it preserves the three-dimensional conformations
of the reagents during drying by acting as a substitute of water around biomolecules
thus preventing it from affecting the reagents [116].

However, freeze-drying strategies and drying procedures that involve centrifuges are

experimentally laborious and require sophisticated equipment [19,25]. In addition,
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Figure 1.6: Schematics of freeze-drying and drying of nucleic acid amplification tests
reagents. A. Schematic of freeze-drying. Freeze-drying removes water from a frozen material by
sublimation of ice crystals. It consists of three main steps: freezing of the reagents, primary drying
(sublimation) under vacuum and secondary drying (desorption) under vacuum. Adapted with per-
mission from [117]. Copyright 2019, Hidenori Kawasaki et al. B. Drying by concentration in two
steps [25]. A mix containing primers, trehalose (sugar) and glycerol was concentrated for 30 min.
On top of this dried pellet, a mix containing dNTPs, DNA polymerase and trehalose was added and
concentrated for 15 min. Adapted with permission from [25]. Copyright 2019, J. Garcia-Bernalt
Diego et al. C. Dried pellets that are obtained both by freeze-drying or by drying. These stored dry
reagents can be rehydrated at the time of need. Reprinted with permission from [118]. Copyright
2021, American Chemical Society.

freeze-drying is extremely costly due to the freezing procedure and variation of tem-
peratures [106]. Therefore, other solutions for the preservation of LAMP reagents are
recommended to ensure easy manufacturing of the devices and affordability to low-

income countries.

Quite recently, pullulan has been used as a polysaccharide to encapsulate biomolecules
and retain reagents reactivity. Pullulan is a natural polysaccharides from a yeast-
like fungus [119] that is non-hygroscopic, thermally stable and biodegradable, and it
forms oxygen impermeable solid films upon drying [119]. The film-forming property of
pullulan has been used in diverse applications in the pharmaceutical and food indus-
tries [120,121], and it was used for the first time as simple and inexpensive method
for long-term stabilisation of enzymes by Jahanshahi-Anbuhi et al. [119] in 2014. The
enhanced stability at room temperature provided by the pullulan-bioassay tablets was
hypothesised to be due to the reduction of the molecular motion of proteins and the im-

permeability to molecular oxygen given by the tablets [122]. This way of encapsulating
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reagents facilitates shipping and guarantees protection against chemical modification
and thermal denaturation of reagents during shipping and storage [122]. Moreover, the
ability of pullulan tablets to dissolve in aqueous solutions in seconds, without interfering
with the final assay, makes it a valuable preservative to store reagents ‘on-board’, in a
ready-to-use format. Creating pullulan tablets is easy, and it only requires to dissolve a
pre-measured quantity of reagents in a solution containing pullulan and let the solution
air-dry. Different pullulan solutions (5%, 10%, 15% and 20% w/t) have been investi-
gated in their ability to preserve Taq DNA Polymerase (a commonly used enzyme in
NAATS) and it was shown that concentrations of pullulan up to 10-12% provide better
protection of the cast enzyme. On the other hand, concentrations of pullulan equal or
higher than 20% increase the risk of loosing samples during pipetting due to the high
viscosity. Pullulan tablets protect labile reagents better than other sugar-glasses, such
as dextran, and polymers, like polyethylene glycol (PEG) [122]. However, to increase
the long-term stability of reagents that might be affected by oxidation processes, the
production of pullulan tablets should be performed under nitrogen and dried under
vacuum [122].

Successive studies have shown the possibility of using pullulan as a timing element
that can spatio-temporally control events [123] if different reagents are premeasured
and stored in a layered format. When creating layers, it is important to consider the
fact that the thickness of pullulan films is directly correlated to the concentration of
pullulan, and that the velocity of the releasing process is connected both to the films
thickness and the concentration of pullulan [123].

A two-pills method that combines trehalose and pullulan has been recently suggested
to store reagents for NAATSs [26] (the chemical structure of trehalose and pullulan is
provided in Fig. 1.7). The method for LAMP reaction consisted in creating two sep-
arate pills by mixing 10% w/t pullulan solution and 0.5 M trehalose with primers,
deoxynucleotide triphosphates (ANTP) and DNA polymerase enzyme in one pill, and
with amplification buffer and salts in the other pill. The two pills where rehydrated
with water, fluorescent dye and the sample before performing the LAMP reaction.
The results were promising and they showed no activity loss after 4 weeks of storage
at room temperature. Moreover, two important observations from the study lead by
Leung et al. [26] should be highlighted. Firstly, two separate pills were created in order
to separate the DNA polymerase from salts because the salt in the pullulan film could

be detrimental to the stability of molecules dried in it. Secondly, the application of a
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Figure 1.7: Structural formulas of trehalose and pullulan in Haworth projection. Trehalose
is a homodisaccharide that consists of two glucose units linked together via an a-1,1-glycosidic linkage
[124]. Pullulan is a natural polysaccharides derived from starch by Aureobasidium pullulans fungus.
Pullulan consists of a-(1 — 6) d-glucopyranose and a-(1 — 4) d-glucopyranose monomers, forming
a water-soluble, neutral linear polysaccharide with «-1,6-linked maltotriose residues [125]. Modified
and reproduced with permission under public domain.

mixture consisting of trehalose (small disaccharide) and pullulan (large polysaccharide)
combined the advantages of both a tight molecular packing (by the disaccharide) and
a high physical stability (from the polysaccharide) [126].

The possibility of creating in a simple and inexpensive way, tablet-based assays able to
stabilise labile bioreagents over the long term and in extreme environmental conditions
could significantly improve diagnostic support in resource-limited settings. All the ad-
vantages and characteristics aforementioned of pullulan make it a valuable alternative
to current freeze-drying techniques and a good preservative to investigate further for the
creation of ready-to-use and thermally stable assay tablets. The use of pullulan opens
the route for the development of a device where reagents for both sample preparation
and amplification are stored in stacking layers. The layers containing reagents could
be alternated with layers acting as delays, and the sequential dissolution of the layers
would be triggered by the deposition of the biological sample. This strategy would
reduce the user intervention in performing the NAAT and it could become accessible
to resource limited settings. Future efforts will focus on developing effective strategies
to store in pullulan-tablets those reagents that are currently used in the assay for the
detection of E. coli malB gene, and on integrating the entire NAAT into an enclosed

sample-to-answer device.
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1.5.2 Enzyme-Free Amplification Strategies

The limitations associated with fragile biological enzymes surrounding the use of NAAT's
in POC devices and in low-resource settings could be overcome by enzyme-free am-
plification methods. These methods rely on single stranded NA networks that can
be programmed to self-assemble and disassemble using the simple rules governing NA
hybridization to cause signal amplification [127]. Example of NA circuits for molecular
amplification are catalyzed hairpin assembly (CHA) [110] and hybridization chain reac-
tion (HCR) [111], whereas DNAzymes are an example of functional NAs able to catalyse
signal-amplification reactions [112,113]. These strategies have the great advantage of
not requiring any perishable protein enzymes and, thus, the preservation of reagents un-
der ambient storage condition is guaranteed by the enhanced thermal stability exhibited
by oligonucleotides as opposed to enzymes. Other advantages of enzyme-free amplifi-
cation methods are associated with their intrinsic modularity and scalability [127], and
the easiness with which they can be concatenated [128,129] and conjugated with dif-
ferent amplification procedures to improve sensing performance [130]. These methods
have been used for NA detection [131,132] and DNAzyme- and CHA-based strategies
have proven to be rapid and have equivalent sensitivity to NAATSs in detecting bacterial
pathogens [128]. More in detail, DNAzymes are single-stranded DNA sequences with
catalytic properties that have been extensively used in biosensing applications [133].
DNAzymes mimic functions of protein enzymes and they can catalyze a diverse range
of reactions such as RNA/DNA cleavage (an example is given in Fig. 1.8), RNA/DNA

ligation and activities as peroxidases [134].

Sensor F Q F (}/
R — R — ) 5

1) Cleavage

Inactive RNA-cleaving Active RFD
2) Signal generation

fluorogenic DNAzyme (RFD)

X Txe
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Tol » "
Bacteria Crude intracellular mixture (CIM)

Figure 1.8: Example of a RNA-cleaving DNAzyme. Schematic illustration of the action of a
RNA-cleaving fluorescent DNAzyme (RFD). The DNAzyme fluoresces upon contact with the target(s)
present in CIM that are released from the lysed bacteria. Once the inactive DNAzyme comes in contact
with the target(s), it cleaves the fluorogenic substrate to produce a fluorescent signal. Reproduced
with permission from [135]. Copyright 2017, M. Monsur Ali et al.

CHA and HCR amplification methods rely on autonomous hybridization and strand-
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displacement reactions. In particular, the basic principle behind CHA shows the target
DNA (initiator) acting as a key that cyclically opens the corresponding hairpins with-
out consuming the target (Fig. 1.9A). The generated double-stranded DNA (dsDNA)
sequences are encoded with functional NA that promotes further reactions, e.g., fluores-
cent readout [132]. On the other hand, in HCR, the target initiates a serial autonomous
cross-opening of hairpins that produce very long dsDNA nanowires [129] (Fig. 1.9B).

For all the techniques, several different readouts have been applied for the visualisation
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Figure 1.9: Enzyme-free amplification methods. H1 and H2 are harpins whose structure is
always toehold-stem-loop. Numbers/Letters marked with asterisks are complementary to the corre-
sponding unmarked number/letter. A. Mechanisms of catalytic hairpin assembly (CHA). Reprinted
with permission from [136]. Copyright 2013, American Chemical Society. B. Schematic of linear of
hybridization chain reaction (HCR). Reproduced with permission from [111]. Copyright 2004, Na-
tional Academy of Sciences.

of the detected target including, for example, fluorescence, colorimetry, and chemilu-
minescence [132,133,137].

The translation of these methods onto paper devices is possible, however, most of the
published paper sensors do not fulfil the “ASSURED” criteria [133]. Future efforts
should focus on the integration of all the reaction modules into a single paper-based
device, stretching from the raw sample pretreatment to the easy visualisation of the

results, that is also able to detect multiple pathogens.
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Given the advantages of enzyme-free amplification methods and of paper, future works
could focus on the combination of the strengths of the two for the creation of POC
diagnostic devices for low-resource settings. DNAzymes have been integrated on pa-
per for the detection of several diseases and by several groups [133], while works to
visualise CHA results on lateral flow assays have been recently introduced by a few
groups [138-140]. For instance, a biosensor that integrates a DNAzyme and CHA re-
action for the recognition of E. coli (as a model non-pathogenic organism) and signal
amplification, such as the one introduced by Zhou et al. [128] could be investigated for
full incorporation on paper. The possibility of integration of a paper-based DNA ex-
traction method with ready-to-use dried reagents and an enzyme-free detection method
has a great potential to become the future POC diagnostic device that fulfils “TEAS-
SURED?” criteria.
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Materials and Methods

In this chapter, the materials, methods and equipment used throughout the experi-

ments are provided along with a description of the experimental procedure.

2.1 Bacterial Culture

FEscherichia coli strain K12 was anaerobically grown in Luria-Bertani broth (Merck,
Darmstadt, Germany) using a shaking incubator (Stuart®, Cole-palmer Ltd., Eaton
Socon, England) at 250 rpm for 20 hours at 30 °C. The bacteria culture concentra-
tion was measured using a Synergy™ HT Multi-Mode Microplate Reader (BioTek®
Instruments, Inc., Agilent, Santa Clara, California, United States).

The bacterial culture for the paper-based DNA extraction experiments was stored as
follows: the bacterial culture was pipetted in 200 pL, 300 pL, 400 uL aliquots and the
cells precipitated by centrifugation at 8000 g for 3 min at room temperature (RT); the
supernatant was discarded and the formed pellets were stored at -20 °C until required.
Upon use, the cells were suspended in either 200 nL, 300 pL, or 400 pL of 1X Phosphate
buffer saline (PBS) depending on their initial aliquot.

When referring to ‘already purified DNA’ in the text, E. coli DNA was extracted using
a magnetic-bead based method, MagaZorb® DNA Mini-Prep Kit (Promega Corpora-
tion, Madison, Wisconsin, United States), following the manufacturer’s instructions,
and the DNA concentration was measured using NanoDrop™ Lite Spectrophotome-
ter (Thermo Fisher Scientific Inc., Waltham, Massachusetts, United States). Already
purified DNA was used for comparative analysis and is considered the gold standard

for the investigated applications.
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2.2 Lysis Buffers

Nuclease-free water (NFW) was used to prepare all aqueous solutions. All reagents were
purchased from Sigma-Aldrich (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)
unless otherwise specified.

Different lysis buffers were used to lyse F. coli K12 bacterial cells.

Extraction buffer # 2 taken from Zou et al. [21] with components: 800 mM Guanidine
HCl (GuHCl), 50 mM Tris-HC1 (pH 8), 0.5% Triton X100 and 1% Tween-20. A
2X concentration of extraction buffer # 2 was also used with components: 1.6 M
GuHCI, 100 mM Tris-HCI (pH 8), 1% Triton X100, and 2% Tween-20.

An acidic version of extraction buffer # 2 was made for applications where chitosan is
involved: 800 mM GuHCI, 50 mM MES (pH 5.5), 0.5% Triton X100 and 1% Tween-20.
The final lysis buffer used was the one provided with the MagaZorb® DNA Mini-Prep
Kit (Promega Corporation), further referred to as ‘Lysis buffer by the Magazorb kit’.
The components of this proprietary buffer are not known. However, a patent associated
to the beads-based extraction kit [141] suggests that the buffer contains: 50 mM Tris-
HCI (pH 6.3), 50 mM EDTA, 6 M GuHCI, 6 M Urea, 10 mM Calcium Chloride,
and 10% Tween-20. The safety data sheet provided with the kit further suggests the
presence of sodium dodecyl sulphate (SDS) in the lysis buffer, however, the quantities

are not specified.

2.3 Filter Papers

Various filter papers were purchased from Cytiva (GE Life sciences, Chalfont St Giles,
Buckinghamshire, UK): Whatman® Grade 1, Grade 3, and Grade 470 filter paper;
glass microfiber filters (GF/DVA); cotton linter filters (CF4, CF5); and Fusion 5.
Silica membranes were obtained from Biocomma Ltd (Biocomma Ltd, Longgang Dist,
Shenzhen, China).

The properties of each type of paper are listed in Table 2.1. Grade 1 and 3 have
different particles retention sizes (11 pm for Grade 1, 6 ym for Grade 3), thicknesses
(180 pm Grade 1, 290 pm Grade 3), and wet strengths (higher in Grade 3 than in
Grade 1), but they both have negative surface charges [21]. Glass microfibers have
positive surface charges [21].

Before use, all filter paper variants were cut with different diameter dimensions, ranging
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from 3 mm to 6 mm, using a hole puncher (Biopsy punch, Kai Medical, Kai Corporation

and Kai Industries co., 1td., Manchester, England).
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Table 2.1: Properties of different types of paper tested [142].

Product Material Thickness Wicking Water Suggested use and properties Particle Nominal Price**
(pm rate ab- reten- basis (USD/cm?)
@ (s/4 ecm) sorption tion size weight
53 kPA) (mg/cm?) " (mm)  (g/m?)
CF4 100% 482 67.3 49.9 Blood separator/sample pad, absorbent pad. Medium 0.0038
cotton weight
linters
Grade 100% 840 7 78 Blood separator/sample pad. 0.0031
470 cotton
linters
CF5 100% 954 63.3 99.2 Blood separator/sample pad. Medium 1.557
cotton Weight
linters
GF/DVA Bound 785 28.2 93 Blood separator/sample pad. 1.713
glass Works well with saliva samples and can act
fiber as a blood separator.
Fusion 5 Not 370 43.9 42.3 Blood separator/sample pad, conjugate re- 2.3 [91] 1.496
speci- lease.
fied
Grade 1  Cellulose 180 Applications requiring medium retention 11 87 0.0009
and flow rate.
Grade 3 Cellulose 390 Well suited for sample transport after 6 185 0.0020
collection.

Increased wet strength compared to Grade 1.

x At 98% efficiency, in liquid.
x* Based on USD prices on 6 October 2022.

¢ Toydeyn
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2.4 LAMP and qPCR reagents

2.4.1 Master mixes

Loop-mediated isothermal amplification (LAMP) experiments were performed using
three types of master mixes. T'wo isothermal master mixes were purchased from Opti-
Gene Ltd., ISO-004 and ISO-004-LYO (OptiGene Ltd., Horsham, England), and the
second one from New England BioLabs (NEB, Ipswich, Massachusetts, United States).
LAMP experiments using reagents purchased from NEB contained the following fi-
nal concentrations: 1X Isothermal Amplification Buffer (20 mM Tris-HCI, 10 mM
(NH,4)2SOy4, 50 mM KCI, 2 mM MgSOy, 0.1% Tween-20 (pH 8.8 at 25 °C)), additional
4 mM MgSOy, 0.32 U/pL Bst 2.0 WarmStart® DNA Polymerase, 1.4 mM Deoxynu-
cleotide (ANTPs) Solution Mix and 0.5X LAMP Fluorescent Dye (Table 2.2). The con-
centration of these reagents have been optimised as shown in Chapter 4, Section 4.1.2.
PCR experiments used Brilliant II SYBR® Green QPCR Master Mix from Agilent
technologies (Agilent, Santa Clara, California, United States).

Table 2.2: Volumes used to create 15 pL of master mix using reagents from New England
Biolabs (NEB). The concentration of reagents provided is the one in the final 25 pL. LAMP reaction.

Concentration in
Component final LAMP Volume from stock [pL]

reaction
10X Isothermal
Amplification Buffer 1x 2:5
dNTPs (10 mM) 1.4 mM 3.5
MgSO,4 (100 mM) 4 mM 1
Bst 2.0 (8000 U/mL) 0.32 U/uL 1
50X LAMP Fluorescent Dye 0.5X 0.25
Nuclease-free water 6.75
Final volume 15

2.4.2 Synthetic and genomic DNA

Synthetic E. coli malB gene DNA (204 bp) was purchased from Eurofins Scientific
(Eurofins Scientific, Luxembourg). Jurkat Genomic DNA for the detection of BRCA1
gene was purchased from ThermoFisher Scientific (Thermo Fisher Scientific Inc.). The
WHO International Standard for P. falciparum DNA [143] was purchased from the
National Institute for Biological Standards and Control (NIBSC, UK’s National Con-
trol Laboratory, South Mimms, UK).
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The limit of detection (LOD) of rapid diagnostic tests (RDTs) and nucleic acid am-
plification assays for the detection of malaria is commonly expressed in parasites per
microliter of blood (parasites/pL). The conversion from international units per milliliter
(IU/mL) provided by the WHO International Standard for P. falciparum (ISPf) [143]
to parasites/pL can be performed as follow. The ISPf comes in lyophilised form, and
once resuspended it has a concentration of 10° IU/mL (as per manufacturer’s instruc-
tions). Padley et al. [143] reported that the lyophilised ISPf was prepared from a blood
sample whose average parasitaemia was 9.8% (detected by light microscopy). Estimat-
ing a red blood cells (RBC) concentration of 5 x 10¢ RBC/uL [144], the initial parasite
concentration of the blood sample was 490,000 parasites/nL (9.8% of red blood cells are
infected). Therefore, 490,000 parasites/pL is equivalent to 10° ITU/mL. Table 2.3 gives
the conversion from IU/mL to parasite/pL for different concentrations of the initial

sample.

Table 2.3: Conversion table from international units (IU) per milliliter provided by the
WHO International Standard for P. falciparum [143] to parasites/uL.

Concentration in IU/mL | Concentration in parasites/pL
1.0E+09 4.9E+05
1.0E+08 4.9E+04
1.0E+07 4.9E+403
1.0E+06 4.9E4-02
1.0E4-05 4.9E+01

2.4.3 Primers

The primer sequences for LAMP detection of E. coli, Plasmodium species (P. falci-
parum, P. vivax, P. malariae, or P. ovale), and BRCA1 gene are provided in Table 2.4.
All primers were purchased from Eurofins Scientific. The primers were mixed together
in a 5X primer mix or a 25X primer mix that required 5 pL to be added to each LAMP
reaction. The concentrations associated with the primer mixes for LAMP are given in
Table 2.5.

Real-time PCR was also used for the detection of E. coli. The two primers used for
the PCR assay were based on the outer primer sequences developed for LAMP by Hill
et al. [33], F3 and B3 (Table 2.4). The primers were mixed together in a 5X primer
mix and 5 ul of this was added to each PCR reaction (Table 2.6).
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Table 2.4: Primers sequences of LAMP assays.

Gene Target

Primer

Assay & Amplicon size | Name Sequence (5’ to 3°) Reference
F3 GCC ATC TCC TGA TGA CGC
B3 ATT TAC CGC AGC CAG ACG
B coli malB, LF CTT TGT AAC AAC CTG TCA TCG ACA Hill et al. [33]
204 bp LB ATC AAT CTC GAT ATC CAT GAA GGT G
FIP CAT TTT GCA GCT GTA CGC TCG CAG CCC ATC ATG AAT GTT GCT
BIP CTG GGG CGA GGT CGT GGT AT TCC GAC AAA CAC CAC GAA TT
F3 TCG CTT CTA ACG GTG AAC
B3 AAT TGA TAG TAT CAG CTA TCC ATA G
Plasmodium PgMt19, LF CAC TAT ACC TTA CCA ATC TAT TTG AAC TTG Polley et al. [144]
220 bp LB TGG ACG TAA CCT CCA GGC
FIP GGT GGA ACA CAT TGT TTC ATT TGA TCT CAT TCC AAT GGA ACC TTG
BIP GTT TGC TTC TAA CAT TCC ACT TGC CCG TTT TGA CCG GTC ATT
Hommo sapiens DNA F3 TCC TTG AAC TTT GGT CTC C
ot B O TICAT A G TIC e
BRCA1 Ge;]ia}r:é;?ﬁlc;;slslon B ACA ACC ACA GGC CAG GCG Tanner et al. [145]
210 bp ’ FIP ATC CCC AGT CTG TGA AAT TGG GCA AAA TGC TGG GAT TAT AGA TGT
BIP GCA GCA GAA AGA TTA TTA ACT TGG GCA GTT GGT AAG TAA ATG GAA GA

¢ Toydeyn
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Table 2.5: LAMP primer mixes for the detection of E. coli malB gene, Plasmodium species, and BRCA1 gene. The column ‘Conc. in final reaction’
provides the expected primers concentration in the final 25 ul.. LAMP reaction. Column ‘Conc. in primer mix’ gives the primers concentrations in the primer mix.
Given that 5 pL of primer mix will be added into the final LAMP mix of 25 uL (see Section 2.5), the primer mix will undergo a 5-fold dilution in the final reaction.
The volumes needed from the stock solutions allow to prepare 5 pL of primer mix. To avoid difficulties in pipetting small volumes, the primer mix solutions are usually
created in larger batches.

5X primer mix 25X primer mix
Conc. Conc. in | Volume Conc. Conc. in | Volume
Assay Primer Name in final | primer needed from | in final | primer needed from
reaction | mix 30 uM stock || reaction | mix 100 uM stock
@M) | (M) (nL) @M) | M) (nL)
F3 0.2 1 0.167 1 5 0.25
B3 0.2 1 0.167 1 5 0.25
LF 1 5 0.833 5 25 1.25
E. coli LB 1 5 0.833 5 25 1.25
FIP 0.8 4 0.667 4 20 1.00
BIP 0.8 4 0.667 4 20 1.00
Nuclease-free water 1.667 0.00
F3 0.1 0.5 0.083 0.5 2.5 0.125
B3 0.1 0.5 0.083 0.5 2.5 0.125
LF 0.6 3 0.500 3 15 0.750
Plasmodium | LB 0.6 3 0.500 3 15 0.750
FIP 0.8 4 0.667 4 20 1.000
BIP 0.8 4 0.667 4 20 1.000
Nuclease-free water 2.500 1.250
F3 0.16 0.8 0.133 0.8 4 0.2
B3 0.16 0.8 0.133 0.8 4 0.2
LF 0.8 4 0.667 4 20 1.0
BRCA1 LB 0.8 4 0.667 4 20 1.0
FIP 0.64 3.2 0.533 3.2 16 0.8
BIP 0.64 3.2 0.533 3.2 16 0.8
Nuclease-free water 2.333 1.0

¢ Toydeyn
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Table 2.6: PCR primer mix (5X) for the detection of E. coli malB gene: primer concentra-
tions and volumes per reaction.

5X primer mix
Primer name Concentration of final | Concentration of | 30 pM stock
PCR reaction (pM) primer mix (pM) | Volume required (pL)
F3 0.2 1 0.17
B3 0.2 1 0.17
Nuclease-free water 4.66
Final volume b}

2.5 Real-Time LAMP Conditions

The real-time LAMP was performed in QuantStudio™ 3 Real-Time PCR System
instrument (Applied Biosystems; Thermo Fisher Scientific Inc.). The thermal profile
for the detection of E. coli malB gene was 66 °C for 60 cycles (equivalent to 60 minutes),
whilst for the detection of P. falciparum and BRCA1 gene it was 63 °C for 30 minutes.
For all DNA targets, a melt curve stage at 95 °C for 15 s and 60 °C for 1 min was
carried out. To ensure the target DNA was the one amplified, the melting temperature
(Tm) indicated by the melt curve was observed. In all the experiments the melting
curves for each assay were visualised in QuantStudio™ Design & Analysis Software
(Applied Biosystems). Each amplicon was found only in single peak in the melt curves
at a similar temperature as the positive control, unless otherwise specified.

The final LAMP reaction mix (25 uL total) contained 5 uL of primer mix (Table 2.5),
15 pL of isothermal master mix and 5 pL of sample.

All assays were run either in duplicate (n = 2) or triplicate (n = 3), as specified in the
following chapters. In the no template controls (NTCs), 5 nL. of NFW was added as the
sample. NTCs and positive controls (PCs) with already purified DNA were always run.
NTCs serve to make sure false positive results are not obtained in the absence of the
target DNA, whereas PCs can serve to make sure the reagents have not deteriorated
and are performing well. In the PCR tubes where paper discs were added (see Section
2.14), the final LAMP amplification mix was made of 5 pL of 5X primer mix, 15 pL
of master mix from Optigene Ltd. (ISO-004), an additional 1 pL of green fluorescent
dye (Green Fluorescent Dye, Cat No.: 30078-1; Cambridge Bioscience, Cambridge,
England). The paper disc was added directly to this LAMP amplification mix, making
a final volume of 21 uL.. The PC was created by adding 4 pL of sample to the LAMP

amplification mix.
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2.6 Real-Time PCR Conditions

The real-time PCR (qPCR) was performed in QuantStudio™ 3 Real-Time PCR Sys-
tem instrument (Applied Biosystems; Thermo Fisher Scientific Inc.). The thermal
profile used was the one suggested in the manufacturer’s instructions for Brilliant II
SYBR® Green QPCR Master Mix (Agilent technologies): 95 °C for 10 minutes, 40
cycles at 95 °C for 30 seconds and 95 °C for 1 minute, and a melt curve stage at 95 °C
for 15 s and 60 °C for 1 min. The melting curves were recorded to confirm the ampli-
fication of the target DNA, as already explained in Section 2.5.

The final qPCR reaction mix (25 nL total) contained 5 uL of 5X primer mix (Table 2.6),
12.5 nLi of master mix, 6.5 pLL of NFW and 1 pL of sample.

Each assay was run either in duplicate (n = 2) or triplicate (n = 3). NTCs used 1 pL
of NFW instead of the sample, whereas, 1 nL of already purified DNA was added into
the PCs.

2.7 Computation of Time-to-Positive Values in Real-
Time LAMP and Cycle Threshold Values in
qPCR

Raw fluorescence data was collected using the QuantStudio™ 3 Real-Time PCR Sys-
tem instrument, exported into Microsoft Excel 365 files and analysed in MATLAB®.
The data was used to compute the time-to-positive (TTP) value during LAMP or the
cycle threshold (Ct) value during qPCR. The second derivative of the fluorescence sig-
nal was calculated for each assay. The TTP and Ct values correspond to the time, or
cycle, at which the maximum value of the second derivative is detected, as illustrated in
Fig. 2.1. The sample was considered positive (amplified) if the maximum of its second
derivative was greater than the maximum of the second derivative of the NTC. The
inflection point derived from the second derivative of the amplification curve highlights
the first increase in the reporter dye emission, i.e., the largest change in fluorescence
(green dashed-lines, Fig. 2.1A). If the fluorescent signal did not increase within 60 min-
utes in LAMP (or 40 cycles in qPCR), the sample was considered negative.

The MATLAB® script used is given in Appendix B.1. When the signal was particu-

larly noisy, for example in the presence of additives such as pullulan, the implemented
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Figure 2.1: Time-to-positive (TTP) value computation. Example to show how the TTP values
have been determined for each amplification curve. A. Amplification plot. The raw fluorescence
data are plotted as a function of time. Three amplification plots are given: one for the NTC (purple
line), PC (black) and one where the paper disc is added to the amplification mix (Sample, red line).
B. Second derivative of the raw fluorescent data. The second derivative of the fluorescence was
computed for each assay and its maximum value (max) was found (green triangles). The TTP was
determined as the time at which the max of the second derivative of the fluorescence was found for
each assay. The max of the second derivative was evaluated for each assay only if it had a greater
value than the NTC second derivative max (area above the light blue dotted-line in B). The second
derivative allows to find the inflection point of the amplification curve that highlights a first raise in
the reporter dye emission, i.e., the biggest change in fluorescence.

algorithm did not work well. The first peak of the second derivative of the fluorescent
data corresponding to the inflection point could not be identified, but signal peaks
corresponding to high signal variations were obtained instead. In these cases, the TTP
(or CT) value was manually selected by analysing the second derivative peaks and

selecting the time (or cycle) at which the first peak of the second derivative appeared.
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2.8 Analytical Sensitivity of the Real-Time LAMP
and qPCR Assays

Analytical sensitivity was examined for E. coli malB gene detection and Plasmodium
species.

Analytical sensitivity was first evaluated using 10-fold dilutions of E. coli malB gene
synthetic DNA ranging from 1x10° to 1 copies per LAMP reaction in LAMP and from
1x10% to 1 copies in qPCR. The sensitivity was also tested using extracted DNA from
an original 10® CFU/mL E. coli K12 sample with subsequent 10-fold dilutions of the
initially extracted DNA both in LAMP and qPCR reactions.

Analytical sensitivity of the Plasmodium LAMP assay was analysed using 10-fold dilu-
tions of the WHO International Standard for P. falciparum DNA [143] from 10* TU/mL
to 107 TU /mL.

Each condition was run in triplicate using the in QuantStudio™ 3 Real-Time PCR
System instrument (Applied Biosystems; Thermo Fisher Scientific Inc.). The limit of
detection (LOD) was determined as the lowest concentration of NA that consistently

produced positive results (amplification) in all the replicates tested [146].

2.9 Statistical Analysis for Real Time LAMP and
qPCR results

One-way ANOVA with Tukey-Kramer’s post-hoc test was performed to compare the
time-to-positive (TTP) in LAMP or cycle threshold (Ct) values in PCR amongst the
samples (for n > 2) and the positive control. The analysis of variance was performed
using MATLAB® and its built-in functions anoval and multcompare (Appendix B.2).
Anoval performs one-way ANOVA and tests the hypothesis that the different samples
are drawn from populations with the same mean against the alternative hypothesis
that the population means are not the same. Multcompare was used to perform a
Tukey-Kramer’s multiple comparison test and to understand which pair of samples
were significantly different. A statistically significant difference between samples was
chosen to be for p-value < 0.05. The symbols associated with p-values in graphi-
cal representation are given in Table 2.7. TTP and Ct data is presented as mean

TTP + standard deviation and mean Ct 4+ standard deviation, respectively.
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Table 2.7: Graphical symbols for p-values.

P-value Symbol
p=>0.05 ns
0.01<p<0.05 *
0.001<p<0.01 oK
0.0001<p<0.001 | ***
p<0.0001 otk

2.10 Conversion of DNA Concentration from ng/nL
to copies/reaction

To convert the measured concentration of DNA (using NanoDrop™ Lite Spectropho-
tometer, Thermo Fisher Scientific Inc.) from ng/ulL to copy number in the final volume
reaction, the ‘Calculator for determining the number of copies’ [147] was used. In this
calculator, the users input the amount of the DNA template present, in ng, and the
length of the template, in bp. The equation used assumes that the average weight of
a base pair (bp) is 650 Daltons and it computes the number of copies of the template

as follow:

Template amount [ng] x Avogadro's number [number /mole]

Template length [bp] x (1 x 10%) [ng/g] x 650 [g/mole of bp]
(2.1)

Number of copies =

with Avogadro’'s number = 6.022 x 10?® molecules/mole. The template amount
was determined by multiplying the volume of the template DNA added to the final
reaction mixture, e.g., 5 uli or 1 pL, to the measured concentration of DNA in ng/pL.
The synthetic E. coli malB gene DNA is 204 bp long. When using the extracted DNA
from E. coli K12 bacterial culture, a length of 4,639,675 bp was considered as reported
for E. coli K12 MG1655 by Lukjancenko et al. [148].

2.11 Lateral Flow DNA Detection Assay and Inter-
pretation of Results

To assess amplification outcomes on lateral flow DNA detection strips (LFSs), fluo-
rescein isothiocyanate (FITC) and biotin moieties were incorporated on the 5-end of
FIP and LF primers for the detection of E. coli malB gene detection, and of LB and

LF primers for the detection of Plasmodium species and BRCA1 gene. The same in-
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strument and real-time LAMP protocol described in Section 2.5 were used when the
amplification outcomes were assessed on LFSs.

During amplification, the primers labelled with FITC and biotin are integrated into the
double stranded DNA amplicons. The LFSs recognise the FITC and biotin complex
that forms during amplification [149]. Fig. 2.2 illustrates the structure of LFSs, how to
interpret the results and the underlying detection mechanism. The amplified product
is deposited on the sample pad, and it moves along the LFS by capillary force [150].
The conjugation pad contains streptavidin coated gold nanoparticles that bind to the
biotin in the amplified product. The amplified product keeps flowing towards the ab-
sorbent pad, and when it reaches the test line, the anti-FITC embedded in the test line
captures the FITC within the amplicons. Therefore, the test becomes red due to the
gold nanoparticles attached to the biotin and FITC complex in the modified LAMP
DNA amplicons. The excess gold nanoparticles continue to move along the LFS and
they are trapped at the control line by immobilised streptavidin, resulting in two red
lines. If no amplicons with FITC and biotin complex are present (negative samples),
only the control line turns red as the FITC and biotin molecules will bind to their
respective targets on the strip.

LFSs from Ustar Biotechnologies Ltd. were used (U-Star Disposable Nucleic Acid
Detection Strips, Type 3; Hangzhou, Zhejiang, P.R. China). To test the LAMP prod-
ucts on LFSs, 10 pL of each sample were deposited on LFSs using pipettes after the
incubation time. Then, 30 pL of either water or the manufacturer’s buffer (Ustar
Biotechnologies Ltd.) were added onto the strip to let the sample flow through the test

and control lines. After 10 to 15 minutes, the LFSs results were imaged.
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Figure 2.2: Interpretation of test results on lateral flow strips (LFSs). A. Schematic of the
lateral flow detection strip. B. Interpretations of test results: Positive result indicates the presence of
the target DNA in the sample and two lines appear; Negative result indicate the absence of the target
DNA in the sample and only the control line appears; Invalid, the assay is invalid and no lines appear
or no control line appears. C. Schematic of the binding of molecules and detection mechanism. If
the target DNA is present in the sample, during the LAMP reaction amplicons are generated with
both biotin- and FITC-labelled primers, as a complex bearing two ligands. The control and test lines
contain immobilized Biotin-BSA and anti-FITC antibodies, respectively. The conjugate pad contains
golden nanoparticles.

2.12 Colour Intensity of Test Bands on Lateral Flow
Strips

Following amplification and deposition of the sample on LFSs, DNA test strips were

imaged using the automatic settings of a HONOR (Huawei Technologies Co., Ltd.,
Shenzhen, China) camera, for digital records, and of a phone app CamScanner (INTSIG
Information Co., Ltd., Shanghai, China) for scanning LFSs. Postprocessing and line in-

tensity analysis from the scanned images was carried out using ImageJ (http://imagej.nih.gov/ij,
The raw images were converted into greyscale (16 bit, weighted RGB conversion -0.30,

0.59, 0.11). Grey tones were measured at the control and test line in addition to the

LFS background to compute the normalised intensity as suggested by Lee et al. [151]

(Eq. 2.2).

Ipest — 1
Normalised Intensity = —<t "5 (2.2)

]C’ontrol - [B
Where Irest, Ioontror, and Ig are the grey values measured at the test, control line, and

background, respectively. For negative controls and negative results, the normalised
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intensity is expected to be as close as possible to 0, whereas positive LFS results are

expected to have a very high normalised value.

2.13 Plastic Cassettes for Point-of-care Devices

Plastic cassettes of diagnostic devices were produced in the laboratory by laser cut-
ting (LS3020 Desktop Laser, HPC Laser Ltd., Halifax, United Kingdom) poly(methyl
methacrylate) (PMMA) slabs. The layout of the devices was designed using Fu-
sion 360® (Autodesk) or CorelDraw, and it was successively imported into the Reti-
naEngrave software (Full Spectrum Laser, Las Vegas, NV, United States) for laser
cutting. 2, 3 and 4 mm thick PMMA slabs (Stockline Plastic, Glasgow, UK) were
used for different purposes and cut at the calibrated speed and power (3.00 and 90.0
respectively for 2 mm, 2.00 and 100.0 for 3 mm, and 1.00 and 100.0 for 4 mm).

2.14 Paper-Based Protocol to Extract Genomic Ma-
terial from Bacteria Present in Large Volumes

A fast method for the sample pretreatment of large samples that relies on cellulose
filter paper and that is equipment-free has been developed. Escherichia coli was used

as a proof-of-concept pathogen, and E. coli malB gene was the DNA target.

This section describes the protocol followed for the extraction of E. coli genomic DNA
from a large sample (100 pL) using a filter paper disc. Initial experiments were per-
formed using Whatman® Grade 1 filter paper (GE Life Sciences), taking inspiration
from the work by Zou et al. [21] (Fig. 2.3). The very first efforts focused on un-
derstanding if already purified E. coli DNA could bind onto a paper disc and if the
paper disc could have been introduced directly into the LAMP reaction for real-time
readings without affecting the fluorescence measures. After, the extraction procedure
using Whatman® Grade 1 filter paper has been optimised in terms of lysis buffer and
temperature, and DNA-paper contact time (DNA incubation). The optimisation was
conducted by evaluating the developed method against a magnetic beads-based purifi-
cation protocol (MagaZorb® DNA Mini-Prep Kit, Promega Corporation), and using

time-to-positive (in minutes) or cycle number for comparative analysis. Further ex-
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Figure 2.3: Outline of the nucleic acid purification method performed by Zou et al. [21].
A tissue is ground in a 1.5 mL tube with a plastic pestle in the presence of extraction buffer. A
3-mm diameter Whatman® Grade 1 disc is transferred in the tube and nucleic acids are captured.
The disc is then washed in 200 pL. 10 mM Tris buffer (pH 8) for one minute to remove contaminants
present in the crude extract. The disc is transferred to a tube containing the amplification reaction
and PCR-based amplification is performed without removing the disc from the tube. This procedure
has been tried on a wide range of plant and animal tissues and the nucleic acid amplification was
performed by LAMP too. Reproduced with permission from [21]. Copyright 2017 Zou et al.

periments to optimise the established procedure and improve its user-friendliness have
involved reducing the number of steps and the time-to-positive of the assay by using

different types of paper.

2.14.1 DNA Binding Investigation

The ability of a paper disc to bind and release DNA was first investigated. 3-mm
diameter cellulose discs were cut from a piece of Whatman® Grade 1 filter paper using
a hole puncher. 3 pL of already purified E. coli DNA was pipetted onto a paper
disc (Fig. 2.4A(i)) and, after 5 min of incubation at room temperature, the disc was
transferred into a tube containing 200 pL nuclease-free water (NFW) using tweezers
(Fig. 2.4A(ii)). After one minute in NFW (acting as wash buffer), the cellulose disc was
transferred into a LAMP amplification reaction in 0.1 mL PCR tubes (as described in
Section 2.5, and in Fig. 2.4A(iii)). The optimization of incubation time for the DNA
binding was done at different time intervals: 1, 5 and 10 minutes. DNA binding in
cellulose paper is associated with the fluid transport through the paper matrix, which
in turn is a function of the square root of time (Lucas-Washburn’s equation, Eq. 1.1).
The DNA incubation time was thus the first element investigated.

This first procedure was compared to a second one (referred to as “in tube”) that differs
only in that the purified E. coli DNA was not pipetted onto a paper disc, but the paper
disc was immersed in a tube where 10 pL. of DNA sample had been diluted in 90 nL
of NFW (Fig. 2.4B). After 5 min of incubation at room temperature (Fig. 2.4B(i)),
the disc was transferred to the washing step as before (Fig. 2.4B(ii)). The “in tube”

procedure was investigated to make sure that DNA binding to cellulose paper occured
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even when larger DNA samples were taken into account.
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Figure 2.4: Procedures to investigate DNA-paper binding properties. Investigation of DNA
binding onto Whatman® Grade 1 filter paper following two different procedures. A. First procedure:
three main steps are involved. A paper disc is placed on a flat surface, such as a Petri dish. (i)
Already purified DNA is pipetted onto the paper disc and incubated at room temperature for 5 min.
(ii) The disc is transferred into a tube containing 200 pL. NFW and incubated at room temperature
for 1 minute. (iii) The cellulose disc is transferred into a LAMP amplification reaction in PCR tubes.
B. “In tube” procedure: three main steps are involved. (i) A cellulose disc is transferred in a tube
where already purified DNA is diluted in NFW. The disc is incubated at room temperature for 5 min
and gently swirled. (ii) The disc is transferred into a tube containing 200 nL. NFW and incubated
at room temperature for 1 minute. (iii) The cellulose disc is transferred into a LAMP amplification
reaction in PCR tubes.

2.14.2 DNA Extraction Procedures and Use of Different Pa-

pers

Two different DNA extraction procedures based on paper have been investigated in
order to evaluate the feasibility of adding proteinase K to the chemical lysis during
sample pretreatment. Proteinase K is used to perform enzymatic lysis and it is often
used in combination with other types of lysis, e.g., chemical lysis, to maximise the
lysis efficiency of the targeted pathogen. The additional use of proteinase K usually
aid the lysis step in case of pathogens that are difficult to lyse, making the procedure
universal.

The ability to capture and release purified DNA was investigated using different types of
paper for both the DNA extraction methods described in Sections 2.14.2.1, and 2.14.2.2.
The filter papers were chosen based on their different characteristics (Section 2.3).

108 CFU/mL E. coli sample was obtained as described in Section 2.1, and used for
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DNA extraction. A LAMP reaction followed each paper-based DNA extraction and
the time-to-positive values of each sample were compared. The shorter the time-to-

positive, the better performing was considered the procedure used.

2.14.2.1 DNA extraction based on Zou et al. (2017)

A schematic of the DNA extraction procedure followed is shown in Fig. 2.5A. 3-mm
diameter discs were cut using a hole puncher and the extraction procedure in Fig. 2.5B

was performed.
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Figure 2.5: Schematic of paper-based sample pretreatment procedure of E. coli bacterial
sample. A. General steps involved in the paper-based sample pretreatment: (i) the sample is mixed
with the lysis buffer in a tube and vortexed; (ii) the mixture is incubated to allow for bacterial lysis;
(iii) a cellulose paper disc is transferred in the tube containing the lysate, and the disc is incubated at
room temperature and gently swirled to allow for the DNA to bind to the paper (DNA incubation);
(iv) the disc is washed by transferring it in a tube containing nuclease-free water (NFW) and incubated
at room temperature; (v) the cellulose disc is transferred into a LAMP amplification reaction in PCR
tubes for further amplification and detection. B. Paper-based DNA extraction from E. coli bacterial
culture. 9 steps involved in the paper-based extraction procedure: (1)-(2) 100 pL of sample is mixed
with 400 pL of lysis buffer (at 1:5 ratio) in a tube, and (3) vortexed for 15 s. (4) The mixture is
incubated in a heat block at 56 °C for 5 min. (5) A 3-mm paper disc is transferred in a tube that
contains the lysate. (6) The disc is incubated at room temperature for 5 min and gently swirled. (7)
The disc is transferred into a tube containing 200 pL. NFW, and (8) incubated at room temperature
for 1 minute. (9) The paper disc is transferred into a LAMP amplification reaction in PCR tubes
for the amplification and detection steps. The procedure counts 6 less steps compared to the 15-
steps gold-standard magnetic beads-based method (Promega Corporation), and 4 less steps than an
“origami” magnetic beads-based method previously developed in my group (Reboud et al. [17]).

To increase the user-friendliness of the initially developed procedure, the feasibility of
reducing the number of handling steps performed was investigated. First of all, the
possibility of eliminating the washing step of the paper disc from the procedure shown
in Fig. 2.5B was examined. Thus, after the 5 minutes incubation of the paper disc

in the lysate, the disc was directly transferred into the LAMP amplification reaction

47



Chapter 2

(going directly from step 6 to step 9 in Fig. 2.5B).

Secondly, the possibility of eliminating the heating lysis step was evaluated in order
to avoid the need for a heat block or water-bath in the sample pretreatment phase
(Fig. 2.6A). After combining the lysis and DNA incubation period together, the final
procedure consisted of mixing a 100 uL of resuspended bacterial cells pellet with 400 pL
of lysis buffer at 1:5 ratio (Fig. 2.6B). A 3-mm paper disc was immersed in the tube
containing the sample and the lysis buffer, and it was incubated at room temperature
for 6 min. After, the supernatant was discarded and the paper disc was washed with
600 pL. of NFW. After the washing step, the paper disc was transferred into a LAMP
amplification reaction in PCR tubes for the amplification and detection steps. This
paper-based DNA extraction procedure requires 7 total steps, 8 less compared to the
gold-standard magnetic beads-based method (Promega Corporation), and 6 less than

the “origami” beads-based procedure previously developed by Reboud et al. [17].
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Figure 2.6: Schematic of the reduction of steps for the paper-based DNA extraction from
E. coli bacterial sample. A. 9-steps method: shows the 9 steps involved in the paper-based
extraction procedure when heating is not required. (1)-(2) 100 uL of sample is mixed with 400 pL of
lysis buffer (at 1:5 ratio) in a tube and (3) vortexed for 15 s. (4) The mixture is incubated at room
temperature for 5 min. (5) A 3-mm paper disc is transferred in a tube that contains the lysate using
tweezers. (6) The disc is incubated at room temperature for 5 min and gently swirled. (7) The disc
is transferred into a tube containing 200 pL nuclease-free water (NFW) and (8) incubated at room
temperature for 1 minute. (9) The paper disc is transferred into a LAMP amplification reaction in
PCR tubes for the amplification and detection steps. The number of steps was further reduced to
7 as shown in B. 7-steps method: (1)-(2) 100 pL of sample is mixed with 400 pL of lysis buffer
(at 1:5 ratio) in a tube. (3) A 3-mm paper disc is transferred in the tube containing the sample and
the lysis buffer. (4) The disc is incubated at room temperature for 6 min and gently swirled. (5)
The supernatant is discarded. (6) The paper disc is washed with 600 pL of NFW. (7) The paper disc
is transferred into a LAMP amplification reaction in PCR tubes for the amplification and detection
steps.

After the optimisation of the procedure followed by LAMP, further optimizations were
performed using qPCR. In order to do this the possibility of introducing an elution step
before LAMP amplification was evaluated (as shown in Fig. 2.7). This elution step
was merely used for quantification purposes when using qPCR (the details of qPCR
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are given in Section 2.6). qPCR was used to investigate the performance of the DNA
extraction procedure when using paper discs of different sizes, such as 3-mm, 5-mm
and 6-mm diameter discs, and a different number of discs, i.e., one, two or three discs
per sample. Different types of papers were investigated too. The lower the Ct value,
the better the ability to bind and release purified DNA was considered for the specific
paper disc used. In the end, the possibility of adding 10 pL of proteinase K to the
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Figure 2.7: Addition of an elution step in the DNA extraction procedure. Steps followed
for the paper-based DNA extraction procedure when an additional elution step is introduced: (1)-(2)
100 pL of sample is mixed with 200 pL of lysis buffer (at 1:3 ratio) in a tube. (3) A paper disc is
transferred in the tube containing the sample and the lysis buffer. (4) The disc is incubated at room
temperature for 6 min and gently swirled. (5) The supernatant is discarded. (6) The paper disc is
washed with 600 pL of NFW. (7) The NFW is discarded. (8) 100 pL of 1X TE buffer (pH 8) are
added in the tube containing the washed paper disc. The paper and the elution buffer are incubated
at room temperature for 10 minutes. (9) 5 pL and 1 pL of eluant are added to a LAMP and qPCR
amplification reactions respectively, in PCR tubes for the amplification and detection steps.

bacterial sample, in step (1)-(2) (Fig. 2.6B), was evaluated.

An analytical sensitivity test was carried out in order to understand the lowest de-
tectable concentration of bacteria in the initial sample using the paper-based extrac-
tion described in Fig. 2.6B (7-steps method). The stored bacterial cells were resus-
pended as described in Section 2.1 to obtain a 108 CFU/mL sample. 10-fold serial
dilutions in 1X PBS were conducted from the initial sample concentration ranging from
107 CFU/mL to 10> CFU/mL. DNA was extracted from each sample using the 7-steps
method (Fig. 2.6B). Each condition was run in duplicate using the in QuantStudio™
3 Real-Time PCR System instrument (Applied Biosystems; Thermo Fisher Scientific
Inc.).

2.14.2.2 DNA extraction based on MagaZorb® Kit

When using the paper-based DNA extraction procedure described in Fig. 2.6B, the
addition of 10 uL of proteinase K to the sample inhibited further amplification. A
second paper-based DNA extraction method was introduced in order to evaluate the
possibility of introducing proteinase K during the lysis step. This method uses the
reagents provided in the MagaZorb® DNA Mini-Prep Kit and follows the manual
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instructions (with the right volume ratios), but rather than introducing magnetic beads
during the binding step, a paper disc is used. No magnet is used during the washing

step and this method is described in detail in Fig. 2.8.
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Figure 2.8: Schematic of paper-based DNA extraction using MagaZorb® reagents. Steps
followed for the paper-based DNA extraction procedure that follows the manual instructions. Lysis
(4 steps):(1) Add 100 pL of sample. (2) Add 100 pL of lysis buffer and (3) vortex 15 s. (4) Incubate
at 56 °C for 10 min. Binding (6 steps): (5) Add 250 pL of binding buffer to the lysate and (6) vortex
15 s. (7) Add a paper disc to the mixture and (8) vortex for 15 s. (9) Incubate at room temperature
for 10 min and (10) remove supernatant Washing (2 steps): (11) Wash the paper disc using 500 mL
of washing buffer. (12) Remove supernatant. Elution (3 steps): (13) Add 100 pL of elution buffer and
mix by swirling. (14) Incubate at room temperature for 10 min. (15) Remove disc from supernatant
(eluate) and use the eluate for further amplification in the elution mix.

2.14.3 DNA Extraction Using Lysis Buffer Air-Dried on Pa-

per Discs

To further reduce the handling steps during the paper-based DNA extraction described
in Fig. 2.6B, the two lysis buffers were air-dried directly onto paper discs. Whatman®
Grade 1, Grade 3, CF5, and GF/DVA were punched in 5-mm diameter discs. Two
paper discs of each type were placed in the same well of a flat-bottom 96-well plate.
100 pL of lysis buffer were deposited onto the the paper discs and let them air-dry
for one week before using the discs in the paper-based extraction procedure. The
paper-based DNA extraction used in this scenario is described in Fig. 2.9. When using
extraction buffer # 2 from Zou et al. [21], a 2X concentration was used (see Section 2.2).
Therefore, 100 pL of 2X lysis buffer was deposited onto the discs. Experiments were
carried out both by adding 100 nL. NFW to dilute the 2X concentrated lysis buffer (in
step (2), Fig. 2.9) and without the further addition of NFW.
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Figure 2.9: Schematic of the paper-based DN A extraction with lysis buffer air-dried on the
paper disc. Steps followed: (1) The paper disc with lysis buffer dried on is transferred in an empty
tube. (2) 100 pL of sample are added. (3) The disc is incubated at room temperature for 6 min and
gently swirled. (4) The supernatant is discarded. (5) The paper disc is washed with 600 pL of NFW.
(6) The NFW is discarded. (7) 100 pL of 1X TE buffer (pH 8) are added in the tube containing
the washed paper disc. The paper and the elution buffer are incubated at room temperature for
10 minutes. (9) 1 pL of eluant is added to the gPCR amplification mix, inside PCR tubes for the
amplification and detection steps.

2.14.4 Chitosan-Functionalised Paper

Chitosan-functionalisation has been suggested to improve the sensitivity of paper-based
extraction procedures by increasing DNA capture and release action [82]. Therefore,
the role of chitosan-functionalised paper was investigated in the developed 7-steps
paper-based DNA extraction method.

Low and medium molecular weight chitosan were used. Solutions of 1% (w/v) chitosan
were freshly prepared in 0.5 M acetic acid which was continuously stirred on a hot
plate at 50 °C. Stirring lasted about two hours, until solutions were completely clear,
indicating the complete dissolution of the chitosan.

The first experiment focussed on understanding if amplification was possible when
Whatman® Grade 1 paper was functionalised with chitosan. For this first experiment,
Whatman® Grade 1 paper was cut into 1x1 cm? squares and pretreated with a 1%
(w/v) low molecular weight chitosan acidic solution following two slightly different pro-
tocols described below.

A. Chitosan-functionalisation of Whatman® Grade 1 with washing: 1x1 cm?
paper squares were incubated for 1 hour in a chitosan solution at room temperature.
Thereafter, chitosan-functionalised paper was dried at room temperature for 1 hour.
Each paper square was washed three times with 200 uL. with nuclease-free water, and
dried at room temperature.

B. Chitosan-functionalisation of Whatman® Grade 1 without washing: this
protocol differs from A for the fact that the paper squares are not washed three times
but are directly allowed to dry at room temperature.

Regardless of the protocol used for treating paper, 3-mm diameter discs were cut from
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the chitosan-functionalised 1x1 cm? squares and the procedures in Fig. 2.6B was fol-
lowed. Three 3-mm discs were immersed in the same biological sample (n = 1) and
placed in three separate PCR tubes (three technical replicates) to perform LAMP.
When using chitosan-functionalised paper, the bacterial lysis was performed using an
acidic buffer with 50 mM MES (pH 5.5) instead of 50 mM Tris-HCl (pH 8), to make

sure that the chitosan had positive charges when in contact with DNA.

Successively, the ability to enhance the capture and release of DNA on chitosan-
functionalised Fusion 5 paper that had been previously plasma-treated was investi-
gated, as suggested by Gan et al. [82] and Bengtson et al. [86]. Fusion 5 paper was
cut into 5x2 cm? squares and plasma cleaned for 2-3 minutes on each side. The Fu-
sion 5 paper was then incubated overnight in a 1% (w/v) chitosan (medium molecular
weight) acidic solution at room temperature. Thereafter, chitosan-functionalised pa-
per was washed with nuclease-free water, and stored at room temperature. The 7-step
paper-based DNA extraction procedure with the elution step was carried out as shown
in Fig. 2.7. 5-mm diameter discs were hole-punched from the chitosan-functionalised
5x3 cm? squares of Fusion 5 and a procedures similar to the one in Fig. 2.7 was followed.
Instead of 100 pL of bacterial sample, 100 pL of already purified DNA (v« 1 ng/pL)
in 1X TE buffer was used. The acidic lysis buffer (pH 5.5) containing 50 mM MES
ensured that the chitosan had positive charges when in contact with DNA. Therefore,
100 nL of already purified DNA were mixed with 200 nL of the acidic lysis buffer, and
a 5-mm disc of the pretreated Fusion 5 paper was immersed in the solution for 6 min
at room temperature. The supernatant was then removed and the disc was washed
with 600 pL of MES buffer (pH 5.5). 100 pL of 1X TE elution buffer (pH 8) was
used for eluting the DNA from the paper disc, for 10 min at room temperature, before
performing LAMP. The same procedure, with the same acidic buffers, was followed
using Whatman® Grade 3 paper for comparison. Time-to-positive values were used
for comparative analysis and the method was assessed against a magnetic beads-based
DNA extraction procedure (MagaZorb® DNA Mini-Prep Kit, Promega Corporation),

following the manufacturer’s instructions with the adjusted volume ratio.

52



Chapter 2

2.15 Techniques for easy on-board-storage of molec-
ular reagents at room temperature

This section describes the strategies investigated to ease the shipping and storage of
molecular reagents through the elimination of cold chain and retention of activity in
extreme environmental conditions. For this purpose, pullulan (Mn = ~ 200 kDa,
Polysciences Inc., Warrington, PA) and trehalose (D-(4)-trehalose dihydrate, Sigma-
Aldrich) were used as preservatives for different LAMP reagents.

Pullulan and trehalose were dissolved at different concentrations in various liquid com-
ponents of the LAMP reagents, and solid tablets were created as described in Fig. 2.10.
Tablets were then stored either at room temperature or at 35 °C. Upon use, they were
transferred into an Eppendorf tube and resuspended with the corresponding volumes

to obtain a final LAMP reaction mix of 25 L.
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Figure 2.10: Disc-shaped pullulan films. A. Schematic of the pullulan solution drying process.
Pullulan was dissolved into aqueous reagents. Once fully dissolved, the solution containing pullulan
was pipetted in droplets on the non-sticky side of an adhesive film (MicroAmp™ Optical Adhesive
Films, Applied Biosystems™, Thermo Fisher Scientific Inc.) attached to a Petri dish. After drying,
the droplets formed a rigid disc-shaped tablet that could be peeled off the drying substrate with the
help of tweezers. The procedure was first reported by Jahanshahi-Anbuhi et al. [123]. B. Example of
a dried pullulan tablet that can be manipulated with tweezers.

To evaluate the stability of pullulan as a matrix for storing LAMP reagents, pullu-
lan tablets were first prepared with various amplification components, such as primer
mix, DNA polymerase, and isothermal amplification buffer. The performance of these
tablets stored for varying amounts of time was tested and compared to the liquid LAMP
assay stored under optimal conditions (at -20 °C). Then, the addition of trehalose was
evaluated, and the effect of shipping the pullulan-trehalose tablets to a field site under
uncontrolled conditions and returning them to the UK laboratory for analysis was also
assessed. Finally, the solid-formed tablets were stored inside a POC device that was

shipped for a field-trip in Kocoge (Tororo), Uganda.
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2.15.1 Molecular Reagents Stored in Pullulan and Trehalose
Tablets

Pullulan was chosen as a preservative because it is a non-hygroscopic, thermally stable,
and biodegradable polysaccharide able to form tablets upon drying [73]. Therefore,
pullulan can store reagents in a solid and ready-to-use format that could be easily
integrated inside a POC device.

LAMP was performed using the master mixes indicated in Section 2.4.1, and the final
LAMP reaction mix (25 pL) contained 15 pL of an isothermal master mix, 5 pL of
primer mix, and 5 plL of DNA template. Pullulan tablets were resuspended in nuclease-
free water (NFW) for their corresponding volume in the reaction, i.e., pullulan tablets
containing only primer mix were resuspended with 5 uL. of NFW in each LAMP assay.
The real-time LAMP was performed with the thermal profiles described in Section 2.5,
but when pullulan tablets were used, the reaction time was increased to 120 minutes
for all the targeted DNA sequences.

The concentrations of synthetic E. coli malB gene DNA template tested were 1074,
1075, 1079, and 1077 ng/pL. The concentrations of WHO International Standard for
P. falciparum DNA used were 10°, and 10° TU/mL. 10~7 ng/uL of E. coli malB gene
DNA and 10° IU/mL of P. falciparum DNA are the limit of detection of the liquid

assays when reagents are stored in optimal conditions at -20 °C (as shown in Chapter 4).

2.15.1.1 Molecular Reagents Stored in 10% (w/v) Pullulan Solutions

Pullulan tablets with a 10% (w/v) concentration were created for the detection of
E. coli malB gene. The primers sequences used for this are given in Table 2.4. Tablets
containing primers for LAMP were made by preparing a 5X primer mix (as described
in Table 2.5) and by adding 0.7 mg of pullulan to 7 pL of the 5X primer mix. Pullulan
tablets were created also for detection on LFSs. The same volumes were used with
labelled primers, FIP-FITC and LF-biotin. To avoid difficulties in measuring small
amounts of pullulan, the pullulan-primer mix solution was created in larger batches.
The final concentration of primers in the solution was 5 times the concentration of
primers in the final 25 nL reaction. 7 pL droplets of the mixture were deposited on a
Petri dish as explained in Fig. 2.10. The Petri dish was covered with aluminium foil
to minimise exposure to light and placed in an oven at 35 °C for drying and storage.

Tablets containing the master mix were made by mixing 20 pL of ISO-004-LYO with
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2 mg of pullulan. Here again 20 pL. was deposited onto a Petri dish, covered with
aluminium foil and stored at 35 °C. The droplets dried and they formed tablets that
were transferred into 0.1 mL qPCR tubes using tweezers at the time of use. 7 pL of the
pullulan-primer mix solution, rather than the usual 5 nL, and 20 pL of the pullulan-
master mix solution, rather than 15 nL, were prepared to account for possible liquid
losses during pipetting caused by the high viscosity of the pullulan solution [119]. Each
pullulan-primer mix tablet was resuspended in 5 pL. of NFW, 5 nLL template, and 15 pL
of ISO-004 master mix, whilst each tablet containing ISO-004-LYO was resuspended
with 15 pL of the proprietary resuspension buffer supplied by OptiGene Ltd., 5 pL
of primer mix (5X) and 5 pL of DNA template. The real-time LAMP reaction was
performed as explained previously, and the reactions containing pullulan tablets were
compared with the LAMP reagents stored in optimal conditions at -20 °C until use.
With regards to the pullulan tablets containing ISO-004-LYO, their performance over
time was compared also with ISO-004-LYO freeze-dried and stored in the same con-
ditions. A non-disclosure agreement was signed with OptiGene Ltd., and the advised
freeze-drying procedure was carried out in a Labconco FreeZone Triad Benchtop Freeze
Dryer (VWR International Ltd., Avantor Inc., Radnor Township, Pennsylvania, United
States) [17]. Aliquots of 15 pL of ISO-004-LYO in 0.1 mL qPCR tubes were created,
and the freeze-drying process was completed in 24 hours. Upon use, the freeze-dried
LAMP pellets were resuspended with 15 L. of resuspension buffer (proprietary com-
position supplied by OptiGene Ltd.), 5 nL of primer mix and 5 pL of E. coli malB
gene DNA template.

The tablets were stored for up to 54 days and the TTP values were compared across
different storage conditions to evaluate the stability of reagents over time. TTPs were
used to assess the differences in amplification times and the reduction in limit of de-

tection due to storing reagents in pullulan tablets.

2.15.1.2 Molecular Reagents Stored in 10% (w/v) Pullulan and 0.5 M
Trehalose

The addition of trehalose to pullulan in the creation of tablets was investigated to
guarantee long-term stability of LAMP reagents. LAMP reagents for the detection of
the E.coli malB gene were stabilised in tablets containing 10% (w/v) pullulan and

0.5 M trehalose. The potential degradation of FITC and biotin labels over time,
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that could limit colorimetric detection on LFSs, was investigated by creating pullu-
lan tablets containing only the labelled primer mix. Two concentrations of primers
were used in this experiment: the same concentration used when reagents are stored
at -20 °C (5X primer mix, Table 2.5), and 5 times that concentration (25X primer
mix, Table 2.5). Pullulan tablets containing 5X labelled primer mix were prepared
as explained in Section 2.15.1.1. A single pullulan-trehalose tablet containing 25X la-
belled primer mix was made by adding 6.429 uL of the primer mix to 2.250 pL of
trehalose (2 M), 0.321 uL. of NFW and by adding 0.9 mg of pullulan in a total volume
of 9 pL.. The 25X labelled primer mix for each tablet was made by mixing 0.321 pL F3
primer (100 pM), 0.321 uL. B3 primer (100 pM), 1.286 uL. FIP-FITC primer (100 pM),
1.286 pL. BIP primer (100 pM), 1.607 pL. LF-biotin primer (100 pM), 1.607 pL LB
primer (100 pM). Larger batches were made to avoid pipetting small volumes and
measuring small amounts of pullulan. 9 ul. were placed on an adhesive film on a Petri
dish and exposed to air-flow in a fume cabinet to accelerate the drying process (about
1 hour). The Petri dish was then wrapped with aluminium foil to protect the tablets
from light and kept at 35 °C for later use. When needed, each tablet was moved to
a 0.1 mL qPCR tube with forceps and mixed with 5 pL. of NFW, 15 pL of ISO-004
master mix, and 5 pL. E. coli malB gene DNA template. The tablets were tested on
LFSs after 10 and 30 days of storage.

A mixture of pullulan and trehalose was used to preserve LAMP reagents following
the ‘two-pill method’ introduced by Leung et al. [26]. NEB master mix (Section 2.4.1)
was deployed to have full control on the reagents components and to separate the
salts and amplification buffer from the other elements of the LAMP amplification mix
(Fig. 2.11). Two separate tablets of 10% (w/v) pullulan and 0.5 M trehalose were
created, one containing WarmStart® Bst 2.0, ANTPs and labelled primer mix, and
the second containing MgSQOy, and Isothermal Amplification Buffer. Each tablet con-
taining the DNA polymerase (Bst 2.0) and primers (Tablet 1) was made by mixing
1.15 pL of WarmStart® Bst 2.0 (8000 U/mL), 4.04 pL. ANTPs (10 mM), 5.77 uL of
labelled primer mix (25X), 0.29 uL of NFW, 3.75 uL of trehalose (2 M), and 1.5 mg of
pullulan, to make a 10% (w/v) pullulan solution. The 5.77 pL of 25X labelled primer
mix was made as described in Table 2.5, with 0.29 pLi F3 primer (100 pM), 0.29 pL. B3
primer (100 uM), 1.15 uL. FIP-FITC primer (100 uM), 1.15 uL. BIP primer (100 pM),
1.44 pL LF-Biotin primer (100 pM), 1.44 puL LB primer (100 pM). 15 pL of the resultant

mixture were used to create tablets as described in Fig. 2.10. The air-flow of a fume
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cabinet was used for 1 hour to dry the droplets. The tablets were then stored at 35 °C
inside the Petri dish covered with aluminium foil. Tablets containing the Isothermal
Amplification Buffer and MgSO, (Tablet 2) were made by mixing 1.4 pL of MgSO,
(100 mM), 3.5 pL of Isothermal Amplification Buffer (10X), 0.35 pL. of NFW, 1.75 nL
of trehalose (2 M) and 0.7 mg of pullulan. Once pullulan was dissolved, 7 nL. droplets
were pipetted onto a Petri dish that was transferred into a vacuum chamber for 1 hour.
The disc-shaped tablets that formed were sealed inside the Petri dish using parafilm,
covered with aluminium foil, and stored at 35 °C until use. Both types of tablets were

tested in a LAMP assay after 10 and 30 days of storage.
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Bst 2.0
dNTPs

Air drying
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Figure 2.11: Schematic of the ‘two-pill method’ [26] to store LAMP reagents in pullulan-
trehalose tablets. Tablet 1 is initially prepared as a solution of WarmStart® Bst 2.0, dNTPs,
labelled primer mix, trehalose, and pullulan is dissolved in this solution. The solution is then air-
dried for a day (or the air-flow of a fume-hood is used to fasten drying) to form disc-shaped tablets.
Tablet 2 is initially created as a solution of MgSQy,, Isothermal amplification buffer, trehalose, and
pullulan is dissolved in it. The solution is then vacuum-dried for about 1 hour to form disc-shaped
tablets. Both Tablet 1 and 2 are stored within aluminium foil and at 35 °C inside an incubator. Upon
use the two tablets were resuspended with nuclease-free water and other LAMP reagents.

Tablet 1 and Tablet 2 (Fig. 2.11) were used separately to carry out the LAMP reaction
or together in a single LAMP assay (Tablet 1+Tablet 2). Tablet 1 was tested at various
time points up to 30 days of storage, and upon use it was resuspended in a qPCR tube
with 2.5 pL of Isothermal Amplification Buffer (10X), 1 pL of MgSO4 (100 mM),
0.25 pL. of LAMP Fluorescent dye (25X), 16.25 uL of water, and 5 uL of E. coli malB
gene DNA template. Tablet 2 was resuspended with 1 pL of WarmStart® Bst 2.0
(8000 U/mL), 3.5 nL. ANTPs (10 mM), 5 uL of labelled primer mix (5X), and 0.25 pL
of LAMP Fluorescent dye (25X), 10.25 uL of water, and 5 pL of E. coli malB gene
DNA template. To test the two tablets together, Tablet 1 and Tablet 2 were added
into the same 0.1 mL qPCR tube and resuspended with 0.25 nL. of LAMP Fluorescent
dye (25X), 19.25 pL of NFW, and 5 uL. of E. coli malB gene DNA template in each
tube.
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The amplification results were evaluated on LFSs, and the LAMP Fluorescent dye
was added to each reaction to enable real-time fluorescent detection for confirmatory

purposes.

2.15.1.3 Reagents Stored in 5% (w/v) Pullulan and 0.5 M Trehalose or
10% (w/v) Pullulan and 0.5 M Trehalose

To investigate the effects of different pullulan concentrations on the LAMP limit of
detection, tablets were prepared using the two-pill method (described in Figure 2.11)
to a final pullulan concentration of either 5% (w/v) or 10% (w/v). The volumes to
create Tablets 1 and 2 are given in Table 2.8. The dried disc-shaped tablets were stored
at 35 °C until use, and tested after 10 days of storage. Tablet 1 and Tablet 2 were
placed in the same reaction tube with the following combinations: (1) Tablet 1-10%
and Tablet 2-5%, (2) Tablet 1-5% and Tablet 2-10%, (3) Tablet 1-5% and Tablet 2-5%.
Each pair of tablets was resuspended with 0.5 pL. of LAMP Fluorescent Dye (25X),
19.5 nL of NFW, and 5 pL of E. coli malB gene DNA template to each pair of tablets,
resulting in a final volume of 25 pL. of LAMP mixture. The stability of Tablet 1-5%
and Tablet 2-5% was tested again after storing them at 35 °C for 14 days.

The analytical sensitivity of the different tablet combinations was assessed on LFSs,

and real-time fluorescent readings were carried out for confirmatory purposes.

Table 2.8: Optimised formulation of the stored dry Tablet 1 and 2 for LAMP test. The
amount of pullulan used to obtain 5% and 10% (w/v) pullulan in Tablet 1 is 0.8 mg and 1.6 mg,
respectively; whereas for Tablet 2 is 0.35 mg and 0.7 mg, respectively.

Tablet 1
Component Volume used per reaction (pL)
Bst 2.0 (8000 U/mL) 171
dNTPs (10 mM) 4.00
Trehalose (2M) 4.00
Primer mix (25X) 5.71
dH20 0.57
Total volume 16.00
Tablet 2
Component Volume used per reaction (pL)
MgSO, (100 mM) 1.40
Isothermal Amplification Buffer (10X) | 3.50
Trehalose (2M) 1.75
dH20 0.35
Total volume 7.00
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2.15.1.4 Storage of Molecular Reagents Returned from the Field

LAMP tablets for the detection of Plasmodium species (P. falciparum, P. vivax, P.
malariae, P. ovale) and BRCA1 gene were prepared using the two-pill method. Tablet 1
includes the primer mix specific for Plasmodium, DNA polymerase and dN'TPs, and it
was created with 5% (w/v) pullulan and 0.5 M trehalose. Tablet 2 contains MgSO,
and the Isothermal Amplification Buffer and it was prepared with 10% (w/v) pullulan
and 0.5 M trehalose. NEB master mix components were used. The 25X labelled primer
mixes (one for Plasmodium species and one for BRCA1) were prepared by pre-mixing
the 6 primers so that the final concentration of primers in the reaction would corre-
spond to 5 times the concentration needed when using reagents stored at -20 °C, as
indicated in Table 2.5. Tablet 1 was prepared as described in Table 2.8, with 5% (w/v)
pullulan solution. 16 pL of the mixture was used to create disc-shaped tablets. The
air-flow of a fume cabinet was used for 1 hour for drying. Tablet 2 was prepared as de-
scribed in Table 2.8 with 10% (w/v) pullulan concentration. 7 pL of the solution were
used to create the tablet and 1 hour vacuum was performed for drying. Once dried,
Tablet 1 and Tablet 2 were moved inside 1.5 mL tubes using tweezers. The tubes were
sealed with parafilm (PARAFILM® M), transported to Uganda (during a field-trip),
and brought back to the UK for lab testing. A transparent zip bag containing the tubes
was put in a crate along with other materials required for the field trip. The crate was
shipped as a hold luggage by plane and during the 10-days field-trip, it was carried
out for field testing every day and kept in air-conditioned rooms at night. Once back
in the laboratory, the tubes were kept inside a cabinet at room temperature. The per-
formance of rehydrated reagents was evaluated after they have undergone uncontrolled
temperature changes during the shipment to Uganda and back to the UK. The reagents
in each tube were resuspended with 20 pL. of water, and 5 L of target DNA (either
WHO standard for P. falciparum DNA, or genomic DNA for BRCA1 gene), before
running the LAMP reaction (Fig. 2.12). The analytical sensitivity of the reagents that
were sent to Uganda was evaluated on LFSs. Melting curves and gel electrophoresis
were used to verify that the test line on LFSs was specific for the target DNA. The

results were compared with reagents that were kept in optimal conditions at -20 °C.
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Figure 2.12: Two-pill method used to ship LAMP reagents to Uganda under uncontrolled
temperature conditions. Tablet 1 and Tablet 2 for the detection of Plasmodium falciparum and
BRCA1 are prepared using the two-pill method [26]. One Tablet 1 and one Tablet 2 per reaction
were stored inside a sealed 1.5 mL Eppendorf tube and shipped to Uganda and back to the UK. The
reagents were resuspended with nuclease-free water upon use, LAMP was performed the performance
of the LAMP reagents stored in pullulan-trehalose tablets was assessed on LFSs.

2.15.2 Storage of Molecular Reagents In-the-field and in a

Paper-Based Device.

Pullulan-trehalose tablets storing LAMP reagents for the detection of Plasmodium
species and BRCA1 gene have been prepared as described in Section 2.15.1.4. They
were then shipped and used outside laboratory settings, in a primary school in Kocoge
(Tororo, Uganda). Before shipment, LAMP reagents were either stored inside 1.5 mL
microcentrifuge tubes as explained in Section 2.15.1.4 or incorporated inside a device

specifically designed for the diagnosis of malaria at the point-of-need.

2.15.2.1 Modified DNA Extraction from Blood for Use on the Point-Of-

Care Device

In previous works led by Garrett [152] and Reboud et al. [17], the magnetic beads-based
protocol provided by MagaZorb® DNA Mini-Prep Kit was scaled-down to accommo-
date DNA extraction from a finger prick of whole blood (5 pL). The protocol developed
by Garret [152] (Fig. 2.13A) used the reagents provided by MagaZorb® DNA Mini-
Prep Kit and is described in Fig. 2.13A. The method consisted of 19 manual steps.
Efforts were made to simplify this protocol to avoid the lysis heating step at 65 °C
and the addition of binding buffer. Eliminating the heating step was crucial to avoid
extra equipment that might result in difficulties when being integrated into a POC
device. Nucleic acid extraction was performed from whole blood preserved in sodium
citrate and purchased by Cambridge Bioscience (Cat # BLD1DC4CIT09-FS, Cam-
bridge Bioscience Ltd., Cambridge, UK) and, during laboratory testing, BRCA1 gene
was targeted. The blood donors had given their consent for their blood to be used for

research purposes, and no additional ethical approval was needed. The LAMP mas-
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ter mix from NEB was used (Section 2.4.1), and the primers and 5X primer mix for
BRCAT1 are given in Tables 2.4, 2.5. The optimised DNA extraction protocol has 11
steps (Fig. 2.13B), and it combines the lysis and binding step. It consisted of adding
5 nL of Lysis Buffer, 2 uL. of magnetic beads reagent, and 5 nL. of whole blood to the
bottom of a 1.5 mL microcentrifuge tube. The reagents were mixed by gently flicking
the bottom of the tube and incubated for 20 minutes at room temperature. The tube
was flicked at three minutes intervals. Then, the tube was inserted in the magnetic
rack until the beads settled. The supernatant was removed and 40 pL. of Wash Buffer
was added to the tube. The solution was mixed by tapping the bottom of the tube.
After the solution formed a homogenous mix, the tube was placed on the magnetic
rack again, and the supernatant was discarded after the beads coagulated. The beads
were then coagulated at the bottom of the tube with the help of the magnetic rack and
5 pL of NFW were added. 5 pL of the magnetic beads mixture was mixed with the
help of a pipette and transferred into the final 25 pL. LAMP mixture. Magnetic beads
were therefore included in the final amplification reaction. The results were assessed

on LFSs.
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Figure 2.13: Modified DNA extraction from blood finger prick. A. DNA extraction method
from blood developed by Garrett [152]. The method consisted of adding 2 nL of proteinase K (PK)
to a 1.5 mL microcentrifuge tube, then 5 pL of whole blood and 5 pL of Lysis Buffer (1-3). The
bottom of the tube was flicked gently to properly mix the reagents (4). The mixture was incubated at
65 °C for 10 minutes (5), and after, 10 pL of Binding Buffer was added (6). The bottom of the tube
was flicked again for mixing purposes. 2 uL of Magnetic beads reagent (containing magnetic beads)
was added to the tube (7), and the solution was mixed (8) before incubation at room temperature
(RT) for 5 minutes (9). The tube was flicked at two minutes intervals. The tube was inserted in the
magnetic rack and the beads were given one minute to settle, then the supernatant was removed (10).
40 pL of Wash Buffer was added to the tube (11), and the beads were mixed by tapping the bottom
of the tube (12). The tube was placed on the magnetic rack again, and after the beads coagulated,
the supernatant was discarded (13). This wash step was done two more times until a clear solution
was obtained (14)-(16). Then, 30 uL of Elution Buffer was added to the tube (17) and the beads
were gently dispersed by tapping the bottom of the tube to release the DNA into the eluate (18).
The magnet was used to separate the beads and the eluate was moved to a new tube for further
analysis (19). 5 pL of the eluate was added to the final 25 pL, LAMP mix. B. The improved DNA
extraction method has 11 steps. The procedure involves adding 5 pL of Lysis Buffer, 2 uL. of Magnetic
beads reagent, and 5 pL of whole blood to the bottom of a 1.5 mL microcentrifuge tube (1)-(3). The
reagents were mixed by gently flicking the bottom of the tube (4) and incubated for 20 minutes at
room temperature (5). The tube was flicked every three minutes intervals. Next, the tube was inserted
in the magnetic rack until the beads settled. The supernatant was removed (6) and 40 pL of Wash
Buffer was added to the tube (7). The solution was mixed by tapping the bottom of the tube (8).
After, the tube was placed on the magnetic rack again, and the supernatant was discarded after the
beads coagulated (9). The beads were then coagulated at the bottom of the tube with the help of the
magnetic rack and 5 pL of nuclease-free water (NFW) were added (10). 5 pL of the magnetic beads
mixture was mixed with the help of a pipette and transferred into the final 25 pl.. LAMP mixture
(11).
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2.15.2.2 Overview of Diagnostic Method

The process illustrated in Fig. 2.13B in tubes was translated into a POC device for the
detection of Plasmodium species and BRCAI gene. Both the sample processing, and
LAMP can be performed within the plastic cassette; this eliminates the need for costly
devices, such as thermocyclers, and complex handling steps. A schematic of the plastic
device is provided in Fig. 2.14A, B. The working principle of the device is similar to the
one previously introduced by Ngamsom et al. [103], where magnetic beads are deployed

to bind nucleic acids and move them through the NAATS steps.
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Figure 2.14: Schematic of the point-of-care (POC) device for the detection of malaria from
blood. A. Chamber 1 (Sample) content: 5 pL of Lysis Buffer, 2 uL of magnetic beads reagent and
5 pL of whole blood. Chambers 2, and 4 were filled with 50 uL of castor oil. Chambers 3 (Washing)
and 5 (Resuspension): 40 pL and 50 pL of nuclease-free water (NFW), respectively. Chamber 6
(Reaction/Smplification): LAMP reagents stored dry in pullulan-trehalose tablets. Chamber 7: lateral
flow strips. B. Direction of magnetic beads manipulation. This was followed for all the three reactions
tested (sample, positive control and negative control). C. The blue lines indicate where to apply the
super glue before the second adhesive film sealing.

Empty chambers were filled with castor oil (50 pL in chambers (2), (4)), and NFW
(40 pL in chamber (3), and 50 pL in chamber (5)). Next, 5 pL of Lysis Buffer and
2 pL of magnetic beads reagent (from MagaZorb® DNA Mini-Prep Kit, Promega) were
added into the sample chamber (1) one at a time. 5 L of whole blood sample was added
to the sample chamber. This was performed for all the three reactions incorporated
into the diagnostic cassette (sample, positive control, and negative control); 5 pL of
NFW was added to the negative control instead of whole blood. The device was then
incubated for 20 min at room temperature. In the meantime, 20 pL of superglue
was applied around the resuspension and reaction chambers ((5)-(6)) of the device

(Fig. 2.14C). The top part of the device was sealed with adhesive film (Nunc™ Seals,

63



Chapter 2

Tapes, and Foils, Polypropylene, Cat. No 232701, Thermo Fisher Scientific Inc.) and
pressed firmly with the tweezer handle. This second seal was performed from the
left side of the device (where chamber (1) is) to the right side of the device (where
lateral flow strips are, chamber (7)). To ensure the reagents and samples do not leak
during the heating process, an extra layer of MicroAmp™ Optical Adhesive Film was
applied over the device, wrapping it and covering the left side where chamber (1)
is located. This was done to avoid any possible leakage of biological material from
the device during the heating step. After the device was fully sealed, it was gently
shaken horizontally every 5 minutes for the total incubation time (20 minutes). An
external magnet (20 mm diameter x 5 mm thick x 5.2 mm c¢/s, N42 neodymium
magnet; pull force = 8.3 kg, Magnet Expert Ltd, UK) was used to pull the DNA-
bound magnetic beads from the sample chamber (1), through the oil and washing
chambers ((2)-(4)), to the resuspension chamber (6) (Sample preparation, Fig. 2.15A).
Once all the beads were in the resuspension chamber (5), the walls between chamber (5)
and (6) were broken with the help of a 15 mL centrifuge tube. The device was then
tapped to let all the liquid to flow from chamber (5) to (6) so that pullulan-trehalose
tablet got dissolved. A 5 minute incubation period ensured that all the dried reagents
were dissolved. Finally, the device was placed either on a heat block or inside the
heater designed by a colleague, Xin Guo, [153] so that the aluminium covered both
the resuspension and reaction chambers (Amplification, Fig. 2.15B). The amplification
reaction was performed for 120 minutes at 63 °C. After, the 3-mm thick wall between
the reaction chamber (6) and the lateral flow strips (7) was broken to let the liquid
flow through the LFSs (Detection, Fig. 2.15C). As an alternative, a puncher was used
to open the reaction chamber (6) and the LFSs chamber (7), and a pipette was used
to transfer 10 uL of the reaction mixture onto the LFSs and additional 30 pL. of NFW

to let the sample flow through.
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Figure 2.15: Functioning of the point-of-care (POC) device for the detection of malaria
from blood. A. Steps of nucleic acid amplification tests (NAATS): sample preparation/pretreatment,
amplification, and detetction. B. Sample prepraration in the POC device. The lysis of the blood
sample is performed in chamber (1). The extracted DNA binds to magnetic beads that are then
moved through chambers (2)-(4) for purification using a magnet. C. Amplification of DNA in the
POC device. Once all the beads were moved in the resuspension chamber (5), the walls between
chamber (5) and (6) were broken. All the liquid was then moved from the resuspension chamber (5) to
the amplification chamber (6) by gently tapping the device. After pullulan-trehalose tablets dissolved
(approx. 5 minutes), the device was placed either on a heat block or in a portable heater [153].
Amplification was carried out at 63 °C for 2 hours. D. Detection of amplified material inside the POC
device. After amplification, the 3-mm thick wall between the reaction chamber (6) and the lateral
flow strips (7) was broken. The liquid flowed through the LFSs and, after 5 minutes, the results were
visualised. As an alternative, after amplification, a puncher was used to open both the reaction (6)
and the LFSs (7) chambers. In this scenario, a pipette was used to transfer 10 pL of the reaction
mixture on the LFSs. Additional 30 ul: of nuclease-free water was added to carry out the lateral flow
assay.

2.15.2.3 Interpreting Results in the Diagnostic Cassette

The diagnostic cassette had both negative and positive control reactions, and the re-
sults visualised on LFSs of these controls helped to determine the outcome of the
diagnostic test. Fig. 2.16 shows examples of positive, negative and invalid results from

the diagnostic cassettes used in the final field trials. A test result was considered valid
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if NTC (N) = negative, PC (P) = positive and there was a positive or negative result
for the tested sample (S).

Invalid: positive control

Negative

Invalid: negative control

Positive Invalid: negative and positive controls

Figure 2.16: Results interpretation on diagnostic cassette for detection of malaria. The
Diagnostic Cassette can give valid results only if the positive control (P) and negative control (N)
tests strips give expected results, along with the test result (S). A valid negative result is shown in (1).
A valid positive result is given in (2). The pictures (3)-(7) show examples of invalid tests, where either
the negative or positive test do not have a line, or have extra lines. The errors are marked with red
circles.

2.15.2.4 Plastic Diagnostic Cassette Design and Fabrication

The device was made using a 2-mm thick PMMA slab, as explained in Section 2.13.
The diagnostic cassette external dimensions were 12.8 cm xx 57.3 cm. The cassette

consists of 7 chambers whose dimensions were carefully made to accommodate the
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liquids necessary to perform all the NA amplification steps described in Fig. 2.13B.
Dimensions were derived as indicated in Table 2.9. Larger chambers and an additional
running buffer chamber have been trialled. The results and observations for all designs
tested are given in Chapter 4.

Table 2.9: Volumes of chambers incorporated in the plastic cassette to perform the nu-
cleic acid amplification test. The reaction chamber (6) containing the dried LAMP reagents
is 5 mm x 5 mm. The lateral flow strip chamber (7) needed to accommodate the LFSs, and its
dimensions are 60 mm x 4 mm.

Final dimensions
of chambers
Dim. for . .
Vol}lmfe Area squared | Width | Length Final Final
of liquid | needed Area Volume
(mm?) | (mm?) chambers | (mm) | (mm) (mm?2) | (mm?)
(mm)
O liody 12 6.3 2.5 3 2.5 7.5 14.25
(Sample)
%?lr)nbers 2,4 50 2.3 | 5.1 5 5.5 27.5 52.25
Chamber 3
(Washing Buffer) 40 21.1 4.6 4 5.5 22 41.8
Chamber 5
T euson B 50 26.3 5.1 5 5.5 27.5 52.25

2.15.2.5 Device Assembly for Field Trials

Before assembly, all materials (excluding the LFSs) were exposed to UV for 30 minutes
for disinfection. The plastic cassettes were then cleaned with disinfectant (Chem-
geneLab Disinfectant, Medimark International ™) using lens tissues (Fig. 2.17A). The
top part of the device was sealed with MicroAmp™ Optical Adhesive Film (Applied
Biosystems™, Thermo Fisher Scientific Inc.). The film was initially pressed gently
against the plastic to ensure proper adhesion, and then strongly adhered to the PMMA
layer using the back side of tweezers (Fig. 2.17B). The ‘top side’ of the device was de-
fined as the side where the three letters defining the three tests N (for NTC), P (for
PC) and S (for sample) were correctly readable. The cassette was arranged so that the
‘top side” was facing down, and punchers were used to make holes in chambers (1)-(5)
(Fig. 2.17C). A 2 mm punch was used for the sample (1), washing (3) and resuspension
(5) chambers, and a 3 mm punch for the oil chambers (2), (4). The holes enable sample
pretreatment reagents to be loaded in the field. Next, the devices were exposed to UV
light for 30 minutes. Always with the device facing down, the LFSs were loaded into
the corresponding chambers (7). Tablet 2 (containing the Isothermal Amplification
Buffer and MgSOy, Section 2.15.1.4) was transferred inside each reaction chamber (6)
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with tweezers (Fig. 2.17C). Tablet 1 specific for the detection of Plasmodium species
(containing labelled primer mix, DNA polymerase and dNTPs; Section 2.15.1.4) was
added to chamber (6) in the sample (S) and NTC control (N) reactions, and Tablet 1
specific for the detection of BRCA1 was added to chamber (6) in the positive con-
trol (P) reaction (Fig. 2.17D). Finally, two pieces of MicroAmp™ Optical Adhesive
Films were stuck on the bottom side of the device, to seal the LFSs and tablets inside
(Fig. 2.17D). Tweezers were pushed along the bottom part of the cassette to ensure
full adhesion of the adhesive film on the PMMA cassette.

reagents

Figure 2.17: Assembly of the point-of-care malaria cassette. The ‘top side’ of the device is
defined as the side where the letters N, P and S are properly readable. A. Disinfectant and lens
tissue were used to clean the plastic cassettes before assembly. B. The top part of the device was
sealed with MicroAmp™ Optical Adhesive Film and pressed firmly with tweezers. C. The plastic
cassette was arranged with the top part facing down, and holes were punched in chambers (1)-(5).
The holes enable to load the sample pretreatment reagents. The devices were then exposed to UV
light for 30 minutes. D. With the device still facing down, the LFSs were inserted into chambers
(7). Next, one Tablet 2 (Isothermal Amplification Buffer and MgSO,) was placed in each reaction
chamber (6) with tweezers. Tablet 1 (labelled primer mix, DNA polymerase, dNTPs) for Plasmodium
pan detection was added to chamber (6) in sample (S) and NTC control (N) reactions, and Tablet 1
for BRCA1 gene detection was added to chamber (6) in positive control (P) reactions. Lastly, two
pieces of MicroAmp™ Optical Adhesive Films were used to seal the bottom part of the device.
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2.15.2.6 Field Work

The preparations for field work are described in this section, including storage and

transport of reagents and consumables; field-work details are also given.

Sample Size A sample size analysis was performed to determine the number of de-
vices necessary to test the sensitivity of the microfluidic diagnostic device. The sample
size calculator used was developed as a side-project during the covid-19 pandemic when
access to the lab was disrupted [154,155]. To meet a specific accuracy of the diagnostic
device, the following parameters were chosen: ‘Estimate accuracy of a single test’ and
‘Based on sensitivity/specificity’. The prevalence was set at 50% based on the previ-
ous field-trips performed in the same Tororo District by colleagues [152]. Sensitivity
was set at 97% given the WHO and Foundation for Innovative Diagnostics (FIND)
minimal requirements [17], and specificity at 99%. The margin of error was set at
10%, the confidence level at 98%, and the failure rate in sampling (due to possible
device failure, withdraw of participants or contamination) at 30% (high number based
on previous field-trip experiences). The sample calculator suggested a sample size of
45 to estimate the required sensitivity, and 16 to estimate the specificity; therefore, a
total of 60 devices were produced in the laboratory and shipped to the field.

An in-depth description of the sample size calculator and personal contribution is given

in Appendix A.1.

Diagnostic Devices, Equipment and Reagents Organisation The paper-based
diagnostic devices were prepared in the laboratory before the field trials, as described
in Section 2.15.2.5. A batch of 5 devices were packed in a sealed transparent bag, along
with two desiccant packets (MiniPax ® absorbent packets, Merck, Sigma-Aldrich) to
limit the exposure to moisture. LAMP reagents stored dry inside tubes (as described
in Section 2.15.1.4) were transported inside transparent bags with the same desiccant
packets. The technicians from the Vector Control Division of the Ministry of Health
Uganda procured the tools for RDTs and microscopic inspections.

Most of the field work equipment was brought from Glasgow to Uganda as flight hold
luggage, in travel crates that were suitable for air and road travel. The equipment had
to be durable and well-protected because of the poor road conditions while travelling
across Uganda. Moreover, the group learned from previous field trips that buffers and

reagents needed to be packed in small aliquots and stored separately during travel to
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prevent cross-contamination, in case leakages occurred.

Enrolment and Workflow The study was led in conjunction with the Vector Con-
trol Division of the Ministry of Health of Uganda, and it was approved by the Institu-
tional Review Boards (IRBs), Vector Control Division Research and Ethics Committee
(VCD-REC) , VCDREC/078, and Uganda National Council for Science & Technol-
ogy (UNCST), HS 2193. 20 school children between the ages of 6 and 14 years were
recruited from a randomly chosen year group every day under the supervision of the
teachers. The teacher, and the staff from the Vector Control Division of the Ministry of
Health of Uganda obtained consent from both parents and children, collected students’
personal data (for treatment purposes), and collected samples. A unique identifier
(ID) was assigned to every child and the samples were used for the different types of
diagnostic tests. No personal data were shown to the investigators.

The Ministry of Health of Uganda provided CareStart Malaria RDTs that were used
as a qualitative field reference technique. Technicians from the Vector Control Division
of the Ministry of Health carried out optical microscopy and Giemsa staining at the
same time as microfluidic and RDT testing in the school classroom (Fig. 2.18A, B, C),
as described by Reboud et al. [17]. Blood samples were obtained by fingerstick. A
sterile lancet was used to prick a single finger and produce four blood spots. The first
droplet was collected with a capillary tube and added to the malaria RDT cassette;
the second droplet was put into an microcentrifuge tube; the third was spotted onto a
FTA® card; and the last was smeared onto a clean microscopy slide. The finger was
disinfected again and covered with a plaster. Each diagnostic cassette was labelled
with the patients’ ID number. The blood in the microcentrifuge tube was used in the
plastic cassette, as described in Section 2.15.2.2. The workflow was very similar to the
one described by Garrett (Sections 4.5.3 in [152]), with the sample pretreatment and
amplification steps performed in different areas of the classroom to avoid contamination

(Fig. 2.18C, D).
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Figure 2.18: Field testing. A. Optical microscopy and Giemsa staining performed by technical
staff of the Vector Control Division of the Ministry of Health, Uganda. B. Rapid Diagnostic Tests.
C. Sample pretreatment performed inside the point-of-care (POC) device in the sample preparation
area. D. Amplification carried out inside the POC device, in the amplification area.

2.16 Modular Paper- and Plastic-Based Device De-
sign, Assembly, and Fabrication

This section describes the methodologies used to develop a proof-of-concept POC
molecular device that consists of a layered structure of dried reagents and pullulan
tablets where each layer contains one or more reagents. Pullulan tablets are used both
to spatio-temporally control events and stabilise reagents, thus enabling to merge the
sample-pretreatment and amplification in one chamber. The methods described in ear-
lier sections were modified to integrate the paper-based DNA extraction from E. coli
samples, dried LAMP reagents, LAMP and amplicon detection into a simple POC de-
vice.

First, a simple method for creating prototypes by layering PMMA sheets is described.
Next, the dissolution rate of pullulan tablets with different dimensions and concentra-
tions was observed to identify the optimal tablet for achieving the desired fluid control
in the POC device. Finally, the full device operation was tested by integrating and

adapting previous studies about sample preparation and reagents storage.

2.16.1 Overview of Point-Of-Care Molecular Device

The plastic device for the detection of E. coli enables sample processing and LAMP
without the need for expensive equipment, such as thermocyclers, and complicated

handling steps. A schematic of the plastic device is provided in Figures 2.19 and 2.20.
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Figure 2.19: Schematic of the diagnostic device for E. coli detection. A. Top and side view.
B. Detailed schematic of central chamber (2) content, where sample pretreatment and amplification
occur. The chamber is filled with two paper discs sandwiched between two pullulan discs, and LAMP
dried reagents above the top pullulan disc. The two paper discs have lysis buffer dried on them and are
used for sample lysis, and DNA capture/release (following extraction principles described in Fig. 2.9).
The bottom pullulan disc serves to guarantee incubation of the sample with the paper discs (as in
step (3) in Fig. 2.9). The top pullulan disc separates the paper discs from the dried LAMP reagents,
allowing for a physical separation between sample pretreatment and amplification.

100 uL of sample specimen is inserted inside the device, via the sample & resuspension
inlet (1), using a pipette tip. The sample reaches the central well (2) where it is
incubated onto the two paper discs thanks to the delay action of the bottom pullulan
layer. After the bottom pullulan layer has dissolved, the lysed sample flows into the
waste container, where there is an absorbent pad (3). Once all the lysed sample has
flowed into the absorbent pad, 500 pL. of NFW (acting as washing buffer) is added from
the washing chamber (4) very slowly, so that the fluid has time to flow through the
paper discs and get to the absorbent pad without overflowing above the top pullulan
layer. At this point, the sample preparation is complete, and the extracted DNA is
trapped onto the paper discs. The device is then moved upside down and tapped to let
the paper discs reach the bottom, where the dried LAMP reagents are stored. 50 pL of
resuspension buffer (NFW) are introduced through the sample & resuspension inlet (1)
to dissolve the dried LAMP reagents, before the inlet is sealed with parafilm to prevent
leakages. The device is placed onto a heater for two hours to perform LAMP. After,
the central chamber (1) is opened, and the LAMP product are let flow onto the LFSs.
The purification & amplification unit (Fig. 2.19B), from bottom to top, consists of a

bottom pullulan disc, two 5-mm diameter paper discs with lysis buffer dried on, a top
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pullulan disc that separates the sample preparation from the amplification reagents
(dried LAMP reagents stored in pullulan and trehalose).

The techniques involved in this process will be explored in more detail in subsequent

sections.
i. Sample addition ii. Lysis iii. Purification/Washing
Top Top \\
view view
100 plL sample - I
5 min .
Side L Side |
view :‘ view 7‘
100 pL sample
. . iv. Reagents resuspension v. Amplification vi. Detection
Flip device
Q 50 plL nuclease-free water
—> Side -

view

= | | LAMP, 66°C, 2 hours Lateral flow

strips

Figure 2.20: Schematic of the working mechanism of the device and handling steps in-
volved. The sample specimen is introduced into the device using a pipette tip (i). The sample
reaches the central well where it is incubated onto two paper discs sandwiched between two pullulan
layers. The pullulan layer at the bottom delays the sample flow until it dissolves (ii). Then, the lysed
sample moves to the waste container (absorbent pad) and 500 pL of nuclease-free water (acting as
washing buffer) is slowly added from the washing chamber to wash the paper discs (iii). The device
is flipped and tapped to drop the paper discs to the bottom. 50 puL of nuclease-free water (acting as
resuspension buffer) is added to dissolve the stored dry LAMP reagents (iv), and then the device is
heated for two hours (v). After LAMP incubation, the central chamber (1) is opened, and the LAMP
product flows to the lateral flow strips (vi).

2.16.2 Device Design and Fabrication

As shown in Fig. 2.19, the device consists of a sample & resuspension inlet (1), a
purification & amplification unit (2), waste container (3), and a washing buffer unit (4).
The device was produced using PMMA slabs that were cut through using a laser cutter
to create the microfluidic features (Section 2.13). Three different PMMA layers were

stuck together using acetone, as explained in the following sections.
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2.16.2.1 Plastic Cassette

The PMMA layers for the plastic cassette were designed as explained in Section 2.13.
Three different PMMA layers were bonded together using pure acetone, to create a 3-
dimensional (3D) plastic cassette (Fig. 2.21). A simple and quick liquid phase solvent
bonding process was used to stack PMMA layers, as shown in Fig. 2.22A.

A -

Central
Waste chamber
container

| Washing
buffer unit

Sample &
Resuspension
inlet

3rd Layer - Top

3 Layer - Top = Washing Channel Central
o Layer : K Q‘w’i’]’& buffer unit \ / chamber
st - [E— <\ i k \\ > : :
15t Layer - Bottom x \ / 3rd Layer ! |

—

1st Layer - Bottom

Waste
container

/

2" Layer

T 1Layer

Figure 2.21: Example of three poly(methyl methacrylate) (PMMA) layers that constitutes
the 3D structure of the point-of-care device. PMMA layers are numbered from bottom to top,
e.g., first, second and third layer. The second layer accommodates the waste container, whilst the
third layer contains the central chamber, the washing buffer unit, the sample&resuspension inlet and
the connecting channels. Each PMMA layer has 2 to 3 rectangular holes used to align the three layers
during the stacking process. In A the three separate PMMA layers are given. B shows how the three
PMMA layers are stacked on top of each other, and C shows a cross section of the PMMA plastic
cassette.

The first and second layers were 2 mm thick, whereas the third (top) layer was 4 mm
thick. The first PMMA layer that forms the base of the device was cut into a rectangular
shape of 4.1 cm X 7.4 cm from a 2-mm-thick PMMA sheet. All the device layers were
subsequently laser-cut with an outer perimeter of 4.1 cm x 7.4 cm. The waste container
was shaped into a 2.1 cm X 2.1 cm square from a second 2-mm-thick PMMA sheet
(Fig. 2.21), to accommodate 2 cm x 2 cm square of Whatman® CF7. The cotton
linter CF7 was cut with a blade into shape, then it was inserted in the allocated space
into the device. The third layer includes the sample & resuspension inlet, the central
chamber for the purification & amplification unit, the washing buffer unit, and the
channel connecting the washing buffer unit with the central chamber. The central

chamber was shaped into a 5-mm diameter well to accommodate the 5-mm diameter

74



Chapter 2

paper discs. The washing unit was shaped into a well of either 8, 5, or 3 mm in
diameter. The channel width was of 0.5 mm or 0.2 mm. Additional small wells of
2-mm diameter have been added in the channels of some designs, at different distances
from the central chamber, to prevent liquid to flow from the sample chamber to the
channels. The second and third layers were aligned on top of each other so that there
was an overlap between the waste container and the sample chamber of 1.5 mm or
0.75 mm, to leave space for the liquid to flow into the absorbent pad. Each PMMA
layer has 2 to 3 rectangular holes that are 2.1 mm wide and 10 or 20 mm long. These
rectangles were cut so that when stacking the PMMA sheets, it was possible to align
the three layers by inserting small PMMA cut-outs (2 mm x 10 mm X 6 mm or

2 mm x 20 mm X 6 mm) into the holes.
A o - EEEE 4
I\//Iain channel
I ’ | . -
—/ ——— § g
| 4 |

Solvent is added to Layers are gently
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Figure 2.22: Bonding process of three poly(methyl methacrylate) (PMMA) layers.
A. Schematic of the liquid phase solvent bonding process. A general liquid phase solvent bond-
ing process with pure acetone was used. B. Weights applied on PMMA layers to create the plastic
cassette for E. coli detection. Pressure between the PMMA layers was applied using two metal blocks
of 1.72 kg and 0.84 kg on top of each other. The lid of a pipette tips box was used to prevent pure
acetone to touch the bench surface. To ensure that the PMMA layers received the weight and that
the metal blocks were stable, tissues were folded and placed accordingly.

Prior to stacking, plastic layers were cleaned with 70% ethanol and dried with lens
cleaning paper. 800 pL of acetone was added to the bottom layer of the stack using
a pipette, and the two PMMA layers were brought together to create a uniform film
of solvent while avoiding air bubbles at the bonding interface. Additional 800 pL of
acetone was added to the second layer of the stack, and the top PMMA layer was

placed on top. Pressure was applied on the bonding stack for one hour and a half at
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room temperature by adding weights on top of the stack (Fig. 2.22B). After bonding,

a air blow gun was used to remove any remaining liquid in open channels.

2.16.2.2 Purification and Amplification Unit

The content of the purification & amplification unit (Fig. 2.19B), from bottom to top,
consists of a bottom air-dried pullulan disc (@6 mm, 2.8% w/v pullulan), two @5 mm
Whatman® Grade 3 paper discs with lysis buffer dried on, a top air-dried pullulan disc
(@6 mm, 3% w/v pullulan), and LAMP reagents stored in 5%/10% (w/v) pullulan and
0.5M trehalose (see Section 2.15.1.3). A 2X concentration of lysis buffer # 2 from Zou
et al. [21] was dried on the paper discs as described in Sections 2.2, 2.14.3. Pullulan
discs with different concentrations, 2.2%, 2.4%, 2.6%, 2.8%, were tested as bottom
delay layer (see Section 2.16.3.2 for detailed volumes). Each component was added

inside the chamber using tweezers from bottom to top, before the device was sealed.

2.16.2.3 Final Assembly

After the three PMMA layers were put together (Section 2.16.2.1), super glue (Cyanoacry-
late 20 g, RS components Ltd., Northants, United Kingdom) was used to attach a
silicone tube (2-mm inner diameter and 4-mm outer diameter) where the sample & re-
suspension inlet is. The silicone tube was added to facilitate sample’s introduction
inside the device using a pipette.

Once the absorbent pad was inserted in the waste container and all the components of
the purification & amplification unit were transferred into the sample chamber (Sec-
tion 2.16.2.2), the device was sealed using an adhesive film (MicroAmp™ Optical
Adhesive Films). The back side of tweezers was used to make the adhesive film adhere
with PMMA, and the adhesive film was wrapped around the device so that also the
sides of the device were closed (Fig. 2.23). In some of the devices an extra piece of
PMMA was added on the top layer to fill in the open space above the waste container
that served to insert the absorbent pad. In this case, the device was sealed after having
added the extra piece. A @2 mm hole puncher or a blade were used to create a hole

in the washing buffer unit to allow introduction of washing buffer.

76



Chapter 2

Adhesive film cut to cover the surface of the Ensure good contact and sealing between
POC device and be able to cover the sides adhesive film and PMMA using tweezers
==1cm

Secure seal along the short edges The excess adhesive film is wrapped around the
POC device to best seal the sides and the back

Secure seal along the long edge

Figure 2.23: Device sealing process using an adhesive film.

2.16.3 Pullulan Tablets as Delay Layers for Fluids Control

Pullulan can be used as a timing element that can spatio-temporally control reagents
release and fluid motion [123]. This section describes the method used to measure
the dissolution time of pullulan in a 100 pL solution; 100 pL was used to simulate the

expected volume of the sample specimen introduced in the POC device (Section 2.16.1).

2.16.3.1 Creation of Pullulan tablets with a defined dimension

To create pullulan tablets of 5-mm and 6-mm diameter that fit the central chamber
of the POC device, glass slides with hydrophilic circles of the desired diameters were
used. To form circles with the required sizes, a method similar to pattern transfer by
photolithography with a negative photoresist was applied to deposit SU-8. The glass
areas that needed to remain hydrophilic were covered with SU-8. Hydrophobic barriers
were created around the SU-8 circles via salinization.

First, the photoresist was deposited on the glass substrate (5.2x7.1x1.2 cm?) through

spin coating. Then, a photomask with the desired pattern was aligned over the glass
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and UV-light was shone on it. The unexposed resist could then be removed by a
developer, leaving the desired pattern on the photoresist. The photomask and the
patterned glass slides were kindly provided by Yunus Aslan.

The pattern created consisted of 15 circles of either 5-mm or 6-mm diameter aligned
in 3 rows and 5 columns. To create hydrophobic barriers around the circles,
Trichloro(1H,1H,2H,2H-perfluorooctyl) silane (silane) (Sigma-Aldrich) was used. To
prepare the glass for silanization, the glass slides were placed in a vacuum chamber
along with a weighting boat with a drop of silane. Then the vacuum was turned
on to let the silane evaporate. After 15 minutes, the vacuum was turned off and
the chamber was kept closed for 15 more minutes. Next, everything was removed
from vacuum and the glass slides were covered with acetone, inside a glass Petri dish.
Acetone was used to remove SU-8 from glass slides (red spots) to free the hydrophilic
circles. Finally, the glass was cleaned with NFW, and air-dried. Pullulan solutions
of different concentrations were prepared, and 50 pL or 25 pli of them were deposited
on the hydrophilic circles using a pipette (Fig. 2.24A). After 3 to 5 days of air-drying
(Fig. 2.24B), each tablet was peeled off the glass slide using tweezers, and placed
directly inside the POC device or collected in a small Petri dish for later use. When
all the pullulan tablets were peeled off the glass slide, the glass slide was clean with

NFW to remove any residual pullulan remained and 70% ethanol, and it was reused.

Figure 2.24: Pullulan tablets drying on glass slides to control pullulan discs dimensions.

2.16.3.2 Pullulan Tablets Containing Allura Red

Red pullulan tablets were created with the addition of Allura Red AC (Sigma-Aldrich,

Merck KGaA) to monitor dissolution properties. The concentration of allura red re-
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quired to perform the best colour change analysis was determined as explained in
Section 2.16.3.3, and it was 0.1 g/L. Equations 2.3 describe how to calculate the con-
centration of allura red (Concentrationy) in the initial pullulan solution (Volumerqy)

to obtain 0.1 g/L allura red (Concentrationy) when the tablet is dissolved in 100 pL

(Volumer).
Mass; = Concentrationy X Volumerq (2.3a)
Mass Concentration; x Volumer,
Concentrationp = L= ! Tab (2.3b)
Volumep Volumer
Volume

Concentration; = ———— x Concentrationy (2.3¢)

Volumery,

Where Mass; is the mass of allura red in the initial pullulan solution. For example, to
make pullulan tablets from 50 pL of pullulan solution that, once dissolved in 100 pL,
will yield a final concentration of 0.1 g/L allura red, the concentration of allura red

needed in the initial pullulan solution would be derived as indicated below (Eq. 2.4).

Volumerqy, = 50 pL, Volumer = 100 uL, Concentrationp = 0.1 g/L, (2.4a)

100 puL
50 pL

Concentration; = x0.1g/L=02g/L (2.4Db)

Before creating pullulan tablets, a stock solution of 10.5% (w/v) pullulan was prepared
and filtered with a 0.2 pm syringe filter. The stocks solution was preserved in a fridge
until use.

All the tested pullulan solutions with allura red were prepared as indicated in Ta-
bles 2.10, and 2.11. The pullulan solutions to create the tablets that were later tested
on the POC device are the ones in Table 2.11.

Table 2.10: Pullulan tablets of different (w/v) concentrations that formed @5-mm discs.
Tablets with 1%, 2%, 5% (w/v) pullulan were prepared to evaluate the dissolution rate. The final
volume of each pullulan solution used to form one tablet was 25 uL, but preparing solutions in larger
volumes is recommended. The concentration of allura red in each pullulan solution is 0.4 g/L (derived
as indicated by Eq. 2.3).

Final pullulan

. 1% 2% 5%
concentration
Stock solution Volume (uL)
Pullulan (10.5%) 2.38 | 4.76 | 11.90

Allura Red (25 g/L) | 0.40 | 0.40 | 0.40
Nuclease-free water | 22.22 | 19.84 | 12.70
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Table 2.11: Pullulan tablets of different (w/v) concentrations tested inside the point-of-
care device; @6-mm discs. Tablets with 2-3% (w/v) pullulan were prepared to evaluate which
tablet would allow for the best incubation time as bottom pullulan layer when the sample specimen
was introduced inside the device. The final volume of each pullulan solution used to form one tablet
was 50 nL, but preparing solutions in larger volumes is recommended. The concentration of allura
red in each pullulan solution is 0.2 g/L (derived from Eq. 2.3).

Final pullulan 2% | 2.2% | 2.4% | 2.6% | 2.8% | 3%

concentration
Stock solution Volume (uL)
Pullulan (10.5%) 9.52 | 1048 | 11.43 | 12.38 | 13.33 | 14.29

Allura Red (25 g/L) | 0.40 | 0.40 0.40 0.40 0.40 0.40
Nuclease-free water | 40.08 | 39.12 | 38.17 | 37.22 | 36.27 | 35.31

2.16.3.3 Dissolution Rate of Pullulan Tablets

To study the dissolution rate of pullulan tablets at different concentrations in a 100 pL
of liquid, colour change over time was used. The idea was to detect a colour difference
between a pullulan tablet dissolving over time and either the non-dissolved pullulan
tablet, the solvent, or pullulan tablet already dissolved in the solvent. Pullulan tablets
of different concentrations were created by mixing pullulan, NFW and allura red, as
described in detail in Sections 2.16.3.1, and 2.16.3.2. The solvent was a Xylene Cyanol
FF (Thermo Fisher Scientific Inc.) solution.

The colour difference between RGB values (AE) of two areas of interest was computed
using the MATLAB® built-in function deltaE; AE was computed for each pixel within

two areas of interest in each image taken.

Colour Change (AE) Analysis - The highest difference in colour that the camera
could detect when using a combination of allura red and xylene cyanol solutions was
compared to unmixed allura red and xylene cyanol solutions. A flat-bottom 96-well
plate was used to mix allura red and xylene cyanol solutions. The initial concentrations
of allura red and xylene cyanol solutions used were 1, 0.5, 0.2, 0.1, 0.01 g/L and 4,
2, 1, 0.04, 0.004 g/L respectively. Each well contained a total of 100 pL, 50 pL of
allura red solution and 50 pL of xylene cyanol, meaning that each initial solution was
further diluted two times. In the first row, A (Fig. 2.25A), 50 uL of allura red and
50 pL of NFW were added, obtaining a final row of concentrations of 0.5, 0.25, 0.1,
0.05, 0.005 g/L. In the first column, 1 (Fig. 2.25A), 50 nL of xylene cyanol and 50 L
of NFW were added, obtaining a final column with 2, 1, 0.5, 0.02, 0.002 g/L xylene
cyanol solutions. The matrix of concentrations is shown in Fig. 2.25B. A picture of the

96-well plate for image analysis was taken using a camera (Nikon D5300 with Nikon
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18-55 mm VR, Nikon Corp., Japan), and the settings were 1SO4000, F6.3, 1/640.

A B
Allura Red
(8/L)
Xylene
Cyanol
(g/L) 1 2 3 4 5 6
A0 AR=0.5 AR=0.25 |AR=0.1 AR=0.05 |AR=0.005

B | XC=2 AR=0.5 AR=0.25 |AR=0.1 AR=0.05 |AR=0.005
XC=2 XC=2 XC=2 XC=2 XC=2
C|XC=1 AR=0.5 AR=0.25 |AR=0.1 AR=0.05 |AR=0.005
XC=1 XC=1 XC=1 XC=1 XC=1

D | XC=0.5 AR=0.5 AR=0.25 |AR=0.1 AR=0.05 |AR=0.005
XC=0.5 XC=0.5 XC=0.5 XC=0.5 XC=0.5
E|XC=0.02 |AR=0.5 AR=0.25 |AR=0.1 AR=0.05 |AR=0.005
XC=0.02 |XC=0.02 |XC=0.02 |XC=0.02 |XC=0.02
XC=0.002 | AR=0.5 AR=0.25 |AR=0.1 AR=0.05 | AR=0.005
XC=0.002 | XC=0.002 |XC=0.002 | XC=0.002 | XC=0.002

-,

Figure 2.25: Different combinations of Allura Red and Xylene Cyanol for pullulan tablets
dissolution analysis. A. 96-well plate containing different concentrations of allura red (AR) and
xylene cyanol (XC). Control wells for XC are in column 1, whereas control wells containing only AR
are in row A. B. Concentrations of AR and XC in the used wells of the 96-well plates.

For each well containing a combination of allura red and xylene cyanol solutions
(‘mixed” wells), the colour change (AE) was computed both with the respective al-
lura red concentration in row A (red control), and with the respective xylene cyanol
concentration in column 1 (blue control). For example, AE for ‘mixed’ well D2 was
computed both with A2 (red control) and D1 (blue control). A larger AE value indi-
cates a greater discrepancy in colour perception. AE computed for each ‘mixed’ well
with each control was plotted onto a graph to best visualise the results. To understand
how pullulan tablets dissolve, the combination of allura red and xylene cyanol that
showed the highest AE when compared to the blue control was selected. It was also
ensured that this mixture had a significant AE when compared to the red control. The
MATLAB® code for this study was kindly provided by a colleague, Olivia McGleish
(Appendix B.3.1).

Dissolution Measurements Set-Up and Image Acquisition - A PMMA mould
was designed and cut from a 3-mm thick PMMA slab (Section 2.13), to create wells and
allow for pullulan tablets dissolution measurements (Fig. 2.26A). A PMMA mould was
used to obtain shallow wells (@8 mm) that enabled the algorithm to detect the wells
automatically. The wells were formed by sealing one side of the PMMA mould with
an adhesive film (MicroAmp™ Optical Adhesive Films). To facilitate the automatic

identification of the wells, the edges of the wells used for image acquisition were coloured
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with a black permanent marker (Fig. 2.26B). Six 8 mm diameter discs were punched
from a second adhesive film, and they were placed inside each well using tweezers.
The adhesive film used for creating the wells had their ‘sticky’ part exposed inside
the well, which interfered with the even distribution of the liquid within the well.
Therefore the 8-mm discs were used to cover the ‘sticky’ part of the adhesive film and
expose again the smooth side of the film. The tip of tweezers was used to attach the

discs to the other adhesive film inside the well. The camera was set up as shown in

@1.5—4_ - [98

il

Figure 2.26: PMMA mould for pullulan tablets dissolution measurements. A. Dimensions
of the PMMA in mm. B. Control 1. 3-mm thick PMMA mould sealed at the bottom. 6 wells have
been marked with permanent black marker to facilitate automatic identification of the wells by the
algorithm. C. Control 2 containing ‘well controls’. Three controls were added into the first three
wells: (1) pullulan tablet only, (2) pullulan tablet dissolved in 100 pL of 0.02 g/L of xylene cyanol
solution, and (3) 100 uL of 0.02 g/L of xylene cyanol solution. D. First picture taken after 100 uL of
xylene cyanol solution were added to all the three wells. The replicates were numbered as 4, 5 ,6, to
simplify analysis. Images were after taken every 30 seconds. E. Camera set up for image acquisition.

Fig. 2.26E to facilitate the image capture every 30 seconds. A white A4 paper was
secured on the board where the mould was placed, to create a white background. Two
controls pictures were taken: with empty wells (Control 1), Fig. 2.26B, and with the
three controls (Control 2: pullulan tablet only, 100 pL of 0.02 g/L of xylene cyanol
solution, and pullulan tablet dissolved in 100 pL of 0.02 g/L of xylene cyanol solution),
Fig. 2.26C. After, three tablets were added in the remaining wells (n = 3). When
100 pL of xylene cyanol solution was added to the first well containing the dried tablet,

a stopwatch was started. The first picture was taken after all three wells were filled
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with xylene cyanol solution (Fig. 2.26D) and pictures were taken every 30 seconds for
10 or 15 minutes. The camera settings were ISO4000, F6.3, 1/640. These settings
allowed to capture a sharp and well-exposed image. A high ISO value was used to
increase the sensitivity of the sensor to light, allowing us to capture a well-exposed
image despite the low-light conditions. A moderate aperture (F) was used to achieve
a good depth of field and focus on the wells. Images were captured every 30 seconds
manually, because the built-in camera function was not optimal in the 10-15 minutes

time-span.

Image Analysis and Statistical Analysis of AE - Images were used to compute
the colour difference between the wells containing the pullulan tablets dissolving and
each ‘well control’ (pullulan tablet only, 0.02 g/L of xylene cyanol solution, and pullu-
lan tablet dissolved in xylene cyanol solution). The colour change was observed over
time, and it was expected to reduce when the wells containing dissolving tablets were
compared to the already dissolved tablet, until reaching a plateau. On the contrary,
the colour change was expected to increase when the wells were compared to the xylen
cyanol solution.

Images were acquired every 30 seconds. The mean value of the AE between two areas
of interest was computed for each image (pag) and plotted over time, resulting in a
signal (Mean AE).

The MATLAB® code for wells identification was kindly provided by Olivia McGleish
(Appendix B.3.2). The first control image served to automatically identify all the wells
position (Control 1, Fig. 2.26B). The second control, Control 2, Fig. 2.26C, was used
to compute the colour change between each well with pullulan tablets dissolving, wells
4,5, 6 (Fig. 2.26D), and each ‘well control’ 1, 2 or 3 (Fig. 2.26C). The colour difference
(AE) was computed for each pixel in each pair of wells, e.g., Well 4 vs Well control 1,
Well 4 vs Well control 2, Well 4 vs Well control 3. The mean of the AE for each pair of
wells was computed (ag), and this was done for all the loaded images, to understand
how AE changed over time. For the first pullulan tablets studied, the information
provided by comparing the wells with each ‘well control” were observed to understand
which comparison/AE was providing the most meaningful information. It was then
decided to compute the AE between each well containing the dissolving pullulan tablet
and the already dissolved tablet in xylene cyanol solution. The mean of the AE for

wells 4, 5, 6 compared to ‘well control 2’ was plotted for each image over time, and this
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resulting signal (mean AE signal) was used to derive the time at which the pullulan
tablet was considered completely dissolved in the solution. The pullulan tablets were
considered completely dissolved when the mean AE signal reached plateau (time-to-
plateau). The plateau was identified using a standard deviation filter and detecting the
first point at which the filtered signal had a value lower than 0.15 (Appendix B.3.2).
For each pullulan concentration, the experiment was run in triplicate (n = 3), in wells 4,
5, and 6. Mean and standard deviation of the three time-to-plateau identified for each

replicate were computed and compared for tablets of different pullulan concentrations.

2.16.4 Microfluidic Device Testing and Development

To ensure the proper functioning of the device and the fluid dynamics, several tests
were performed on the microfluidics of the device. The first test assessed the possibil-
ity of air-drying the pullulan layer at the bottom of the purification & amplification
unit directly into the central chamber, to simplify assembly and reduce possible liquid
leakages. The second test examined the dissolution behaviour of the pullulan tablets
in the device. The tablets whose dissolution properties were studied as described in
Sections 2.16.3.2 and 2.16.3.3 were used, and their dissolution behaviour on the device
was compared with their dissolution properties from the previous characterisation. The
third test evaluated the washing process of the paper discs inside the purification & am-
plification unit, by observing a colour change on the paper discs (step (iii) in Fig. 2.20).
The last test consisted in running the whole workflow in the device, from PMMA stack-
ing and assembly, to sample addition, heating, and detection, as described in Fig. 2.20
(Section 2.16.1).

The design of the POC device was adjusted according to the results of these tests, as
explained in detail in Section 5.1.2. All the experiments in this section were performed

using red or blue died water with allura red and xylene cyanol, respectively.

2.16.4.1 Pullulan Drying Inside The Device

To create the bottom pullulan tablet directly in the central chamber (Fig. 2.19B),
2% (w/v) pullulan solution (Table 2.11) was applied at 50 pL volume. However, the
central chamber and the waste container share an opening, which allows the liquid to
flow from the 2nd layer to the lower 1st PMMA layer. To prevent the pullulan solution
from flowing from the 2nd to the 1st layer, polydimethylsiloxane (PDMS) was used
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to seal the opening between the two layer temporarily, as shown in Fig. 2.27. The
pullulan was let dry for 3-4 days and pictures were taken to understand if the drying
was successful. Different channels geometries were tested to observe the behaviour of

the liquids and if they were overflowing in adjacent channels.

A Channel

Wash
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Figure 2.27: Schematic of polydimethylsiloxane (PDMS) position to seal central chamber
in point-of-care device. A. Schematic of the cross-section of the point-of-care device. The three
PMMA layers are shown and the PDMS is inserted in the 2nd layer. B. Image that shows the device
from the top with PDMS inserted in the 2nd layer.

A very thick PDMS layer was made using a PDMS premix (one part curing agent and
10 parts base) available in the laboratory. 75 mL of premix was poured into a large
square Petri dish covered in aluminium, and bubbles were removed by vacuuming the
mixture. The mix was then cured overnight at 75 °C. From the thick PDMS layer,
rectangles of about 1 cmx2 cm were cut out using a blade. About 4 mm on the long
edge were cut to a thickness of about 2 mm to allow the PDMS to fit in the 2-mm-thick

waste container.

2.16.4.2 Pullulan Incubation Studies and Washing of Paper Discs

Tablets containing a variety of pullulan w/v concentrations, from 2.2% to 2.8%, were
prepared as described in Sections 2.16.3.2, and 2.16.3.1. One tablet at a time was added
to the central chamber and two paper discs were place on top of them (Section 2.16.2.2).
In this set of experiments, paper discs did not have lysis buffer dried on them. A pipette
tip was used to introduce 100 pL of a xylene cyanol solution into the device through the
sample & resuspension inlet. The liquid reached the central well and the time elapsed
before the liquid began to flow into the absorbent pad (incubation time) was measured
using a camera that filmed the whole process (Fig. 2.28). The camera set-up was the

same as the one described in Section 2.16.3.3.
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Sample introduced inside the Sample leaks into the
sample & resuspension unit absorbent pad (2nd layer)

Incubation time

Figure 2.28: Incubation time on the device determined by pullulan discs. 100 uL of a xylene
cyanol solution is introduced through the sample & resuspension inlet using a pipette. The time
recorded between when all the liquid is pipetted into the sample & resuspension channel and when
the liquid begins to flow into the absorbent pad is considered the incubation time that the pullulan
tablet allows for.

To investigate the feasibility of washing both paper discs, after 6 minutes from the
introduction of the xylene cyanol solution, 500 nL. of NF'W was added into the washing
buffer unit very slowly until all the 500 nL. flowed into the absorbent pad. The two
paper discs were then taken out the central chamber and a picture was taken to observe
the washing. The washing process was also tried after adding all the other components
of the purification & amplification unit, such as the top pullulan tablet and two pullulan
tablets mimicking the dried LAMP reagents. The two tablets mimicking dried LAMP
reagents were created as described in Section 2.15.1.3 but without the use of molecular
reagents; one tablet was created with 16 pL of 5% (w/v) pullulan and 0.5 M trehalose
solution, the second tablet was created with 7 pL of 10% (w/v) pullulan and 0.5 M
trehalose solution. When all the components of the purification & amplification unit
were included, and after the 500 pL flowed into the absorbent pad, tweezers were used
to take out the LAMP reagents tablets and paper discs. Also in this case, a picture
was taken to observe the extent of dissolution of the upper pullulan layer and LAMP

tablets, and the washing performance.

2.16.4.3 Full device operation

Devices were assembled as described in Section 2.16.2 and the full device operation

was tested as illustrated in Fig. 2.20 (Section 2.16.1), starting from sample addition, to
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reagents resuspension, heating for amplification and detection. After sample loading
and washing, the washing unit was sealed with an extra piece of adhesive film and the
sample & resuspension inlet was sealed carefully with parafilm. Observations about
liquids flowing properly, heating for amplifications and general functioning of the device
were drawn. The materials neeed to test the full operation of the devices are given in
Fig. 2.29.

No real sample or molecular reagents were used in these experiments. 100 pL sample
specimen was substituted with 100 pL of xylene cyanol solution. The two tablets

mimicking dried LAMP reagents were created as described above.
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Figure 2.29: Materials needed to assemble and test the full operation of the E. coli point-
of-care device.

2.16.5 Sample Processing and DNA Extraction On The De-

vice Cassette

The paper-based DNA extraction with lysis buffer air-dried on paper discs (Section 2.14.3)
was further evaluated to integrate the paper-based DNA extraction into the POC de-
vice described in Section 2.16.1.

The first step was to test the feasibility of drying extraction buffer # 2 [21] onto pa-

per discs at two different temperatures. Next, the paper-based DNA extraction was
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performed inside the POC device. The performance of extracting DNA from 100 pL
of the same sample of E. coli bacterial cells (108 CFU/mL) resuspended as shown in
Section 2.1 using the POC device, was compared to the E. coli DNA extracted using
the magnetic-bead based method MagaZorb® DNA Mini-Prep Kit (Promega) (gold
standard), and to the paper-based DNA extraction with lysis buffer air-dried on paper
discs described in Section 2.14.3. Lastly, the paper-based DNA extraction with lysis
buffer dried on two 5 mm diameter Whatman® Grade 3 discs was performed without
the elution step, and the discs were directly inserted into 50 pL. of LAMP reaction mix.
The LAMP master mix used for these experiments is the one from NEB and it had the
following final concentration in the 25 nL. LAMP reaction: 1X Isothermal Amplification
Buffer, additional 4 mM MgSQOy, 0.48 U/uL Bst 2.0 WarmStart® DNA Polymerase,
1.4 mM dNTPs and 0.5X LAMP Fluorescent dye (Table 2.2). 5 uL of 5X primer mix
(for the detection of E. coli, Table 2.5) was added to obtain 20 pL. LAMP mix. For a
50 nL. LAMP reaction volume, the volumes for NEB master mix shown in Table 2.2
were doubled, and 10 pL of 5X primer mix was added to each reaction. For all the
experiments described in this section, TTP values were extrapolated as shown in Sec-

tion 2.7 and compared.

The DNA extraction performance of lysis buffer dried at 70 °C was compared with
the lysis buffer air-dried on two paper discs. The drying step was carried out at 70 °C
to ensure a rapid and complete evaporation of the lysis buffer and avoid premature
or unwanted dissolution of the pullulan tablet in the purification & amplification unit
during device assembly (Fig. 2.19B). 100 puL of 2X lysis buffer (extraction buffer #
2 [21], Section 2.2) was deposited on two 5-mm diameter Whatman® Grade 3 discs
(as illustrated in Section 2.14.3). The discs were either air-dried for two weeks at room
temperature or dried at 70 °C for 2 hours. After drying, the performance in extracting
DNA of the lysis buffer dried in these two different ways was compared by carrying out
the paper-based DNA extraction described in Fig. 2.9 and adding 1 pL of the eluant
to the qPCR amplification mix (Section 2.6). Three biological replicates (n = 3) were
run for each type of drying from the same E. coli sample. Additionally, three negative
controls were prepared by adding 100 pL of 1X PBS instead of the sample, to rule
out any false positives arising from the drying procedure. To ensure the validity and
investigate the reproducibility of the results of the paper-based DNA extraction when
the lysis buffer was dried at 70 °C, the DNA extraction was repeated with six biological
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samples and three negative controls.

Next, the paper-based DNA extraction was performed on the POC device. The lysis
buffer was dried on two paper discs as described above. The PMMA layers of the POC
device were assembled as described in Section 2.16.2.1, and the design of the third
PMMA layer is provided in Fig. 2.30A. The purification unit consisted of a 2.8% (w/v)
pullulan disc, and two 5-mm Whatman® Grade 3 discs with lysis buffer dried on. The
pullulan disc was prepared as described in Table 2.11 (Section 2.16.3.2), but adding
0.4 pL of NFW instead of allura red. A schematic of the DNA extraction is provided

in Fig. 2.30B. 100 pL of E. coli sample was introduced inside the device, via the sam-

100pL
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Figure 2.30: Schematic of sample pretreatment on the point-of-care device. A. Plastic
cassette used for testing DNA extraction. B. Schematic of sample pretreatment on the device. The
sample specimen is introduced into the device using a pipette tip (i). The sample reaches the central
well where it is incubated onto two paper discs. The pullulan layer at the bottom delays the sample
flow until it dissolves (ii). Then, the lysed sample moves to the waste container (absorbent pad) and
500 pL of washing buffer (NFW) are slowly added from the washing chamber to wash the paper discs
(iii). The paper discs are transferred inside a tube (iv). Elution is performed by adding 1X TE buffer
and incubating for 10 minutes at room temperature. 5 pL of eluant is added to the LAMP mix and
real time LAMP is performed (vi).

ple & resuspension inlet, using a pipette tip. The sample reached the central well where
it was incubated onto the two paper discs; this was facilitated by the delay action of the
bottom pullulan layer. After 6 minutes, 500 pL of washing buffer (NFW) were added
from the washing chamber. After all the washing buffer had flowed into the absorbent
pad (2 cm x 2 cm square of CF7), the two discs were transferred into a tube contain-
ing 100 pL of 1X TE buffer for elution. The paper discs were incubated for 10 min.
5 nL of eluant were transferred into the LAMP amplification mix for amplification.
The experiment was performed in triplicate. Negative controls were also carried out
by adding 100 uL of 1X PBS buffer instead of sample to exclude the possibility that
the device handling led to false positive results. The performance of this extraction

was compared to the gold standard and the paper-based DNA extraction performed in
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tubes (as described above).

The paper-based DNA extraction with lysis buffer dried on 5-mm Whatman® Grade 3
discs was performed as described in Fig. 2.9 (Section 2.14.3). After washing, the two
discs were transferred directly into the LAMP amplification mix and 10 pL. of NFW
were added to the reaction to achieve a final volume of 50 pl. and guarantee that
both two discs were immersed into the amplification mixture. The results were also

visualised on LFSs.

90



Chapter 3

Paper-based Protocol to Extract
Genomic Material from Bacteria in

Large Volumes

This chapter describes the development of a new equipment-free protocol for nucleic
acid extraction from a larger sample (100 pL) than the usual finger prick volume using
filter paper, and that can be performed at room temperature. A paper-based DNA
extraction protocol has the potential to reduce the number of handling steps in sample
pretreatment compared to the magnetic beads-based DNA extraction method previ-
ously implemented in a point-of-care (POC) device developed in my group (Reboud
et al. [17]). Using paper in the extraction procedure can also reduce the number of
buffers needed and it holds promise for an easy integration in a fully enclosed paper-
based POC device, which can be used by unskilled healthcare personnel.

E. coli has been chosen as a proof-of-concept pathogen and FE. coli malB gene was the
conservative region that was targeted using LAMP [33]. The concentration of primers
for an optimal LAMP assay has been optimised in Section 3.1.1 and the analytical
sensitivity of the LAMP and qPCR assays is provided in Section 3.1.2.

Preliminary experiments focussed on investigating the paper ability to capture and
release DNA for sample pretreatment application (Section 3.1.3). Whatman® Grade 1
filter paper was used and inspiration was taken from the work conducted by Zou et
al. [21]. The results that led to an instrument-free and paper-based DNA extraction
method consisting of seven handling steps are presented in Section 3.1.4. The estab-

lished paper-based extraction method was optimised in terms of performance by inves-
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tigating strategies to reduce the time-to-positive (TTP) or cycle threshold (Ct) values
in LAMP and qPCR of the extracted DNA, respectively. The optimisation ranged from
changing the components of the lysis buffer (Section 3.1.6) to the use of different paper
sizes and types (Sections 3.1.7, 3.1.10). A second paper-based DNA extraction method
similar to the one used by Reboud et al. [17] and the protocol by MagaZorb® DNA
Mini-Prep Kit (Promega corporation) was investigated in order to introduce proteinase
K during the lysis step (Section 3.1.8). Finally, Section 3.1.9 demonstrates how the
lysis buffer can be stored dry onto paper-discs to facilitate the transport of reagents

and their ‘on-board’ storage. The results are furthermore discussed in Section 3.2.

3.1 Results

As reported in Section 2.5, experiments involving a paper disc transferred directly
into 21 pL of LAMP amplification mix, used a final mix of 5 pLL of 5X primer mix
(Table 2.5), 15 pL of master mix (ISO-004, Optigene Ltd.), and an additional 1 pL
of green fluorescent dye (Green Fluorescent Dye, Cambridge Bioscience). The positive
control (PC) was created by adding 4 pL of sample to make a final volume of 25 plL.

The composition of the final gPCR reaction is the one indicated in Section 2.6. The
statistical analysis performed to compare the TTP in LAMP and Ct values in gqPCR

amongst samples is described in Section 2.9.

3.1.1 Optimization of the Concentration of Primers for the

Detection of E. coli malB Gene with LAMP

Three different concentrations of primers were tested for the LAMP reaction, as indi-

cated in Table 3.1.

Table 3.1: Concentrations of primers used in the final LAMP reaction for the detection
of E. coli malB gene.

Concentration of primers [pM]

Concentration 1 | Concentration 2 [33] | Concentration 3
F3 and B3 0.067 0.2 0.2
FIP and BIP 0.534 1.6 0.8
LF and LB 0.266 0.8 1

The final LAMP reaction mix (total, 25 pL.) contained 15 pL of isothermal master mix,
1 pL of additional fluorescent die and 4 pL of E. coli malB gene synthetic DNA sequence
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(this is the same LAMP reaction mix used when paper discs are deployed but no paper is
used in this section). Concentration 1 was first considered because it was an established
concentration used within the AB group in the Biomedical Research Division at The
University of Glasgow. However, amplification of a sample with DNA concentration of

20.0 +1.79 ng/pL (extracted from a bacterial culture of 9.13 x 10¥ CFU/mL) occurred

very late, after 20 minutes (results not shown). For this reason Concentrations 2

and 3 were investigated. The limit of detection (LOD) for all the 3 concentrations was

1,820 copies/reaction (Fig. 3.1).
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Figure 3.1: Time-to-positive values (TTPs) and melting curve plots of LAMP reaction for
the detection of E. coli malB gene using three different concentrations of primers. The
three primer concentrations used are given in Table 3.1. A. TTPs of LAMP reaction performed with
Concentration 1, 2 and 3. Data points denote the TTPs for each LAMP assay. Data points with
the same color and shape are replicates run in the same conditions (n = 3). B. Melt curve plots for

Concentration 1. C. Melt curve plots for Concentration 2 by Hill et al. [33]. D. Melt curve plots for
Concentration 3.

Using Concentration 1, it was possible to detect 1,820 copies within 40 minutes, while

1,820 copies/reaction were detected within 25 minutes and 30 minutes when using
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Concentration 2 and 3, respectively (Fig. 3.1A). Most of the repeated experiments
detected 182 copies/reaction when using Concentrations 2 and 3, but amplification
did not occur consistently for all the replicates. When using very low concentrations
of template DNA (lower than 182 copies) and Concentration 2, the melting curves
started shifting from the reference value of 88.66 °C to 89.90-90.20 °C (Fig. 3.1C). This
shift of approximately 2 °C led to think that Concentration 2 appeared to be prone to
false positives after 30 minutes of LAMP incubation. In the end, Concentration 3 was
chosen for further experiments because it appeared to be less prone to false positives
after long running times (>30 min) compared to Concentration 2 and offered the same
LOD (1,820 copies of E. coli malB gene synthetic DNA). Moreover, Concentration 3
gave shorter TTP values than Concentration 1. Therefore, the final LAMP reaction
mix contained 0.2 pM of each outer primer (F3, B3), 0.8 uM of each inner primer (FIP,
BIP), and 1 pM of each loop primer (LF, LB).

3.1.2 LAMP and qPCR Assays for the Detection of E. coli

malB Gene

The analytical sensitivity of LAMP using Concentration 3 (Table 3.1) was tested a
second time using 10-fold dilutions of E. coli malB gene synthetic DNA ranging from
1.82x10° to 1.82 copies/reaction. The associated standard curve is shown in Fig. 3.2A,

with a correlation R? of 97%.
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Figure 3.2: Analytical sensitivity and standard curves of the LAMP assay for the detection
of E. coli malB gene. 4 pL of sample was introduced in the final 25 pL. of LAMP reaction.
A. Standard curves obtained using E. coli malB gene synthetic DNA (204 bp). B. Standard curves
obtained using FE. coli genomic DNA extracted using a magnetic beads-based method. The length
of the genome sequence of E. coli strain K12 is 4,639,675 bp [148]. The circles indicate the mean of

the TTP values of 3 replicates (n = 3), and the vertical bars denote the standard deviation of the
replicates.

The LOD using synthetic DNA in LAMP is 1,820 copies (1077 ng/uL sample concen-
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tration, Table 3.2). It was possible to detect 182 copies, but only two, out of three
replicates amplified. The analytical sensitivity of this assay is lower than the one pre-
sented in Hill et al. [33], where a sensitivity of 10 copies was claimed. The sensitivity
was also tested using extracted DNA from an original 10 CFU/mL E. coli K12 sample
with subsequent 10-fold dilutions of the initially extracted DNA. The standard curve
using extracted DNA is provided in Fig. 3.2B. The LOD using F. coli DNA extracted
through the magnetic beads-based extraction method (MagaZorb® DNA Mini-Prep
Kit) is 16,000 copies (2.01 x 1072 ng/uL sample concentration, Table 3.3). The assay
was able to detect 1,600 copies, but only two replicates out of three amplified. The
LAMP assay appeared to not be sensitive enough for in-field applications. However,
the focus of this chapter and the primary goal of my PhD project is not to create a
sensitive and specific LAMP assay for E. coli detection, but to provide further advances
in integrating the nucleic acid amplifications tests onto a sample-in-answer-out device
where E. coli only serves as a proof-of-concept pathogen.

Table 3.2: Conversion table for 204 bp long E. coli malB gene synthetic DNA from ng/pL
to copy number per LAMP reaction. 4 pL of sample whose concentration was measured in
ng/uL was added to the final 25 pL LAMP reaction. The conversion was obtained as explained in
Section 2.10.

Concentration in ng/pL | Concentration in copies/reaction
1.00E-05 1.82E+-05
1.00E-06 1.82E+04
1.00E-07 1.82E+03
1.00E-08 1.82E+02

Table 3.3: Conversion table for 4,639,675 bp long E. coli genomic DNA from ng/pL to
copy number per LAMP reaction. DNA was extracted using the magnetic beads-based method.
The concentration of DNA in the extracted sample was measured in ng/pL and 4 pL of this was added
to the final 25 pl. LAMP reaction. The conversion was carried out as explained in Section 2.10.

Concentration in ng/pL | Concentration in copies/reaction
2.01E4-01 1.60E+07
2.01E400 1.60E+06
2.01E-01 1.60E+05
2.01E-02 1.60E+04
2.01E-03 1.60E+403

The analytical sensitivity of qPCR was also tested using 10-fold dilutions of E. coli malB
gene synthetic DNA ranging from 4.5x108 to 4.5 copies/reaction. The associated am-
plification curves and standard curve are shown in Fig. 3.3A, and B, with a correlation
R? of 100%. The LOD in qPCR using synthetic DNA is 45 copies (10~ ng/pL sample

concentration, Table 3.4).
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Figure 3.3: Analytical sensitivity and standard curves of the gPCR assay for the detection
of E. coli malB gene. A Amplification curves obtained using 10-fold dilutions of E. coli malB gene
synthetic DNA ranging from 4.54x 108 to 4.54 copies/reaction. B. Standard curves obtained using E.
coli malB gene synthetic DNA (204 bp). C. Standard curves obtained using E. coli genomic DNA
extracted using a magnetic beads-based method: 4,639,675 bp. The circles indicate the mean of the
cycle threshold (Ct) values of 3 replicates (n = 3), and the vertical bars are the standard deviation of
the replicates.

The sensitivity was also tested using extracted DNA from an original 10®* CFU/mL E.
coli K12 sample with subsequent 10-fold dilutions of the initially extracted DNA. The
standard curve using extracted DNA is provided in Fig. 3.3C. The LOD in qPCR

using F. coli DNA extracted using the magnetic beads-based method is 4 copies
(2.01 x 107 ng/pL sample concentration, Table 3.5).
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Table 3.4: Conversion table for 204 bp long E. coli malB gene synthetic DNA from ng/pL
to copy number per reaction in qPCR. 1 uL of template whose concentration was measured in
ng/uL was added to the final 25 pL. gPCR reaction. The conversion was obtained as explained in
Section 2.10.

Concentration in ng/pL | Concentration in copies/reaction
1.00E+-00 4.54E4-08
1.00E-01 4.54E4-07
1.00E-02 4.54E4-06
1.00E-03 4.54E+05
1.00E-04 4.54E+04
1.00E-05 4.54E+4-03
1.00E-06 4.54E+02
1.00E-07 4.54E+01
1.00E-08 4.54E+00

Table 3.5: Conversion table for 4,639,675 bp long E. coli genomic DNA from ng/pL to
copy number per reaction in qPCR. E. coli DNA was extracted using the magnetic beads-based
method and its concentration was measured in ng/pL. 1 pL of sample was used in the final 25 pL
qPCR reaction, and the conversion was carried out as explained in Section 2.10.

Concentration in ng/pL | Concentration in copies/reaction
2.01E4-01 4.00E+405
2.01E4-00 4.00E+04
2.01E-01 4.00E4-03
2.01E-02 4.00E+4-02
2.01E-03 4.00E+01
2.01E-04 4.00E+00

3.1.3 Ability of Filter Paper to Capture DNA

As described in Chapter 2.14.1, the first step was to evaluate the ability of E. coli
DNA to bind to (or being captured by) Whatman® Grade 1 filter paper. The very
first experiment was performed with an already purified DNA sample and aimed at
observing the ability of DNA to bind to untreated filter paper. Attention was paid to
DNA amplification rather than the reaction efficiency. The concentration of primers
used for this set of experiments is Concentration 1, given in Table 3.1. The DNA
concentration of the given stock was ~5 ng/nL. Following the procedure illustrated in
Fig. 2.4A, with 1 min contact time, the time-to-positive of the sample was found to
be 27.9+7 min against the positive control (PC), with no paper disc, at 20 min. This
result showed the possibility of using Whatman® Grade 1 to trap DNA onto it and
release it in a second moment into the LAMP reaction mix to perform nucleic acid
(NA) amplification.

DNA incubation time was addressed as the first element that could have affected the
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efficiency of the procedure (as explained in Chapter 2.14.1). The DNA concentration of
the already extracted DNA was 5 ng/pL and a 10-fold dilution of DNA was performed
to obtain a concentration of 0.5 ng/pL that was used for investigating different DNA-
paper incubation times. DNA was incubated onto paper for 1, 5 and 10 min, and the
results are presented in Fig. 3.4. Amplification was obtained only for the two replicates
of the reference sample with 5 ng/plL DNA incubated for 1 min, and the 0.5 ng/uL
DNA incubated for 5 min. In the other samples, amplification did not occur. After one
minute of incubation either no amplification or very late amplification was obtained,
showing that probably 1 min is not enough to allow DNA binding. On the other hand,
no amplification after 10 minutes was linked to the idea that DNA has the time to
diffuse to the innermost part of the paper disc having difficulties in being released in
the successive LAMP step. Therefore, the DNA incubation time onto the paper has

been optimized as 5 minutes.
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Figure 3.4: DN A-paper incubation time comparison when using the first procedure: Time-
to-positive values are given for different samples taken into account. The data points represent the
time, in minutes, at which each assay was amplified (time-to-positive). The experiment was run in
duplicate (n = 2). PC is the positive control whose DNA concentration is ~ 5 ng/uL. Two negative
controls were analysed: no template control with paper disc, i.e., 3 mm paper disc was washed 1 min
before being put in the LAMP mix, and no template control. All negative controls did not show
amplification (data not shown). In the first sample, 3 uL of 5 ng/pL. DNA sample was pipetted
onto a paper disc and incubated for 1 min (5 ng/pL - 1 min). In the other three samples, 3 pl of
0.5 ng/pL, DNA was pipetted onto the paper disc and incubated for 1 min (0.5 ng/pL - 1 min), 5 min
(0.5 ng/pL - 5 min) and 10 min (0.5 ng/pL - 10 min). Amplification did not occur for those samples
with 0.5 ng/pL DNA incubated for 1 min and 10 min.

A new stock of already purified DNA was used for the next experiments. Its concen-
tration was measured and it was 54.84+1.2 ng/pnL. A second procedure was carried out
and compared with the previous one. The difference between the two procedures lies
in the way that the paper discs and the DNA comes into contact, i.e., in the second
procedure (“in tube”) the paper disc is immersed in the sample, see Fig. 2.4B. When
using the “in tube” procedure, the stock solution was diluted by 10-fold, to make a

sample volume of 100 pL. The “in tube” results were compared to the initial procedure
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in Fig. 3.5, using the non-diluted DNA stock sample.
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Figure 3.5: Comparison between the first and “in tube” procedures. Time-to-positive values
(TTPs) are shown for different DNA concentrations. The data points represent the TTPs for each
biological replicate. The horizontal bars represent the mean value of the TTPs of the three biological
replicates run for the same sample (n = 3). In case of less than three positive replicates, the horizontal
bar is not given. PC is the positive control whose DNA concentration is 54.84+1.2 ng/uL. Two negative
controls were investigated, one with a washed paper disc, and one with the no template control.
All negative controls did not show amplification (data not shown).“In tube” stands for the second
procedure where the paper disc is immersed in the sample rather than the sample being pipetted onto
the disc. The other concentrations relates to the procedure where the DNA is pipetted onto the discs.

The “in tube” procedure shows a time-to-positive mean value of 26.742.1 min, which
is slightly lower than the one of the first procedure (27.243.1 min) and it has a lower
standard deviation (n = 3), i.e., the variation of time-to-positive values in the triplicate
is smaller (Fig. 3.5). Therefore, the “in tube” procedure was investigated more in-depth
and a sensitivity experiment was performed using a series of 10-fold dilutions from 5

to 0.005 ng/pL (results in Fig. 3.6).
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Figure 3.6: Sensitivity of “in tube” procedure. Time-to-positive values (TTPs) for each concen-
tration of already purified DNA. The data points represent the TTPs of each assay. The horizontal
bars represent the mean value of the TTPs of assays belonging to the triplicate run for the same sam-
ple (n = 3). PC is the positive control whose DNA concentration is 54.84+1.2 ng/uL. The negative
control (no template control with paper disc) did not show any amplification (data not shown). The
paper disc is immersed in the sample.

Fig. 3.6 shows that the sample with 0.05 ng/ul. DNA becomes positive at 33.4£2.5 min.
Even if the time-to-positive is high and the variation among the three replicates is high,
a relatively low concentration was detected. In general, amplification happens faster
when the “in tube” procedure is followed than when using the first procedure. How-
ever, the fact that the TTP values for the sample with 5 ng/ul in Fig. 3.6 are lower
than the TTP values for a concentration of 55 ng/ul in Fig. 3.5 shows that some han-
dling issues have probably been encountered. Please, note that these experiments have
been performed in the very first months of my PhD programme, where I was still be-
coming familiar with molecular biology procedures and the equipment. In any case,
when comparing the above mentioned experiments, “in tube” procedure was quite well-
performing and therefore have been employed for further experiments.

In conclusion, Whatman® Grade 1 can capture DNA and release it into the final
LAMP amplification mix generating clear amplification curves both when a solution of
DNA is directly deposited onto the paper disc, or when the paper discs are immersed
in a solution containing DNA. The paper discs inserted into the LAMP amplification
mix interfered with the detection of the emitted fluorescence in the real-time LAMP
instrument by generating curves that are not completely flat in the first minutes, mak-
ing it difficult to identify the baseline for noise reduction of the signals. Nevertheless,
it was still possible to determine the TTP values using the second derivative of the

fluorescence signal (as explained in Section 2.7).
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3.1.4 Reduction of Initial Number of Steps and Procedure
Optimization of the Paper-Based DNA Extraction Method
Based on Zou et al. (2017)

In this section, all paper-based extractions were carried out from a 10* CFU/mL E. coli
K12 sample, and the concentration of primers used was Concentration 3 (Table 3.1),

unless otherwise stated.

3.1.4.1 Optimization of Lysis Temperature, Buffer and Incubation Times

As a first step, the feasibility of removing the paper washing step (step 8 in Fig. 2.5B)
from the DNA extraction procedure was evaluated to decrease the number of handling
steps. No amplification was observed in the absence of the washing step highlighting
its importance in removing possible LAMP inhibitors from the paper disc (results not
shown).

Successively, the DNA extraction procedure illustrated in Fig. 2.5B was performed us-
ing two different lysis buffers. The two lysis buffers tested were the extraction buffer # 2
from Zou et al. [21] (‘LB by Zou et al.” in Fig. 3.7A) and the lysis buffer provided in
the MagaZorb® DNA Mini-Prep Kit (‘LB by Magazorb kit in Fig. 3.7A). When using
‘LB by Zou et al.”, 100 pL of sample was mixed with 400 pL of lysis buffer at 1:5 ratio,
following the protocol in [21]. When using ‘LB by Magazorb kit’, 100 pL of sample
was mixed with 200 uL of lysis buffer at 1:3 ratio, following the manafucturer protocol.
The experiment was performed for three biological replicates (n = 3) for each sam-
ple (Fig. 3.7A). One-way ANOVA with Tukey-Kramer’s post-hoc test was performed
to compare the TTPs amongst the positive control and the samples extracted using
the two different lysis buffers (as explained in Section 2.9). The mean TTP values
when using ‘LB by Zou et al.” and ‘LB by Magazorb kit” were 13.47 + 0.57 min and
13.87 4 0.15 min, respectively. No statistically significant differences were observed
for p-value<0.05. Therefore, the successive experiments were performed using the ex-
traction buffer # 2 from Zou et al. [21] since the concentration of each component was

known, unless otherwise specified.
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Figure 3.7: Time-to-positive values (TTPs) of paper-based extraction when changing lysis
step conditions, i.e., lysis buffer, temperature and incubation time. In all graphs, the x-axis
includes the different DNA extraction conditions. PC is the positive control whose DNA concentration
is 19 ng/pL. The experiments were performed for three biological replicates (n = 3) for each DNA
extraction condition. The data points represent the time (in minutes) at which each biological replicate
was amplified. The horizontal bars represent the mean value of the TTPs of the three biological
replicates. Error bars are the standard deviation for n = 3. The PC was extracted following the
manual instructions from MagaZorb® DNA Mini-Prep Kit and in this experiments served only to
make sure that the reagents were working properly. NTCs are not shown but they represent the no
template controls containing a paper disc. A. TTPs of paper-based extraction using two different
lysis buffers: extraction buffer # 2 from Zou et al. [21] (LB by Zou et al.) or the lysis buffer provided
in the MagaZorb® DNA Mini-Prep Kit (LB by Magazorb kit). B. TTPs of paper-based extraction
using two different lysis temperatures: room temperature (RT) and 56 °C. C. TTPs of paper-based
extraction for 5 and 10-min lysate-paper incubation time. The paper disc is incubated with the lysate
for 10 or 5 minutes. No statistically significant differences were observed for p-value<0.05 when using
one lysis buffer rather than the other, or room temperature rather than 56 °C, or 5 minutes incubation
than 10 minutes.

As explained in Chapter 2.14, the performance of the lysis step at room temperature
(Step 4 in Fig. 2.6A) was assessed to avoid the use of an external heating during
the sample pretreatment. The two temperatures investigated for the lysis were 56 °C
(as used in the instructions provided in MagaZorb® DNA Mini-Prep Kit) and room
temperature. Three biological replicates (n = 3) were carried out for each tempera-
ture condition and the results are given in Fig. 3.7B. To compare the time-to-positive
amongst the samples extracted using the two different lysis temperatures the statisti-
cal analysis described in Section 2.9 was used. The mean TTP values when the lysis
happened at room temperature was 13.23 4+ 0.47 min, while at 56 °C amplification
happened at 12.40 4 0.70 min. Lysing the sample at room temperature did not show a
statistically significant difference (p-value>0.05) than lysing the sample at 56 °C. This

result allowed to eliminate the heating step during the sample pretreatment.
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Taking into account the DNA incubation time investigated in Section 3.1.3, the best
performing time of contact between the lysate (DNA) and the paper-disc (Step 6 in
Fig. 2.6A) was investigated again. This time, 5 and 10 min were considered to under-
stand which incubation time gave the shortest TTP. The experiment was performed in
biological triplicate (n = 3) for 5 and 10 min incubation time. One-way ANOVA with
Tukey-Kramer’s post-hoc test was carried out to compare the time-to-positive amongst
the different incubation times. When the lysate and paper-disc where incubated for
5 min the mean time-to-positive value was 13.73 + 0.23 min. This TTP value was not
significantly different (p-value>0.05) from the TTP value of a 10-minutes incubation
time (13.67 4+ 0.12 min). This is in contrast with what it was found previously in
Section 3.1.3, where a 10 minute contact time between the DNA and paper did not
lead to amplification. It is important noting that the two experiments have different
types of samples that come in contact with the paper disc: in Section 3.1.3, 3 pL of
an already purified DNA were pipetted onto the paper disc, while in this experiment
the paper disc is immersed in 500 pL of sample and lysis buffer. The lysed sample is
very diluted when in contact with paper. Moreover, the lysis buffer contains several
reagents and chemicals that might interfere with the binding of DNA to the paper.
Therefore, the results presented in Fig. 3.7C are not in contrast with the results shown

in Fig. 3.4 (Section 3.1.3), as it might appear at first sight.

3.1.4.2 Reduction of Handling Steps

The number of steps were reduced from 9 to 7 as explained in Section 2.14, Fig. 2.6.
The method involving 9 steps and a 1 min washing (Fig. 2.6A) was compared with
the method requiring 7 steps (Fig. 2.6B). The results in Fig. 3.8 show that the 7-
steps method leads to a significantly faster (13.83 £+ 0.06 min) amplification of the
extracted DNA compared to the 9-steps method (14.07 + 0.06 min), with p-value<0.02.
This results confirm that the 7-steps method can be successfully used in the sample

pretreatment of large samples.
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Figure 3.8: Time-to-positive values (TTPs) of paper-based extraction performed using
the 9-steps or 7-steps methods. TTPs are given for DNA extracted using the method illustrated
in Fig. 2.6A (9-steps) and the method in Fig. 2.6B (7-steps). The experiment was performed in
biological replicates (n = 3). The data points represent the time (in minutes) at which each biological
replicate amplified. The x-axis shows the different samples. PC is the positive control whose DNA
concentration is 19 ng/uL. The horizontal bars represent the mean value of the TTPs of the biological
replicates whose DNA extraction was performed with the same conditions. Error bars represent
the standard deviation for n = 3. The PC was extracted following the manual instructions from
MagaZorb® DNA Mini-Prep Kit and in this experiment served only to make sure that the reagents
were working properly. NTCs are not shown but they represent the no template controls containing a
paper disc. The TTPs amongst the two different methods were compared by carrying out a one-way
ANOVA with Tukey-Kramer’s post-hoc test. A statistically significant difference was observed when
using the 9-steps or 7-steps methods (p-value<0.02), showing a faster DNA amplification for the 7-
steps method.

3.1.4.3 Analytical Sensitivity of the 7-steps Paper-Based DNA Extraction
Method

An analytical sensitivity experiment was carried out in order to understand the lowest
detectable concentration of bacteria in the initial sample (described in Section 2.14.2).
The sensitivity experiment was performed in duplicate and the results are shown in
Fig. 3.9. The lowest concentration of bacteria that is possible to detect from a 100 pL
sample is 10° CFU/mL. Only one of the two replicates where the DNA was extracted
from a sample containing 10* CFU/mL amplifies and the amplification happens ex-
tremely late (after 40 minutes), meaning that the developed paper-based DNA extrac-
tion method is not able to consistently detect a sample containing 10* CFU/mL. This
result is in line with the analytical sensitivity of the LAMP assay developed in tubes.
Moreover, looking at the amplification plot in Fig. 3.9A, it is possible to observe that
when the disc is inserted into the LAMP amplification mix, the curves are not com-
pletely flat when compared to the first 5 minutes of the PC (where no paper disc was

inserted into the amplification reaction). This behaviour has been connected to the
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fact that Whatman® Grade 1 has some auto-fluorescence (as previously reported by

Ali et al. [156]) and it intereferes with the fluorescence measurements.
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Figure 3.9: Analytical sensitivity experiment of the paper-based sample pretreatment for
the detection of E. coli malB gene from a bacterial sample, using LAMP. The amplifi-
cation plot and the time-to-positive values for each dilution from the initial sample concentration of
108 CFU/mL are shown in A and B, respectively. 10-fold serial dilutions of the initial samples were
carried out, and the experiments was done in duplicate (n = 2). The DNA was extracted using the
7-steps method (described in Section 2.14, Fig. 2.6B). The data points in B represent the time (in
minutes) at which each biological replicate amplified (n = 2). The positive control (PC) (n = 2)
was extracted following the manual instructions from MagaZorb® DNA Mini-Prep Kit and in this
experiment served only to make sure that the reagents were working properly. NTC pp = no template
control containing a paper disc.

All in all, the reduction of the number of handling steps in the sample pretreatment

opens the route towards a pipetting-free sample-in-result-out diagnostic device.

3.1.4.4 Brief Evaluation of Using Different Papers in the 7-steps Paper-
Based DNA Extraction Method

Once the procedure for the extraction of DNA from FE. coli bacterial culture was es-
tablished, the effects that using different filter papers have on the performance of the
extraction became of interest. However, before proceeding in a detailed assessment of
the different performances (as done in Section 3.1.7), it was observed very briefly the
effect of using 3-mm discs of either Whatman® Grade 1, Grade 3 or GF/DVA (glass
fibers). This experiment consisting in immersing three 3-mm discs in each E. coli
sample, meaning that the TTP values shown in Fig. 3.10 belong to three technical
replicates from one biological sample (n = 1). While this experiment cannot be used
to draw conclusions on the performance of different papers considering n = 1, it can be
exploited to discuss the different physicochemical properties of filter paper and glass
fibers.

The established sample pretreatment procedure has assumed the LAMP reaction mix
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Figure 3.10: Time-to-positive values (TTPs) of the 7-steps paper-based DNA extraction
procedure performed using different paper substrates. TTPS are given for different papers
used in the 7-steps paper-based DNA extraction. Three types of paper were investigated: Whatman®
Grade 1, Grade 3 or GF/DVA (glass fibers). One biological sample (n = 1) and three technical
replicates were performed for each type of paper. The dots represent the time (in minutes) at which
each assay amplified. PC is the positive control whose DNA concentration is approx. 20 ng/pL;
Grade 1, Grade 3 and GF/DVA represent the samples for which the DNA extraction was performed
using Grade 1, Grade 3 and GF/DVA paper discs (x-axis), respectively. The NTCs are not provided
in the plot as no amplification was detected. Two types of NTCs were performed either containing a
paper disc of Grade 3 or GF/DVA. This experiment used Concentration 1 of primers (Table 3.1).

as the elution fluid. When the glass fibers paper was used, only one of the three repli-
cates amplified at 59 minutes. This outcome was expected, as it had been previously
shown that glass fibers have positive surface charges that prevent an easy release of
DNA that is known to be negatively charged [21,157]. The electrostatic interaction
of opposite charges between the filter itself and the DNA causes the DNA to be effec-
tively trapped by the filter but released with difficulty. From these observations, an
additional elution step appear necessary to allow the captured DNA to be released and

further detected when using glass fibers.

3.1.4.5 Use of Proteinase K

The possibility of adding 10 pL of proteinase K to the sample containing bacteria,
before step (1), was evaluated using the 7-steps method (Fig. 2.6B). The introduction of
proteinase K has the potential of making the DNA extraction procedure more universal
in the presence of difficult-to-lyse samples (see Section 2.14.2). The proteinase K added
was the one supplied in the MagaZorb® DNA Mini-Prep Kit (Promega Corporation),
and the volume used was the one suggested in the manufacturer’s instructions. Two

lysis buffers have been tested when adding proteinase K: the sample was mixed with
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either four volumes of the extraction buffer # 2 from Zou et al. [21] (‘LB by Zou et
al.’” in Fig. 3.11) or one volume of the lysis buffer provided in the MagaZorb® DNA
Mini-Prep Kit (‘LB by Magazorb kit” in Fig. 3.11). The experiment was carried out in
biological triplicate (n = 3) (Fig. 3.11).
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Figure 3.11: Amplification plot of the 7-steps method when proteinase K is added to the
sample. 10 pL of proteinase K were added to the 100 puL bacterial sample, before step (1), using
the 7-steps method (Fig. 2.6B). The experiment was performed in biological triplicate (n = 3). The
x-axis shows the time (minutes) and the y-axis shows the fluorescence value (RFU). PC is the positive
control whose DNA concentration is 19 ng/uL.

No amplification was observed regardless the lysis buffer used, implying that the wash-
ing step is not sufficient to wash out from the paper the proteinase K that inhibits
further reaction. Probably, extra washing steps should be performed in order to be

able to introduce proteinase K into the sample pretreatment.

3.1.5 Introduction of an Additional Elution Step for Quanti-
tative Comparative Analysis Using qPCR of the Paper-
Based DNA Extraction Method

To assess and optimise the performance of the paper-based DNA extraction method
established in Section 3.1.4 when using different types of paper, qPCR was used instead
of LAMP. qPCR offers better comparative quantitative measures than the time-to-
positive values detected in LAMP, and it guarantees more stable and reproducible
measurements of the cycle threshold values across experiments. This section describes
the steps followed to evaluate the performance of the established paper-based DNA
extraction method using qPCR. Section 3.1.7 gives the results obtained when using

different types of papers in the 7-steps paper-based DNA extraction method.
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The results in Section 3.1.3 demonstrated the possibility of immersing a paper disc
directly into the LAMP reaction mix to investigate the ability of paper to capture DNA.
Therefore, as a first step, the effect that a paper disc could have in the amplification
mix and the subsequent real-time fluorescence reading using qPCR were investigated.
The final qPCR amplification mix was made of 24 ul. as described in Section 2.6 to
which 1 pL of E. coli malB gene synthetic DNA was added (total final volume of gPCR
reaction was 25 pLi). The qPCR amplification mix was prepared either as indicated in
Section 2.6 or by adding 1 pL of extra fluorescent dye to the mix. When the additional
fluorescent green dye was added, the final PCR mix (total 25 pL) contained 5 pL of
5X primer mix (Table 2.6), 12.5 pL of master mix (Brilliant II SYBR® Green QPCR
Master Mix), 5.5 pL of NFW, 1 pL of green fluorescent dye (Cambridge Bioscience) and
1 pL of sample. The results are shown in Fig. 3.12. Four different positive controls were
prepared: (1) 1 pL of synthetic DNA (‘PC w/o dye’), (2) the reaction mix was prepared
with 1 pL of extra fluorescent dye and 1 pL of synthetic DNA (‘PC w/ dye’), (3) a 3-mm
paper disc was added into the reaction before the addition of 1 pL. of synthetic DNA
(‘PC pp w/o dye’), (4) the reaction mix was prepared with 1 pL of extra fluorescent and
a 3-mm paper disc was added into the reaction before the addition of 1 pLL of synthetic
DNA (‘PC pp w/ dye’). In the same way, the experiment had four different no template
controls: (1) 1 pL of NFW was added as sample, instead of synthetic DNA (‘NTC w/o
dye’), (2) the reaction mix was prepared with 1 pL of extra fluorescent dye and 1 pL of
NFW (‘NTC w/ dye’), (3) a 3-mm paper disc was added into the reaction before the
addition of 1 pL of NFW (‘NTC pp w/o dye’), (4) the reaction mix was prepared with
1 uL of extra fluorescent dye and a 3-mm paper disc was added into the reaction before
the addition of 1 pL of NFW (‘NTC pp w/ dye’). The paper disc affected the real-time
fluorescence readings by preventing the signal to have a clear increase in fluorescence
when the target DNA is in the sample. For example, the amplification curves of the
sample not containing the paper disc, ‘PC w/o dye’, and of the one containing the disc,
‘PC pp w/o dye’, appear very different with a very clear increase in fluorescence in the
absence of the paper disc and a flat amplification curve when the paper is present.
The addition of one extra microliter of green fluorescent dye to the qPCR reaction mix
did not allow for any amplification to be visualised. This result led to the necessity
of introducing an elution step in order to use qPCR to assess the performance of the

paper-based DNA extraction method when using different types of papers.
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Figure 3.12: Interaction of paper disc with fluorescence reading in qPCR.. A 3-mm Whatman
Grade 1 paper disc was added to qPCR reactions to understand if it interfered with the real-time
fluorescence reading. PCs were run in triplicate (n = 3) and they are composed of: (la) 1 pL of
synthetic DNA (‘PC w/o dye’), (2a) the reaction mix was prepared with 1 puL of extra fluorescent dye
and 1 uL of synthetic DNA (‘PC w/ dye’), (3a) a 3-mm paper disc was added into the reaction before
the addition of 1 pL of synthetic DNA (‘PC pp w/o dye’), (4a) the reaction mix was prepared with
1 pL of extra fluorescent and a 3-mm paper disc was added into the reaction before the addition of
1 pL of synthetic DNA (‘PC pp w/ dye’). NTCs were run in duplicate (n = 2) and were made as:
(1b) 1 pL of NF'W was added as sample, instead of synthetic DNA (‘NTC w/o dye’), (2b) the reaction
mix was prepared with 1 pL of extra fluorescent dye and 1 uL of NFW (‘NTC w/ dye’), (3b) a 3-mm
paper disc was added into the reaction before the addition of 1 pL of NFW (‘NTC pp w/o dye’), (4b)
the reaction mix was prepared with 1 pL of extra fluorescent dye and a 3-mm paper disc was added
into the reaction before the addition of 1 pL of NFW (‘NTC pp w/ dye’).

An elution step was added to the paper-based sample pretreatment method, as shown
in Section 2.14.2 (Fig. 2.7). A LAMP reaction was used to assess if the extracted DNA
(entangled into the paper disc fibers) was eluted from the paper disc and released into
1X TE buffer. 4 pL of the eluant were added to the final LAMP amplification mix for a
total volume of 25 pL. Fig. 3.13 shows that the extracted DNA is eluted into 100 pL of
1X TE buffer after 10 min incubation at room temperature. However, the mean time-
to-positive value of the eluted DNA (15.50 min + 0.26 min) is higher than the one
without elution (12.80 min £ 0.25 min), and significantly different (p-value<0.001).
The additional elution step leads to a significant loss in performance of the extraction
method, when compared to the PC value (11.4 min). In fact, in this experiment, the
PC can be directly compared to the extracted DNA. The PC contains DNA that was
extracted with the beads-based protocol (MagaZorb® DNA Mini-Prep Kit, Promega
Corporation), from the same E. coli K12 bacterial culture and using the same initial
volume and elution volume.

Increasing the elution temperature from room temperature to 66 °C did not improve
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Figure 3.13: Time-to-positive values of paper-based extraction performed using the 7-steps
methods with and without an additional elution step. Time-to-positive values are given for
DNA extracted using the method illustrated in Fig. 2.6B and Fig. 2.7. The data points represent the
time-to-positives (in minutes) at which each biological replicate amplified (n = 3). The x-axis shows
the different samples. The horizontal bars represent the mean value of the time-to-positive values of
all the biological replicate whose DNA extraction was performed with the same conditions. Error bars
represent the standard deviation for n = 3. PC is the positive control whose DNA concentration is
19 ng/pL. The PC was extracted following the manual instructions from MagaZorb® DNA Mini-Prep
Kit. NTCs are not shown but they represent the no template controls containing either a paper disc
(final volume of 21 pL) or 4 pL of NFW (final volume of 25 pL). No amplification was detected in all
NTCs. A statistically significant difference was observed among the two samples (p-value<0.001).

the release of DNA from the paper disc by decreasing the time-to-positive (n = 1,
1 minute difference). Higher temperatures make DNA more motile and, thus, this

might have increased the amount of DNA released into the elution buffer.

3.1.6 Lysis Buffer Optimization in the Paper-Based DNA Ex-

traction Procedure

Optimisation of the lysis buffer from Zou et al. [21] used in the paper-based DNA
extraction was performed using qPCR and the additional elution step, as described in
Fig. 2.6B. The optimisation consisted in investigating the volume of the lysis buffer
to be used, and the role of EDTA and Guanidine HCl (GuHCl). Moreover, the per-
formance of the paper-based extraction was assessed when using an acidic lysis buffer
(pH 5) to be used in applications where paper is pretreated with chitosan.

In this section, all paper-based extractions were carried out from a 10> CFU/mL E. coli

K12 sample, and the concentration of primers used was Concentration 3 (see Table 3.1).
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3-mm or 6-mm Whatman® Grade 1 paper discs were used (Section 3.1.7 investigates
the effects of different sizes of paper discs.). One-way ANOVA with Tukey-Kramer’s
post-hoc test was performed to compare the time-to-positive amongst the positive con-

trol and the samples, as explained in Section 2.9, unless otherwise specified.

3.1.6.1 Volume Optimization of Extraction Buffer # 2 by Zou et al. (2017)

The initially established paper-based extraction procedure (described in Fig. 2.6B),
involved mixing 100 uL of sample with 400 pL of lysis buffer at 1:5 ratio, as suggested
in Zou et al. [21]. By reducing the volume of the lysis buffer to 200 pL (Fig. 3.14), and
thus the amount of liquids involved into the paper-based DNA extraction procedure
in general, a simplified integration of this method onto a sample-in-answer-out device
can be achieved. The experiment was performed in biological duplicate (n = 2) and
following the procedure described in Fig. 2.7. The 100 pL sample was lysed either by
adding 200 pL (‘200 puL. LB’ in Fig. 3.14) or 400 puL (‘400 pL LB’ in Fig. 3.14) of lysis
buffer. Since the addition of 200 pL of lysis buffer provides lower Ct values than using
400 pL, the final procedure consisted in mixing a 100 nL of re-suspended bacterial cells
pellet with 200 puL of lysis buffer at 1:3 ratio.
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Figure 3.14: Cycle threshold (Ct) values of paper-based extraction performed using 200 pL
or 400 uL of lysis buffer. Ct values are given for DNA extracted when 100 pL of sample are lysed by
adding 200 pL or 400 pL of lysis buffer, at 1:3 and 1:5 ratio, respectively. Three 3-mm discs were used
for each extraction. Each extraction was run under the same conditions twice (biological duplicate,
n = 2). The data points represent the Ct values, in cycle number, at which each assay amplified (two
technical replicates for each biological sample). The x-axis shows the different samples. PC is the
positive control whose DNA concentration is 19 ng/pL. The elution volume used for this experiment
was 40 pL. The PC was extracted following the manual instructions from MagaZorb® DNA Mini-Prep
Kit and in this experiment served only to make sure that the reagents were working properly. NTCs
are not shown but they represent the no template controls containing NFW.
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3.1.6.2 EDTA Concentration in the Lysis Buffer

The extraction buffer # 2 introduced in [21] did not contain any EDTA in its formu-
lation (Section 2.2). Therefore, the performance with 50 mM EDTA on top of the
initial formulation was checked. EDTA is a chelating agent that sequestrates metal

ions, such as magnesium and calcium, to destabilise cells membranes (Fig. 3.15). In
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Figure 3.15: Structural formula of ethylenediaminetetraacetic acid (EDTA). The EDTA
molecule consists of two ethylenediamine groups (CH3N) linked to four carboxymethyl groups
(CH2CO2H), and its full chemical formula is C19H16N20s. Reproduced under public domain.

combination with Tris-HCl, EDTA is a common component of lysis buffers. The per-
formance of using these different lysis buffers was assessed against the DNA extraction
using MagaZorb® DNA Mini-Prep Kit (‘PC’), using the Ct values (cycle number) for
comparative analysis. Fig. 3.16 shows that there is no statistically significant differ-
ence (p-value>0.05) when EDTA is added to the initial composition of the extraction
buffer # 2 [21] (‘LB by Zou et al. + 50mM EDTA’) compared to the original composi-
tion of the buffer (‘LB by Zou et al.”). However, using the lysis buffer provided in the
MagaZorb® Kit (‘LB by Magazorb kit’) leads to better performance (p-value<0.01)
than using extraction buffer # 2 [21] with and without 50 mM EDTA. Given the results
in Fig. 3.7A (Section 3.1.4) where extraction buffer # 2 [21] and the lysis buffer from the
MagaZorb® Kit led to similar performances in LAMP, and the fact that 50 mM EDTA
do not bring significant performance benefits over the original extraction buffer # 2

composition, it was decided to use the composition of buffer # 2 suggested in [21].

3.1.6.3 Guanidine HCI Concentration in the Lysis Buffer

Using the lysis buffer from Magazorb kit leads to a statistically significant better per-
formance (p-value<0.01) than using extraction buffer # 2 [21], as shown in Fig. 3.16.
Therefore, the role of Guanidine HC1 (GuHCI) (Fig. 3.17) was investigated in the per-
formance of the paper-based DNA extraction. According to the patent associated with

the MagaZorb® DNA Mini-Prep Kit [141], their proprietary lysis buffer contains 6 M
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Figure 3.16: Cycle threshold (Ct) values of paper-based extraction performed using dif-
ferent concentration of EDTA in the lysis buffer. Ct values are given for DNA extracted using
200 pL of extraction buffer # 2 [21] (LB by Zou et al.), 200 pL of extraction buffer # 2 [21] containing
an additional 50 mM EDTA (LB by Zou et al. + 50mM EDTA) and 100 pL of the lysis buffer provided
in MagaZorb® DNA Mini-Prep Kit (LB by Magazorb kit). The data points represent the Ct values
at which each assay amplified. Two biological replicates with the same extraction conditions were
carried out (n = 2) (data points given on two different columns), and three technical replicates for
each biological sample are given on the same column. One 6-mm disc was used for each extraction.
NTCs are not shown but they represent the no template controls containing NFW. Using the lysis
buffer from Magazorb kit brings a statistically significant improvement in performance (p-value<0.01)
than using extraction buffer # 2 with or without EDTA.
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Figure 3.17: Structural formula of Guanidine hydrochloride (GuHCIl). Guanidinium hy-
drochloride, also known as guanidine chloride, is the hydrochloride salt of guanidine, and its chemical
formula is CHgCIN3. GuHCI comprises a network of guanidinium cations and chloride anions con-
nected by N-H- - -Cl hydrogen bonds.

GuHCI, and the concentration of GuHCI was increased from 0.8 M to 2 M GuHCI
in extraction buffer # 2 [21]. Higher concentrations of GuHCI were not considered
because GuHCl is a toxic compound [158] and it forms toxic and corrosive fumes, e.g.,
hydrogen chloride and nitrogen oxides, upon combustion [159,160]. The need to avoid
high concentrations of GuHCI came from the fact that we envision a sample-in-answer-
out device that can be easily handled and disposed of, without causing any harm to
its users and the environment. The performance of each lysis buffer used was evalu-
ated against the DNA extraction using the beads-based method from the MagaZorb®
Kit (‘PC’), and Ct values (cycle number) for comparative analysis. The results in
Fig. 3.18 show that there is no statistically significant difference (p-value>0.05) when
using the extraction buffer # 2 [21] containing 0.8 M GuHCI (‘LB by Zou et al.”) or
2 M GuHCI (‘LB by Zou et al. + 2M GuHCI’). However, the lysis buffer provided in the
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Figure 3.18: Cycle threshold (Ct) values of paper-based extraction performed using dif-
ferent concentration of GuHCI in the lysis buffer. Ct values are given for DNA extracted
using 200 pL of extraction buffer # 2 [21] (‘LB by Zou et al.”), 200 pL of extraction buffer # 2 [21]
containing 2 M GuHC] (‘LB by Zou et al. + 2M GuHCI’) and 100 uL of the lysis buffer provided in
MagaZorb® DNA Mini-Prep Kit (‘LB by Magazorb kit’). One 6-mm disc was used for each extraction
(n = 2). NTCs are not shown but they represent the no template controls containing NFW. Using
the lysis buffer from Magazorb kit improves significantly the performance of the extraction method
than using extraction buffer # 2 with 0.8 mM or 2 mM GuHCI (p-value<0.01 and p-value<0.05,
respectively).

MagaZorb® Kit (‘LB by Magazorb kit’) leads to better performance than using extrac-
tion buffer # 2 [21] with 0.8 M GuHCI (p-value<0.01) or 2 M GuHCI (p-value<0.05).
GuHCI is a common component of lysis buffers as it is a chaotropic agent able to in-
duce cell permeabilisation and protein denaturation. Even if high concentrations of
GuHCI are usually used to improve cell lysis, this was not investigated further for the
reasons explained above. The concentration of components in the lysis buffer is the

one provided in Section 2.2.

3.1.6.4 Acidic and Alkaline Lysis Buffers

For applications where paper is functionalised with chitosan, the lysis buffer needs to
be acidic, with a pH lower than 6.3. An acidic pH during the DNA-paper incuba-
tion guarantees that chitosan is positively charged and, thus, more prone to capture
negatively charged DNA molecules [85]. Therefore, the possibility of using an acidic
lysis buffer to not decrease the performance of the paper-based DNA extraction was
examined. The acidic lysis buffer with pH 5.5 was prepared as described in Section 2.2,
and its use was compared with extraction buffer # 2 [21] (‘LB by Zou et al.”) and the
lysis buffer provided in MagaZorb® DNA Mini-Prep Kit (‘LB by Magazorb kit’). The
acidic pH of 5.5 was chosen based on previously published works by Gan et al. [82] and
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Bengston [86].

The results for this experiment are shown in Fig. 3.19, and the performance of each
lysis buffer used was evaluated against the DNA extraction using the beads-based
method from the MagaZorb® Kit (‘PC’), using Ct values (cycle number) for com-
parative analysis. There is no statistically significant difference (p-value>0.05) when
using the acidic version of extraction buffer # 2 (‘Acidic LB with MES (pH 5.5)’) or
extraction buffer # 2 [21] (‘LB by Zou et al.”). However, the lysis buffer provided in
the MagaZorb® Kit (‘LB by Magazorb kit’) leads to better performance than using
extraction buffer # 2 [21] with pH 8 or pH 5.5 (p-value<0.05). The acidic version of
extraction buffer # 2 with pH 5.5 can be used without it interfering significantly with

the paper-based extraction.
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Figure 3.19: Cycle threshold (Ct) values of the paper-based DNA extraction performed
with lysis buffers having different pH (pH 5.5, pH 8, pH 6.3). Ct values are given for DNA
extracted using 200 pL of an acidic version of extraction buffer # 2 (‘Acidic LB with MES (pH 5.5)’),
200 pL of extraction buffer # 2 [21] (‘LB by Zou et al.”’) and 100 uL of the lysis buffer provided in
MagaZorb® DNA Mini-Prep Kit (‘LB by Magazorb kit’). One 6-mm disc was used for each extraction
(n = 2). NTCs are not shown but they represent the no template controls containing NFW. Using
the lysis buffer from Magazorb kit improves significantly the performance of the extraction method
than using extraction buffer # 2 with 0.8 mM or 2 mM GuHCI (p-value<0.01 and p-value<0.05,
respectively).

In the very first experiments, following the paper-based method illustrated in Fig. 2.5B
where the heating step was still present, no significant difference was observed in time-
to-positive values when using the lysis buffer from Zou et al. [21] or the one provided
in the MagaZorb® DNA Mini-Prep Kit (Fig. 3.7A, Section 3.1.4.1). However, when
the lysis buffer optimization was performed using the 7-steps method with elution and
qPCR, the lysis buffer provided in the Magazorb kit led to better performances (lower
Ct value) in all the experiments in this (Section 3.1.6), when compared to the lysis

buffer from Zou et al. [21]. The difference in behaviour when using LAMP or qPCR
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might be associated with inhibitory effects of some components of the Magazorb kit
onto the LAMP reaction, that cannot be completely washed out from the paper discs
during the washing steps. Moreover, the exact composition of the lysis buffer provided
with the Magazorb kit is not known, therefore, extraction buffer # 2 from Zou et al. [21]
was considered as the lysis buffer to be used in the final 7-steps sample pretreatment

procedure.

3.1.7 Use of Different Papers in DNA Extraction Based on
Zou et al. (2017)

Further optimisation of the paper-based DNA extraction from large sample of bacte-
rial cultures, using the elution step, was carried out using Whatman® Grade 1 and
Grade 3 filter papers to evaluate the effect of the size of the paper discs and the number
of discs. The performance of the method when using Whatman® Grade 470, CF4, CF5
was also investigated. The paper-based DNA extraction method developed when using
different sizes of paper discs or different types of paper was always evaluated against a
beads-based purification method (MagaZorb® DNA Mini-Prep Kit), using qPCR and
the Ct values (cycle number) for comparative analysis.

Figures 3.20-3.23 provides the results for this section. The paper-based DNA extrac-
tions were carried out in duplicate (n = 2). The data points represent the Ct values
at which each assay amplified (three technical replicates for each biological sample).
The x-axis shows the different samples. PC is the positive control whose DNA concen-
tration is 19 ng/ul and it was obtained through a beads-based purification method.
NTCs are not shown but they represent the no template controls containing NFW. A
statistical analysis was conducted as described in Section 2.9.

The introduction of an additional elution step to the DNA extraction method made
it possible to evaluate the effects that the size of the paper disc could have on the
performance of the extraction itself. When performing a LAMP reaction the paper
disc cannot be larger than 3 mm in diameter, because otherwise it would not fit the
0.1 mL strip PCR tubes and it would not be completely immersed inside the LAMP
amplification mix. By using 100 pL of elution buffer, paper discs up to 6 mm in di-
ameter could be completely immersed in the elution buffer during the incubation time.
Therefore, the performance of different sizes of paper discs was investigated. Fig. 3.20

shows the results of the DNA extraction method when using either three 3-mm paper
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discs, one 5-mm paper disc or 6-mm paper disc of Whatman® Grade 1. The exper-
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Figure 3.20: Cycle threshold (Ct) values of the paper-based DNA extraction performed
with different sizes of Whatman® Grade 1 paper discs. Ct values are given for DNA extracted
using either three 3-mm paper discs, one 5-mm paper disc or 6-mm paper disc. Ct values of each qPCR
assay are represented as data points in the graph. Two biological replicates were performed (n = 2)
(data points with same colour but on different columns) and three technical replicates are given for
each biological replicate (data points on the same column). Using three different sizes of Whatman®
Grade 1 paper did not bring to a statistically significant difference in performance (p-value>0.05).

iment was carried out in biological duplicate (n = 2), with three technical replicates
for each biological sample. No statistically significant difference was observed when
using three different sizes of Whatman® Grade 1 paper (p-value>0.05). The surface
areas of the three different paper discs were 84.82 mm?, 78.54 mm? and 113.10 mm? for
three 3-mm discs, one 5-mm disc and one 6-mm disc, respectively. Based on the results
shown in Fig. 3.20, the surface areas tried in this experiment did not cause a significant
change in performance of the method, meaning that any of the dimensions tried could
be used for the paper-based extraction. For further experiments it was decided to use
either 5-mm or 6-mm paper discs because they are easier to handle. On the contrary,
five cycles of difference can be observed when using the paper-based DNA extraction
method compared to the beads-based extraction, this highlights a loss in sensitivity of
the assay of more than 10-fold when using the paper-based method.

After investigating the paper-based method’s performance with different disc sizes, the
effect of using one or two 5-mm discs of Whatman® Grade 1 was examined. The
impact of thicker paper was also studied using Whatman® Grade 3 that has a particle
retention size half that of Grade 1. The results (Fig. 3.21) show no statistically signifi-
cant difference when using one or two 5-mm paper discs of Grade 1 (p-value>0.05), or
when using one 5-mm paper disc of Grade 3 (p-value>0.05). As already observed in the

previous experiment, there is a significant loss in sensitivity (about 5 cycles difference)
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when using the developed paper-based extraction method instead of the beads-based

method (PC).
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Figure 3.21: Cycle threshold (Ct) values of the paper-based DNA extraction performed
with one or two 5-mm paper discs of Whatman® Grade 1, compared to using one disc
of Whatman® Grade 3 paper. The data points represent the Ct values of each gPCR assay. Two
biological replicates were performed (n = 2) (data points with same colour but on different columns)
and three technical replicates are given for each biological replicate (data points in the same column).
No statistically significant difference was observed for p<0.05 in Ct values when DNA extraction is
performed with one or two 5-mm paper discs of Grade 1, or one 5-mm paper disc of Grade 3.

Using two 5-mm discs of Whatman® Grade 1 did not bring a significant difference in
the Ct values (Fig. 3.21). Therefore, the impact of an increased number of Whatman®
Grade 3 paper discs was studied. One, two or three 5-mm Whatman® Grade 3 paper
discs were used in each DNA extraction and the Ct values thus obtained were compared
to using one 5-mm Whatman® Grade 1 paper disc. The results in Fig. 3.22 shows that
using three 5-mm paper discs of Grade 3 reduces the Ct values significantly compared
to when only one 5-mm paper discs of Grade 1 is used (p-value<0.5). However, even
though no difference in Ct values is detected when using a different number of 5-mm
Grade 3 paper discs, there seems to be a trend of Ct values reducing as the number
of discs is increased. As shown already in Fig. 3.21, no statistically significant differ-
ent Ct values are observed when using one 5-mm paper discs of Grade 1 or Grade 3.
These results show how the different properties of Grade 1 and Grade 3 filter paper
start affecting the performance of the DNA extraction only when the number of discs
of Grade 3 is increased. This is probably due to the fact that a higher surface area
present in the sample allows for a better capture of those DNA fragments that would
otherwise remain unbound. Therefore, in our experiments the link between the average

particle retention size of the filter paper and the DNA capture efficiency is not as clear
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as illustrated by Gan et al. [91].
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Figure 3.22: Cycle threshold (Ct) values of the paper-based DNA extraction performed
with one, two or three 5-mm paper discs of Whatman® Grade 3, compared to one 5-
mm disc of Whatman® Grade 1 paper. The data points represent the Ct values of each gPCR
assay. Two biological replicates were performed (n = 2) (data points with same colour but on different
columns) and three technical replicates are given for each biological replicate (data points in the same
column). A statistically significant difference in Ct values was observed for p<0.05 only when three
5-mm paper discs of Grade 3 were used compared to one 5-mm paper disc of Grade 1.

The performance of the paper-based extraction method using four types of paper with
different physicochemical properties has been tested and no significant difference was
observed (Fig. 3.23). In Fig. 3.23A there have been some problem during the pipetting
of one of the biological samples using Grade 3, therefore, it is not possible to statis-
tically compare the samples using Grade 3 with the ones using CF4 and Grade 470
to extract DNA. Between CF4 and Grade 470 there is no significant difference. Both
CF4 and Grade 470 are usually used as sample pads in lateral-flow applications, but
Grade 470 is thicker than CF4 and has a higher wicking rate and water absorption.
The characteristics of Grade 470 appear to not affect significantly the capturing and
release of DNA during the DNA extraction process, but it appears to slightly reduce
the variance as compared to using CF4 both among technical and biological replicates.
Fig. 3.23B shows that the performances of CF4, CF5 and Grade 3 are not statistically
different. However, CF5 appears to decrease the variation in Ct values within the same
biological sample. Given the lower cost of Grade 3 and the not clear advantage of us-
ing CF4, CF5 or Grade 470 over Grade 3, this type of paper was preferred for further
optimizations.

The use of glass fibers paper was not investigated further because they are not able to
release the captured DNA into the final amplification when there is no elution step, as

previously shown in Fig. 3.10.
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Figure 3.23: Cycle threshold (Ct) values of the paper-based DNA extraction performed
using 5-mm paper discs of Whatman® Grade 3, Grade 470, CF4, CF5. The dots in
the graphs represent the Ct values of each qPCR assay. Two biological samples were run using
each type paper (n = 2, extraction was performed in two separate tubes using the same type of
paper), and three biological replicates were carried out for each biological samples (dots located on
the same column). A. Comparison in performance of CF4, Grade 470, Grade 3 5-mm paper discs.
No statistically significant difference was observed when extracting DNA using CF4 or Grade 470
paper discs. B. Comparison in performance of CF4, CF5, Grade 3 5-mm paper discs. No statistically
significant difference was observed when extracting DNA using the different types of paper for p-
value<0.05. PC = DNA from the same bacterial culture extracted using MagaZorb® DNA Mini-Prep
Kit.

In summary, Grade 3 filter paper had the most consistent Ct value results and using
three 5-mm diameter discs led to a significant reduction in Ct value (better perfor-
mance) than using one 5-mm disc of Grade 1. On the one hand, CF5 and Grade 470
decreased the variation in Ct values within the same biological sample. On the other
hand, the advantage of using CF4, CF5 or Grade 470 over Grade 3 paper was not clear
and given the lower cost of Grade 3 compared to the others, Grade 3 was considered

the best paper to trap and release DNA and it was used for further optimizations of

the paper-based DNA extraction based on Zou et al. [21].

3.1.8 Paper-based DNA Extraction Based on Magazorb ® Kit

As introduced in Section 3.1.4, a second paper-based DNA extraction procedure was
introduced based on the manufacturer’s instructions provided in MagaZorb® DNA
Mini-Prep Kit, as described in Fig. 2.8. This method was investigated in order to
understand if it was possible to introduce proteinase K during the lysis step, and
maximise the lysis efficiency of the targeted pathogen. Optimisation of the paper-based
DNA extraction based on the MagaZorb® Kit was performed by using different types
of papers, i.e., Whatman® Grade 3, GF/DVA (glass fibers) and a silica membrane.

This method was always assessed against the original beads-based purification method
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(MagaZorb® DNA Mini-Prep Kit), using the Ct values (cycle number) for comparative
analysis (as described in Section 2.9).

The paper-based DNA extractions were carried out in duplicate (n = 2). The data
points in Figures 3.24 and 3.25 represent the Ct values at which each assay amplified
(three technical replicates for each biological sample). The x-axis shows the different
samples. PC is the positive control whose DNA concentration is 19 ng/pL and it was
obtained through the gold-standard beads-based purification method. NTCs are not
shown but they represent the no template controls containing NFW.

Fig. 3.24A-3.24C show that when using the paper-based DNA extraction method, that
uses all the reagents provided in the MagaZorb® Kit (Fig. 2.8), it is possible to use
proteinase K in the lysis step (sample name: ‘PK + Magazorb kit method’). On the
contrary, when using the 7-steps method with the elution step (Fig. 2.7) amplification
does not occur in all the assays, or it occurs very late, after 35 cycles, as already shown
in Fig. 3.11. This is probably due to specific chemical interactions and pH conditions
created by the sequential use of the proprietary buffers of the Magazorb® Kit. Such
buffers might be able to properly inactivate proteinase K and wash it out from the
paper discs efficiently. Using Magazorb® Kit paper-based method to extract DNA
leads to a later amplification with respect to the PCs that amplify at 15.5 minutes.
Therefore, the Magazorb Kit paper-based method does not perform as well as the
beads-based method. Moreover, the fluorescent signals of the amplification curves when
the paper-based methods are used, in Fig. 3.24A, are noisy. Therefore, the algorithm
implemented in MATLAB® was not able to properly identify all the second derivatives
peaks. Only four out of six peaks were recognised automatically for the two biological
samples ‘PK 4+ Magazorb kit method’ in the second derivative of the fluorescent signal
(Fig. 3.24B). The two peaks that the algorithm was not able to identify have been

manually selected from Fig. 3.24B (see details in Section 2.7).
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Figure 3.24: qPCR results when proteinase K is added to the paper-based DNA extraction
methods. A. Amplification plot. B. Second derivatives of the amplification signal. C. Ct values. The
data points represent the Ct values of each qPCR replicate. Two biological replicates were performed
(n = 2), i.e., the DNA extraction performed with the same type of paper disc (5-mm diameter) was
performed twice. Three technical replicates are given for each biological replicate (data points in the
same column). There was no statistically significant difference in performance for DNA extraction
carried out using different types of paper for p-value<0.05.

Different types of paper were investigated in order to improve the performance of the
MagaZorb® Kit paper-based method. The results of using a 5-mm disc of Whatman®
Grade 3, GF/DVA and a silica membrane are provided in Fig. 3.25. No statistically
significant difference in Ct values is observed when using GF/DVA or silica membrane
rather than the most common Grade 3. This result was not expected as GF/DVA and
silica membrane have very different physico-chemical properties than Grade 3 [157].
Given the different surface charges of the three types of paper [157] and the higher
surface area per unit volume of silica membrane than glass fibers [85], different per-
formances were expected in sample pretreatment. In particular, the higher surface
area per unit volume of the silica membrane than glass fibers led to expect a higher
amount of nucleic acids to be captured by the former. This would explain the slightly
lower Ct values using silica membranes than using GF/DVA, however, the difference
in performance does remain not significant. Moreover, silica membranes have been
previously demonstrated to capture approx. 80% of nucleic acid samples (100-50000
bp long) in the presence of high salt concentrations and low pH [161]. Even though
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the exact composition of the MagaZorb® Kit reagents are not known, a patent as-
sociated with their kit [141] indicates that the lysis buffer has a low pH of 6.3 and a
high concentration of GuHCI of 6 M. This compositions seems to confirm what was
previously demonstrated and that the Magazorb® Kit reagents facilitate the capture

of DNA onto silica membranes.
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Figure 3.25: Cycle threshold (Ct) values of the Magazorb Kit paper-based DNA extraction
performed with different types of paper. The types of papers used are Whatman® Grade 3,
GF/DVA and a silica membrane. Two biological replicates were performed (n = 2) and three technical
replicates are given for each biological replicate (data points in the same column).

To understand the behaviour of GF/DVA a brief experiment for n = 1 was performed
and its results are provided in Fig. 3.26. The Magazorb Kit paper-based DNA extrac-
tion was performed using either 100 pL of lysis buffer provided in the kit or 200 uL of
extraction buffer # 2 by Zou et al. [21], with and without the use of proteinase K. The
lysis buffer provided in the kit has pH 6.3 and 6 M GuHCI, whereas the lysis buffer
by Zou et al. has pH 8 and a very lower concentration of GuHCI (0.8 M). From a
first look, the results in Fig. 3.26 show that these chemical differences do not affect the
performance of the method as amplification is possible using both lysis buffers. This
confirms what was speculated in Section 3.1.4, Fig. 3.10, that the elution step is an
essential step to allow the release of DNA from the glass fibers. Moreover, GF/DVA
discs can be used with the lysis buffer from the Magazorb Kit when proteinase K is
present, as it allows for amplification, but they do not lead to amplification of those
samples when the lysis buffer from Zou et al. is used with proteinase K. This last

observation suggests that the lysis buffer plays a key role in the final inactivation of
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proteinase K, thus preventing the final inhibition of the amplification reaction. More in
detail, this experiment consisted in immersing two 6-mm discs in each F. coli sample.
Therefore, the Ct values shown in Fig. 3.26 belongs to technical replicate from one

biological sample (n = 1).
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Figure 3.26: Cycle threshold (Ct) values of the Magazorb Kit paper-based DNA extraction
performed with two different lysis buffers. The Magazorb Kit paper-based DNA extraction was
performed using either 100 uL of lysis buffer provided in the kit or 200 pL of extraction buffer # 2 by
Zou et al. [21], with and without the use of proteinase K (n = 1). The data points are the Ct values
for each technical replicate. Two 6-mm discs in each sample were used.

The paper-based DNA extraction based on Magazorb kit was not validated in LAMP
due to the high amount of handling steps that it requires. Therefore, this method
could be hard to integrate into a fully enclosed device that requires minimal human
input. However, it could be a viable option to replace the extraction method based on

magnetic beads.

3.1.9 Paper-based DNA Extraction Using Lysis Buffer Air-

Dried on Paper Discs

In an effort to further reduce the handling steps of the paper-based DNA extraction,
the lysis buffer was air-dried onto the paper disc. Whatman® Grade 1, Grade 3 and
CF'5 filter papers were used to evaluate the different effects on the performance of the
7-steps DNA extraction method when 100 pL of 2X extraction buffer # 2 was air-dried
onto the paper discs for one week (described in Fig. 2.9). Whatman® Grade 3, CF5
and GF/DVA papers were used to evaluate the different effects on the performance of
the paper-based DNA extraction based on the Magazorb Kit (Fig. 2.8) when 100 pL of
lysis buffers were air-dried onto the paper discs for one week. The paper-based DNA
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extraction methods when using lysis buffers air-dried onto paper discs were evaluated
against a beads-based purification method (MagaZorb® DNA Mini-Prep Kit). Ct val-
ues (cycle number) were used for comparative analysis and the statistical analysis was
carried out as shown in Section 2.9.

The paper-based DNA extractions were carried out in duplicate and Figures 3.27-3.29
provide the results. Three technical replicates are given for each biological sample
(n = 2), and the Ct values at which each assay amplified are represented as data
points. Different samples are provided on the x-axis. PC was obtained through a
beads-based purification method and its DNA concentration was 19 ng/pL. NTCs are
not shown but they represent the no template controls containing NFW.

It was observed that after one week, extraction buffer # 2 from Zou et al. was com-
pletely dried onto two 5-mm paper discs, whereas the lysis buffer taken from the
MagaZorb® Kit did not dry completely. The paper discs were taken with tweezers
out of the wells even when the lysis buffer was not completely dried, and they were
used in the DNA extraction as described in Section 2.14.3. The variation in drying
time between the two lysis buffers likely results from differences in the composition
and hygroscopic properties of their reagents. Additionally, altering the environmental
temperature and humidity conditions significantly impacts reagent drying times.

Fig. 3.27 shows that using the air-dried lysis buffer onto paper discs gives comparable
performance results than using liquid lysis buffers (when using the same type of paper).
This demonstrates that air-dried lysis buffer on paper can be effectively used in the
developed paper-based DNA extraction method to further reduce handling steps. No
paper pretreatment is required. A significant difference in Ct values, for p-value<0.05,
was found when the normal procedure that uses all liquid reagents and Grade 1 paper
is compared to using the dried lysis buffer onto Grade 3 paper, with the latter hav-
ing better performance. The PC amplifies at 16.5 cycles, about 7 cycles before the
paper-based DNA extraction methods. This delay in amplification highlights a loss in
sensitivity when using the developed paper-based DNA extraction method with respect
to the magnetic beads-based method. This result is consistent with the results shown
in previous sections.

In order to reduce the amount of liquids handled during the paper-based DNA extrac-
tion, the possibility of eliminating the addition of 100 pL. of NF'W to obtained 1X lysis
buffer was investigated. For this experiment, 100 pL of 2X extraction buffer # 2 by

Zou et al. were air-dried onto two 5-mm discs of Whatman® Grade 3 for one week.
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Figure 3.27: Cycle threshold (Ct) values of the 7-steps method with elution performed
with air-dried lysis buffer. The 7-steps paper-based DNA extraction method with elution was
performed using either two 5-mm discs of Whatman® Grade 1 or Grade 3 as described in Fig. 2.7
(LB liquid). The data points represent the Ct value of each assay (technical replicate) for n = 2. The
Ct values of these extractions were compared with the paper-based DNA extraction method described
in Fig. 2.9, where 100 uL of extraction buffer # 2 by Zou et al. [21] were air-dried onto two 5-mm
Grade 1 or Grade 3 discs before being used for extraction and 100 pL. of NFW were added to obtain
1X the lysis buffer cocentration (2XLB air-dried).

Fig. 3.28 shows that it is possible to avoid the dilution of the 2X lysis buffer, and thus
perform the extraction as described in Fig. 2.9. In fact, Ct values obtained when the
air-dried 2X lysis buffer is not further diluted in 100 pL (‘2XLB air-dried- non resus-
pended’) are not significantly different (p-value>0.05) from the Ct values obtained by
using all liquid reagents (‘LB liquid’).

The 7-steps DNA extraction method when 100 pL of 2X extraction buffer # 2 were air-
dried onto two 5-mm paper discs (Fig. 2.9) was performed using Whatman® Grade 3
and CF5 filter papers (n = 2) and the differences in performance are provided in
Fig. 3.29A. CF5 was chosen as second paper to test because its thickness is about
three times the thickness of Grade 3 and its performance are similar to the ones of
Grade 3 (see Section 3.1.7). The greater thickness allows two 5-mm paper discs of CF5
to imbibe almost completely the 100 pL of lysis buffer, leaving less liquid not absorbed
compared to Grade 3. Moreover, the possibility of using the lysis buffer provided in the
Magazorb kit air-dried for one week was evaluated onto two 5-mm discs Whatman®
Grade 3, CF5 and GF/DVA papers, without further dilution and following the Maga-

zorb extraction method. The results for the latter are given in Fig. 3.29B. On the one
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Figure 3.28: Cycle threshold (Ct) values of the 7-steps method with elution performed
with air-dried lysis buffer when the dilution step is not perfomed. Experiments were carried
out as described in Fig. 2.9, without the addition of NFW in step (2) for n = 2 (‘2XLB air-dried- non
resuspended’). This was compared with the 7-steps paper-based method described in Fig. 2.7 (‘LB
liquid’). No statistically significant difference was observed for p<0.05.

hand, Grade 3 paper performs better than CF5 (p-value<0.05), as seen in Fig. 3.29A.
This behaviour might be due to the fact that more components of the lysis buffer are
deeply absorbed into the paper discs of CF5 during the drying and not properly re-
leased when the sample is deposited onto the discs. On the other hand, Fig. 3.29B
shows that it is feasible to use the air-dried lysis buffer provided in the Magazorb kit
when performing the paper-based DNA extraction method based on the kit, but no
significant differences can be observed when using different types of paper to carry out
the extraction (p-value>0.05).

Whatman® Grade 3 paper is the best performing paper to be used in the paper-based
DNA extraction methods when the lysis buffer is air-dried onto the paper-discs. This

is in line with what was discussed in Section 3.1.7.
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Figure 3.29: Cycle threshold (Ct) values of the two paper-based DNA extraction methods
developed performed with lysis buffer air-dried on the paper substrates. The two paper-
based DNA extraction methods used are the one based on the 7-steps method (A), described in Fig. 2.9,
and the one based on the Magazorb Kit (B), described in Fig. 2.8. Different types of papers have
been tested for each method. Lysis buffers were air-dried on two 5-mm discs of each type of paper.
The paper-based DNA extractions were carried out in duplicate (n = 2). The data points represent
the Ct values at which each assay amplified (three technical replicates for each biological sample are
given on the same column). A. Ct values of the 7-steps method using CF5 and Grade 3 paper.
DNA extraction using Grade 3 paper performs significantly better than using CF5 (p-value<0.05).
B. Magazorb Kit-based method using CF5, Grade 3 and GF/DVA paper. No statistically significant
difference is observed for p<0.05 when DNA extraction is performed with the different types of paper.

3.1.10 Chitosan-Functionalised Paper

Whatman® Grade 1 and Fusion 5 were treated with chitosan (see Section 2.14.4)
and 3-mm or 5-mm discs were used in the extraction of DNA from E. coli bacterial
culture. The first goal was to understand if chitosan-functionalised Grade 1 paper led
to amplification as with untreated paper discs. The second step was to evaluate the use
of chitosan-functionalised Fusion 5 discs and assess if it was enhancing the extraction
performances compared to untreated Grade 3 paper, as previously demonstrated in
the literature [82,86]. When using chitosan-functionalised paper, an acidic lysis buffer
(pH<6.3) was needed to make sure that chitosan was positively charged when in contact
with DNA. The acidic lysis buffer described in Section 2.2 was used as it was also
demonstrated in Section 3.1.6.4 that there is no significant difference than using its
alkaline counterpart containing Tris-HCI (pH 8).

The first results obtained from the extraction procedure using low molecular weight
chitosan-functionalised Grade 1 paper that had been washed or not washed are shown in
Fig. 3.30. Chitosan-functionalised paper can be used to detect target DNA (‘Chitosan
Washed’ and ‘Chitosan Non-washed’). A delay in amplification of ~8 min compared

to non-treated Grade 1 paper (‘Untreated’ in Fig. 3.30) was observed.
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Figure 3.30: Amplification plot and time-to-positive values (TTPs) of paper-based extrac-
tion procedure performed using chitosan-functionalised Whatman® Grade 1 paper discs.
Three 3-mm discs were used for each biological sample (n = 1). Results are shown for the extraction
performed using untreated paper discs (Untreated), chitosan-functionalised paper discs with washing
(Chit Washed), and chitosan-functionalised paper discs without washing (Chit Non-washed). LAMP
was perfomed with primers Concentration 1 (Table 3.1). A. Amplification plot. The curves belong to
each LAMP assay. NTCs = no template controls containing different chitosan-functionalised paper
discs. B. TTPs. The dots represent the time (in minutes) at which each assay (technical replicate)
amplified. The x-axis includes the different samples, i.e., Untreated, Chit Washed, Chit Non-washed.
PC = positive control whose DNA concentration is approx. 20 ng/nL.

Given n = 1, it is not possible to draw any valuable conclusion from Fig. 3.30. How-
ever, it can be observed that chitosan-functionalised Grade 1 paper without washing
(‘Chit Non-washed’) leads to a very delayed and not clear amplification of the DNA
target (see Amplification plot in Fig. 3.30A). For instance, in a successive experiment
it was observed that a concentration as low as 0.04% (w/v) chitosan inhibits the final
LAMP reaction. This result allowed to speculate about the necessity of the washing
step during the chitosan-functionalisation process of paper. In fact, the washing allows
to remove the excess chitosan that the paper does not adsorb after incubation and that
could be successively dispersed in the reaction mixture thus inhibiting it.

To better understand the nature of DNA binding to chitosan-functionalised paper, al-
ready purified DNA (-1 ng/pl) was employed. Fusion 5 paper was pretreated with
medium molecular weight chitosan as indicated in Section 2.14.4 and its performance
was compared with untreated Grade 3 paper. High molecular weight chitosan has
proven to form more stable complexes with DNA than lower molecular chitosan [88],
so a lower Ct value was expected when performing the DNA procedure using function-
alised paper with medium molecular weight chitosan. Chitosan-functionalised paper
does not bring a clear improvement in performance of the 7-steps paper-based DNA
extraction method (Fig. 3.31), in contrast with what was assessed in [82,86]. It is clear

that two technical replicates of the ‘Fusion 5" sample amplify very late, distorting the
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one-way ANOVA analysis.
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Figure 3.31: Time-to-positive values (TTPs) of paper-based extraction procedure per-
formed using chitosan-functionalised Fusion 5 paper disc compared to untreated
Whatman® Grade 1. Time-to-positive values are given for paper-based DNA extraction performed
using a 5-mm disc of chitosan-functionalised Fusion 5 paper or a 5-mm disc of untreated Grade 1 pa-
per. The experiment was carried out in biological duplicate (n = 2). The data points represent the
time (in minutes) at which each assay (technical replicate) amplified. The x-axis includes the different
samples, i.e., DNA extraction performed under the same conditions. PC is the positive control and it
consisted of already purified DNA, extracted a second time using the magnetic beads-based method
(gold-standard). NTCs are not shown but they represents the no template controls containing 1 nL
of NFW.

To improve DNA extraction using chitosan-functionalised Fusion 5 paper discs, the
concentration of chitosan in the paper pretreatment could be reduced from 1% to
0.05% (w/v) following what was done by Gan et al. [82] and Bengston [86]. A lower
concentration of chitosan during the paper pretreatment phase might help to avoid
the release of excess chitosan from the paper, thus avoiding possible LAMP reaction
inhibition. The choice of making 1% (w/v) chitosan solutions derived from a careful
consultation of different papers and beads functionalization methods for DNA captur-
ing [82,86,87,89,162].

Pretreating paper with chitosan adds an extra level of difficulty in preparing the com-
ponents that would be integrated in a potentially enclosed device. Additionally, given
the difficulties in proving that Fusion 5 pretreated with chitosan brings a real per-
formance enhancement of the paper-based extraction procedure, the use of chitosan-

functionalised paper was not investigated further.

3.2 Discussions

A fast method for nucleic acid extraction from large samples at room temperature that

relies on cellulose filter paper and that is instrument-free has been developed. This
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method creates the basis for a portable and equipment-free LAMP POC diagnostic
device that integrates sample pretreatment with limited user intervention and that it

is suitable for applications in resource-limited settings.

Nucleic acid sample pretreatment is the first essential step to perform isothermal nuclei
acid amplification tests (NAATS) that have the potential to bring accurate lab-based
methodologies to in-field setting. The reduction of the number of handling steps in
the sample pretreatment opens the route towards a pipetting-free sample-in-result-out
diagnostic device that integrates all the NAATS steps. The method developed in this
study reduces (1) the number of handling steps from 15 of the gold-standard beads-
based method (Promega) to 7 steps, and (2) the number of liquids involved, and (3) it
eliminates the need for external heating. The lowest concentration of E. coli bacteria
that the method can detect from a 100 pL sample using Whatman® Grade 1 paper is
10° CFU/mL. This result is in line with the analytical sensitivity of the LAMP assay
developed in tubes.

The performance of our simplified DNA extraction method was investigated using pa-
pers with different pore sizes, capillary flow time and surface characteristics. Among
the filter papers, cotton linters and glass fibers used, Whatman® Grade 3 was consid-
ered the best to trap and successively release DNA. To further improve the potential
integration of our paper-based method into a LAMP POC device, efforts have focused
in store-drying the lysis buffer directly on the paper discs. Extraction buffer # 2 from
Zou et al. was successfully air-dried onto Whatman® Grade 3 paper and effectively
used for paper-based extraction, thus opening the route for our method to be imple-
mented in remote areas and outside laboratory settings.

A second paper-based DNA extraction procedure was briefly studied to introduce pro-
teinase K (PK) during the lysis step, and maximise the lysis efficiency of the targeted
pathogen. This method is based on the manufacturer’s instructions provided in
MagaZorb® DNA Mini-Prep Kit (Promega), and the magnetic beads were simply sub-
stituted with paper discs. The high amount of handling steps of this method is not
suitable for an easy integration into an enclosed device where all reagents can be stored
‘on-board’ and with no user-intervention. However, it can be considered as an alterna-
tive to magnetic beads-based extraction methods.

A nucleic acid (NA) extraction from blood and human cell lines using untreated

cellulose-based paper was introduced by Zou et al. [21]. The authors used a ratio
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of four volumes of extraction buffer to one volume of sample and rinsed the paper disc
with a wash buffer for 1 minute. The lysis step was done in a tube before adding
the paper to the solution, and the paper disc captured DNA in a few seconds. We
demonstrated that our cellulose-based paper performed comparably to the commer-
cially available paramagnetic beads-based NA extraction method (MagaZorb® DNA
Mini-Prep Kit, Promega) using a lower lysis volume than in Zou et al. [21], and a 1-
minute washing with nuclease-free water. Unlike what was discussed in Section 3.1.8,
Zou et al. were able to include PK in the lysis of cell lines, without affecting the PCR
reaction [21]. Their results indicate that rinsing paper for 1 minute is sufficient to
remove any potential PCR inhibitors. It was not clear how they achieved these re-
sults without thermally deactivating PK, which was a necessary step when using their
extraction buffer # 2. Zou et al. [21] extended their work to use different kinds of
papers [157]. Interestingly, the authors chemically modified Whatman® Grade 1 with
spermine, polyvinylyrilodone (PVP 40) and cationic polymers to investigate possible
improvements in trapping and releasing abilities of paper. They pretreated paper with
1.25% (w/v) chitosan solutions as an effective cation polymer for trapping and releas-
ing DNA, however, treated paper did not lead to any amplification in PCR. The use
of chitosan-functionalised paper was explored in our study to understand whether it
enhanced the sensitivity of the paper-based extraction procedure (Section 3.1.10) by
capturing more DNA than normal paper and accelerating the reaction. However, the
results did not match our expectations, i.e., untreated paper showed an earlier am-
plification of the DNA target than chitosan-functionalised paper. Moreover, chitosan
pretreatment of Fusion 5 did not improve the NA extraction method performance, on
the contrary of what Gan et al. [82] and Bengston et al. [83,86] reported. For future
work, we suggest using a lower concentration of chitosan solution such as 0.05% (w/v)
instead of 1% (w/v), as recommended by [82]. A lower concentration of chitosan might
reduce the amount of chitosan that is not properly adsorbed by the paper, thus facil-
itating washing it away during the sample pretreatment. It could also enable faster
time-to-positive since chitosan concentration is inversely correlated with amplification
efficiency due to the adsorption of enzymes [82]. Furthermore, we advise paying more
attention to the pH of the washing buffer. Lastly, the addition of an elution step before
amplification with a pH higher than 8.5 might be implemented to guarantee the total
release of DNA from the chitosan-functionalised paper. Since chitosan pretreatment

of paper adds complexity to the preparation of the components for a potential POC
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device, this approach was not pursue further.

A more recent work that performs NA extraction on Whatman® Grade 3 was con-
ducted by Malpartida-Cardenas et al. [163]. Their NA extraction consists in pretreat-
ing paper with a surfactant as lysis buffer, spotting the sample, incubating the sample
and paper overnight, washing the paper for one minute in PBS buffer and eluting the
paper discs for 5 minutes at room temperature (or transferring the discs in LAMP
reagents). The method was proven for blood samples and only preliminary work is
presented for bacterial pathogens. In comparison, the paper-based method with lysis
buffer dried on paper, which was developed in this work, is very similar, but does not
require sample incubation overnight. Both methods are successful in extracting DNA
rapidly, easily and without equipment.

Zou et al. [21], Malpartida-Cardenas et al. [163] and our study highlight the increased
interest in developing cheap and fast paper-based NA extraction methods that could
be easily integrated into POC diagnostic devices. A pilot study to evaluate a novel
POC device for the detection of SARS-CoV-2 that incorporates a simple paper-based
purification method similar to Zou et al. [21], called SnapDx and developed by Prakash
lab at Standford University Bioengineering, further illustrates this trend [164]. Further
work assessing the feasibility of our paper-based DNA extraction method is described
in this thesis in Section 5.1.3.

It is hypothesized that the proposed method for DNA extraction from FE. coli using
Grade 3 paper could be applicable to other types of bacteria, both gram negative and
gram positive. Moreover, based on the findings of Malpartida-Cardenas et al. [163], we

anticipate that our methods could also work with blood spot samples.

The paper-based DNA extraction method introduced in this chapter has several ad-
vantages over the conventional paramagnetic beads-based kits, such as lower reagent
volumes, fewer reagent types and simpler handling steps. However, to make our method
suitable for a disposable POC diagnostic device that can be used in rural areas, we need
to improve not only the limit of detection, but also the safety of the reagents involved.
For instance, many commercial lysis buffers, including the one from Promega, contain
guanidine HCI (GuHC]l) and surfactants, such as sodium dodecyl sulfate (SDS). These
chemicals are harmful to aquatic life and humans, and can release toxic and corrosive
gases, such as hydrogen chloride and nitrogen oxides, when incinerated [165,166]. Since

incineration is the main way of disposing hospital waste in developing countries [167],
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alternative chemicals must be investigated.

In this chapter, a paper-based sample extraction method was introduced to address
challenges faced by current paper-based POC devices, such as the number of manual
steps required and the ability to function in in-field settings without external equip-
ment. The developed method consists of six steps and can be completed in less than
ten minutes. Notably, the method reduces the number of reagents compared to stan-
dard magnetic beads-based methods, and it allows for the storage of lysis buffer in a
dried form on paper discs, simplifying the handling of liquid reagents. This sample
pretreatment approach lays the groundwork for seamless integration into a fully en-
closed sample-in-answer-out POC diagnostic device, which will be discussed further
in Chapter 5. However, before implementing the sample pretreatment in an enclosed
device, the challenge of pre-loading and storing LAMP reagents within the device was
addressed (as explored in Chapter 4). The study aimed at extending the shelf-life of
LAMP reagents in the absence of a cold chain and enhance access to paper-based POC

NAATS in low-resource settings.
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3.3 Contribution to Knowledge

In this chapter we discussed how to decrease the number of handling steps in the sam-
ple pretreatment for molecular testing by avoiding the use of external equipment, such
as heating, and by using low-cost paper discs. A paper-based DNA extraction method
was investigated with the vision of easily incorporating it in a fully enclosed sample-

in-answer-out point-of-care diagnostic device.

We demonstrated that sample pretreatment of a relatively large volume (100 pL) of E.
coli K12 sample can be easily performed in 6 steps and less than 10 minutes. The paper
pretreatment requires sterilisation via UV light on both sides and drying of lysis buffer
onto the paper at room temperature. The DNA extraction steps consist of adding the
sample and incubating it for 6 minutes, washing the paper with nuclease-free water and
transferring the discs directly into the LAMP reaction or eluting them for 10 minutes
at room temperature. Compared to traditional paramagnetic beads-based kits, our
paper-based DNA extraction method offers the benefit of reduced reagent volumes,
fewer reagents, easier handling steps and rapidity.

Given the success in extracting DNA from E. coli K12 our method might be generalised
to other bacterial species, both gram negative and gram positive. Based on the results
by Zou et al. [21] and Malpartida-Cardenas et al. [163], we expect our method to be
also compatible with blood spot samples.

Therefore, our DNA extraction method represents a valuable option to be integrated

in POC devices.
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Easy-on-board-storage of Molecular
Reagents for the Long-Term and at

Room Temperature Using Pullulan

The goal of this study is to investigate the effects of reagents stored in a mixture
of pullulan and trehalose on the limit of detection of a LAMP assay targeting either
E. coli (malB gene) or Plasmodium species. Pullulan and trehalose have been used
as long-term preservatives for isothermal nucleic acid amplification reactions [26] and
they can enable deployment of point-of-care (POC) diagnostic tests in low-resource
settings. In fact, the limited shelf-life of molecular reagents at ambient temperature
still represents one of the major barriers for the effective use of POC diagnostic devices
when refrigeration is not available, as is the case in most low-resource settings. LAMP
reagents stored dry in pullulan-trehalose tablets have also been shipped to underserved
communities and used on-site to study their stability.

In the following sections the results of experiments conducted to optimize the dry-
storage of molecular reagents in pullulan and trehalose tablets are provided. The
effects of 10% (w/v) pullulan tablets on the storage of primer mix and master mix
was separately evaluated over about 60 days (Section 4.1.1) for the detection of E. coli
malB gene. After, the use of the isothermal master mix from New England Biolabs
(NEB) was studied and the concentrations of its components optimised to obtain a
sensitive LAMP assay with short amplification times (Section 4.1.2). The master mix
from NEB was used to study molecular reagents storage in a combination of pullulan

and trehalose mixtures (Sections 4.1.3, 4.1.4). The optimised concentration of pullulan-
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trehalose tablets was then used to detect Plasmodium species and ship the stored dry
reagents to the field, test them at the point-of-need, and analyse them back in the UK
laboratory (Sections 4.1.5, 4.1.8).

4.1 Results

Different LAMP reagents were formulated into tablets and combined with the other
liquid components of the LAMP reaction. The preservation of reagents over time was
evaluated and the impact on the limit-of-detection (LOD) of the assay at low target
DNA concentrations was assessed.

The final LAMP reaction mix (25 pL total) contained 5 pl of primer mix, 15 pL of
isothermal master mix and 5 pL of sample (as described in Section 2.15.1). As samples,
synthetic E. coli malB gene DNA template, the WHO International Standard for P.
falciparum DNA and Jurkat Genomic DNA were used (details in Section 2.4). DNA
was also extracted from F. coli bacterial culture using the gold standard magnetic-
beads based method. The primer concentrations used in the liquid LAMP reactions

are given in Table 2.5.

4.1.1 Molecular Reagents Stored in 10% (w/v) Pullulan So-

lutions

The stability of LAMP primer mix and the master mix ISO004-LYO (Optigene Ltd.)
for the detection of E. coli malB gene was investigated using 10% (w/v) pullulan
tablets. The two reagent mixes were stored and tested separately, and their activity
was investigated after storage for up to six weeks. The performance of the tablets was
assessed by determining the time-to-positive values (TTPs) of the real-time LAMP, as
explained in Section 2.15.1.1.

The master mix ISO-004-LYO stored in 10% (w/t) pullulan tablets fails to amplify the
lowest DNA concentrations (107¢ and 10~7 ng/uL) after two weeks of storage, while

the freeze-dried master mix can detect 10~7 ng/uL for up to five weeks of storage

(Fig. 4.1).
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Figure 4.1: Master mix ISO004-LYO stored in 10% (w/t) pullulan tablets at 35 °C over
time. Each assay was run in duplicate (n = 2) and tested over 44 days of storage. A. LAMP
amplification plot of tablet-based assays containing master mix ISO004-LYO, stored dry at 35 °C
(PUL-MM @35 °C). The synthetic DNA has a concentration of 10~ ng/pL (2.3x10° copies/reaction).
Curves for only one repeat are shown. B. LAMP amplification plot of assays using freeze dried master
mix ISO004-LYO at 35 °C (Freeze dried MM) until use. The synthetic DNA concentration of the assay
is 1077 ng/pL (2.3x10 copies/reaction). Curves for only one replicate are given. C. Comparison of
time-to-positive values (TTPs) over time (days) between LAMP master mix ISO004-LYO stored
in pullulan tablets at 35 °C (PUL-MM @35 °C); master mix ISO004-LYO freeze dried following
manufacturer instructions and stored at 35 °C (Freeze dried MM); and master mix ISO004 stored
at -20 °C (MM @-20 °C) until use. Three different concentrations of E. coli malB gene synthetic
DNA were tested: 1074, 1075, 10~7 ng/nL. AFluorescence is the fluorescence value at each minute
subtracted by the mean value of the first five fluorescent values of each assay.

The pullulan-stored master mix has a reduced stability and limit of detection (LOD)
compared to the freeze-dried master mix. Moreover, the reagents stored in pullulan
exhibit higher and more variable TTP values in the first two weeks, indicating slower
reactions that may affect the feasibility of in-field applications. The decreased reac-
tivity of the pullulan-stored master mix could be due to loss of reagent during tablet
preparation. In fact, the increased viscosity of the initial solution could have led to
reagent loss during the pipetting process for making the tablets [119]. Another possible
explanation could be the degradation of the fluorophore (reporter dye) during long-term
pullulan storage. Even if pullulan tablets have a significant decrease in LOD, they still
represent a useful option for dry and solid storage of master mix. In fact, high sensi-
tivity may not be a crucial factor in some contexts, where the convenience of shipping
devices and preventing unwanted mixing of reagents during transport through store
dry is more important.

The primer mix, on the other hand, shows no loss of activity after six weeks of stor-
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age at 35 °C in 10% (w/t) pullulan tablets (Fig. 4.2). The lowest concentration of
107" ng/pL is detected, as shown by the TTP values in Fig. 4.2B. LAMP primers can

be safely stored in pullulan tablets for at least six weeks.
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Figure 4.2: Primer mix stored in 10% (w/t) pullulan tablets at 35 °C over time (days).
Each assay was run in duplicate (n = 2) and tested over 54 days. A. LAMP amplification plot of
tablet-based assays containing primer mix stored at 35 °C (PUL-Primers @35 °C). The synthetic DNA
has a concentration of 10~7 ng/pL (2.3x103 copies/reaction). Curves are shown for only one repeat.
AFluorescence is the fluorescence value at each minute subtracted by the mean value of the first five
fluorescent values of each assay. B. Comparison of time-to-positive values (TTPs) over time between
LAMP primer mix stored in tablets at 35 °C (PUL-Primers @ °C) and stored at -20 °C (Primers
@-20 °C) until use. Three different concentrations of E. coli malB gene synthetic DNA were tested:
104, 1075, 10~7 ng/pL.

4.1.2 Optimization of LAMP Master Mix Concentrations (New
England Biolabs)

As discussed in Section 4.1.1, the long-term storage of reagents requires full control
on the LAMP assay components. This is essential to optimise the performance and
stability of the assay. Many commercially available LAMP reagents are pre-mixed and
their contents and concentrations are proprietary information. The LAMP reagents
provided by NEB (WarmStart® Bst 2.0 DNA polymerase, Deoxynucleotides, LAMP
Fluorescent Dye) are available as separate reagents to allow for individual reagent
optimisation.

In this section, the effect of different reagent concentrations on the performance of the

LAMP assays was investigated. The LAMP assay conditions that resulted in a lower
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time-to-positive was considered as optimal.

Firstly, the performance of the NEB LAMP assay was compared with pre-mixed ISO-
004 master mix (Optigene Ltd.). The initial composition of NEB master mix used
(15 uL) was as suggested by the manufacturer: 1X Isothermal Amplification Buffer,
additional 2 mM MgSOy, 0.32 U/pL Bst 2.0 WarmStart® DNA Polymerase, 1.4 mM
Deoxynucleotide (ANTPs) Solution Mix and 1X LAMP Fluorescent Dye. Each reaction
contained 5 pL of primer mix, and 15 pL of isothermal master mix. 5 nL of E. coli
synthetic DNA sample was added to each assay and amplification was carried out
at 66 °C for 60 minutes. The TTPs were calculated as explained in Section 2.7 and
compared. The LAMP amplification plot and the TTPs (Fig. 4.3) show that the
amplification of the NEB master mix using the manufacturer’s recommended conditions

is slower than the one of Optigene.
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Figure 4.3: Performance of LAMP assay carried out using the master mix provided by New
England Biolabs (NEB) or by Optigene Ltd. (ISO-004). The assays were run in duplicate
(n = 2) and the E. coli synthetic DNA concentrations used were 10~* ng/pL and 10~7 ng/uL. In the
no template controls (NTCs), 5 pL of NFW was added as the template. The lowest concentration
tried is 1077 ng/pL, because it is the limit-of-detection of the LAMP assay when using ISO-004
(Section 3.1.2). The LAMP assay performed using NEB master mix and ISO-004 are indicated as
‘NEB’, and ‘Optigene’, respectively. A. Amplification plot. B. Time-to-positive (TTP) values derived
from the amplification curves.

Therefore, increasing concentrations of MgSOy (final reaction concentrations of 4 mM,
6 mM and 8 mM) were tried and the TTP values compared in Fig. 4.4A. 6 mM MgSO,
resulted in the fastest amplification times (12.50 £ 0.20 min). Moreover, half the con-
centration of dye recommended by the NEB protocol (0.5X) led to similar amplification
to 1X LAMP Fluorescent Dye in the final LAMP assay, suggesting that 1X dye is unnec-
essary. Therefore, subsequent experiments were performed with a final concentration of
6 mM MgSO, (2 mM MgSO, are already included in the 1X Isothermal Amplification
Buffer) and 0.5X LAMP Fluorescent Dye in the 25 pL. LAMP reaction. Betaine is often

added to isothermal NA amplification tests as it can lower the melting temperature of
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GC-rich DNA sequences [25,168]. However, Ma et al. [169] demonstrated that betaine
can be detrimental for LAMP reaction efficiency, and our results are in line with their
findings: the addition of 800 mM betaine (N,N,N-trimethylglcy-cine) (Thermo Fisher
Scientific Inc.) [95] to the LAMP mixture does not bring any advantage in terms of
amplification performance (Fig. 4.4B). Moreover, NEB LAMP master mix (‘NEB w/o
Betaine’) has shorter TTP values than the master mix from Optigene Ltd. (about
6 minutes), indicating that 6 mM MgSO, has a great effect on the performance of the
NEB LAMP master mix compared to Optigene Ltd.. When betaine was added to the
LAMP assay, 5 pL of already purified DNA (20 ng/pL, Section 2.1) was added to the
LAMP mix.

A 35 - B 20 -
: i
‘=30 E '§‘18 ] &
E £17
225 1 @ 216
= ] ‘@ 15
g ] g
}'3 20 A ) 14 +
7 ] d 13 |
g gn
= 15 4 8 =12 A
] o 11 - .
10 - . . . . . 10 . . :
4mM 6 mM 8mM 4 mM/0.5X NEB with NEB w/o Optigene
dye Betaine Betaine

Figure 4.4: Optimisation of MgSO, and betaine concentration in LAMP master mix (New
England Biolabs). Time-to-positive values (TTPs) were used for comparative analysis. TTPs were
derived from the amplification curves as described in Section 2.7. The dots represent the TTPs for
each LAMP reaction. The horizontal bars represent the mean value of TTPs of LAMP reactions
run under the same conditions. The optimisation factor was tested in technical triplicate (n = 3).
A. TTP values of LAMP assays performed with NEB master mixes containing different MgSO, final
concentrations, i.e., 4 mM, 6 mM, or 8 mM. The MgSO, concentrations are given in the x-axis. The
assay ‘4 mM/0.5X dye’ has a 4 mM MgSOy4 and 0.5X LAMP Fluorescent Dye concentration in the
final 25 nL. LAMP reaction. The E. coli synthetic DNA concentration used was 10~% ng/nL. B. TTP
values of LAMP assays performed with NEB master mix with the addition of betaine (NEB with
Betaine) or without the addition of betaine (NEB w/o Betaine), and with the master mix purchase
from Optigene Ltd. (Optigene). ‘NEB with Betaine’ LAMP reaction has 800 mM betaine, in addition
to the components listed in Table 2.2. The E. coli genomic (‘already purified’) DNA concentration
used was 20 ng/pL.

The analytical sensitivity of the optimised NEB LAMP assay was carried out using
10-fold dilutions of E. coli malB synthetic DNA ranging from 2.27x107 to 227 copies
(Figures 4.5). The conversion from ng/pL to copy number for these experiments is
given in Table 4.1. The associated standard curve is shown in Fig. 4.5. The limit of
detection (LOD) using synthetic DNA in LAMP is 2,270 copies, that corresponds to
about 1,820 copies previously shown when using the master mix from Optigene Ltd.

(Section 3.1.2). However, the detection of 2,270 copies present a late amplification and
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high variability. This causes the linear correlation to be extremely poor R? = 0.70
(Fig. 4.5A). If the lowest concentration that the assay can detect is not included in
generating the standard curve, then the correlation goes up to 99% (Fig. 4.5B). The

same LOD was observed when running the assay with labelled primers and on lateral

flow strips (LFSs).
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Figure 4.5: Analytical sensitivity and standard curves of the optimised LAMP assay with
New England Biolabs reagents (NEB). Time-to-positive (TTP) were derived from the amplifi-
cation curves as described in Section 2.7. The dots represent the mean value of TTPs for each F. coli
malB gene synthetic DNA concentration. 5 pL of DNA template whose concentration was measured in
ng/uL was added to the final 25 pL. LAMP reaction. The template concentration was then converted
in copies/reaction as described in Table 4.1. Each DNA concentration was run in triplicate (n = 3).
TTP data is presented as mean TTP + standard deviation. A. Standard curve. B. Standard curve
excluding the sample whose concentration is 10~7 ng/pL (limit-of-detection).

Table 4.1: Conversion table for 204 bp long E. coli malB gene synthetic DNA from ng/pL
to copy number per reaction in LAMP. 5 pL of template whose concentration was measured in

ng/uL was added to the final 25 pL LAMP reaction. The conversion was obtained as explained in
Section 2.10.

Concentration in ng/pL | Concentration in copies/reaction
1E-03 2.27TE+07
1E-04 2.27E+06
1E-05 2.27E405
1E-06 2.27TE+04
1E-07 2.27E403
1E-08 2.27TE+02

4.1.3 Molecular Reagents Stored in 10% (w/v) Pullulan and
0.5 M Trehalose

The ‘two-pill method” proposed by Leung et al. [26] was used to stabilize LAMP
reagents with pullulan and trehalose. This method was based on the idea that dried-

reagents could be affected by the salts present in them [25,26]. Trehalose was an
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essential ingredient for the tablet formulation when the master mix components from
NEB were used. This was because a combination of trehalose (a small disaccharide)
and pullulan (a large polysaccharide) provide better long-term stability by having both
a dense molecular arrangement of the disaccharide and a high physical resilience of the
polysaccharide [170]. Two separate tablets were created: one (Tablet 1) containing
primer mix, WarmStart® Bst 2.0 and dNTPs, and the second (Tablet 2) contain-
ing the Isothermal Amplification Buffer and MgSQO,, as explained in Section 2.15.1.2.
Upon use the tablets were resuspended as described in the Section 2.15.1.2 and then
the LAMP products were either visualised in real-time or added onto LFSs as explained
below.

Whenever Tablet 1 and 2 were created as described in Section 2.11 but without the
addition of trehalose, and stored at 35 °C overnight, LAMP amplification was not ob-
served. This suggests that the presence of an additional additive to pullulan is essential
for the storage of such reagents. The only LAMP component that can be successfully
stored in pullulan tablets without additional trehalose is the primers (as discussed in
Section 4.1.1). Trehalose was chosen as an additive because of its stabilising properties
of biomolecules during lyophilisation [116,170]. E. coli malB gene was used as DNA

target sequence.

4.1.3.1 Optimal Concentration of Labelled Primers for Long-Term Storage

Until this point unlabelled primers were stored dry in pullulan tablets and amplifica-
tion was measured by fluorescence of a double-stranded DNA intercalating dye using a
gold-standard bench-top thermocycler. This method is unsuitable for use in resource
limited settings, so the use of primers labelled with molecules that allow for visuali-
sation of amplification results on LFSs was investigated. To do this it was necessary
to understand which primers to label on their 5-end with fluorescein isothiocyanate
(FITC) and biotin for LEFS detection (Section 2.11). The FITC and biotin moieties
were incorporated on the 5-end of all primers, and three different labeled combinations
were considered: LF-biotin and LB-FITC, LF-biotin and FIP-FITC, and LB-FITC and
BIP-biotin. The reasoning behind choosing these combinations is as follows. In gen-
eral, the outer primers (F3/B3) are not suitable for labelling as their role in the LAMP
reaction is to enable DNA strands displacement and, theoretically, they will not be

abundant in the final amplified products. Therefore, loop primers (LF/LB) and in-
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ternal primers (FIP/BIP) represent a better choice for labelling with fluorescent or
biotinylated tags. The far ends of the amplicons should correspond to the ends of the
FIP and BIP primers. However, for labelling, the loop primers are preferable over the
internal primers for two reasons. First, the synthesis yield of labelled FIP/BIP primers
would be lower than that of labelled loop primers, due to their length and the direction
of synthesis. This would increase synthesis costs. Second, labelled FIP/BIP primers
would have a higher chance of forming primer dimers due to their length, ~40-bp,
compared to LF/LB primers that are shorter (~20-bp). Therefore, it is usually rec-
ommended to label the loop primers first, then exploring combinations of a labelled
loop primer and a labelled internal primer, and finally labelling both internal primers
as a last option. In the second scenario, as shown in Fig. 4.6 (bottom step), the loop
primers bind to the single-stranded products that originate from the internal primers.

For example, in the early stages of amplification, Loop B binds to the product that
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Figure 4.6: Simplified schematic of loop-mediated isothermal amplification (LAMP). Six
primers are used to detect six to eight different regions of DNA target. A DNA polymerase that can
displace the original double-stranded DNA begins synthesis. Two of the primers form loop structures
that enable more rounds of amplification to occur. Image reproduced from Alhassan et al. [171] and
with permission of the rights holder, Elsevier (Appendix A.5).

comes from BIP primer. Similarly, Loop F binds to the product that comes from FIP
primer. This means that if FIP primer and LB were to be labelled, three fragments

need to join to form a double-labelled product, whereas if BIP primer and LB were
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labelled, only two fragments are needed.

The OligoAnalyzer™ Tool [172,173] was used to study the possibility of primer dimers
among the pairs of labelled primers. If the pair of labelled primers is prone to primer
dimer, there is a higher chance for false positive on the LFSs. The hetero-dimers func-
tion was used and the concentration values were selected from Tables 2.4, and 2.2. The
Gibbs free energy change (AG) indicates how likely a dimer is to form spontaneously,
and primers should have a AG higher than -9 kcal/mole, which means they are less
prone to hybridize to each other instead of the DNA template [172]. Fig. 4.7A shows
that the highest AG of dimer structures (-5.24 kcal/mole) occurs when LF-biotin and
FIP-FITC are tagged. Therefore LF-biotin and FIP-FITC are least likely to form
primer dimers and cause false positives. AG = -8.24 kcal /mole of LF-biotin and LB-
FITC implies a higher risk of false positive which was verified on LFSs (Fig. 4.7B). The
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Figure 4.7: Gibbs free energy change (AG) of labelled primers for the detection of E.coli
malB gene. A. AG for each pair of labelled primers considered, LF-LB, LF-FIP, and LB-BIP. Values
were obtained using the hetero-dimers function of OligoAnalyzer™ Tool [172,173]. For each pair of
primers possible dimerization is given with the associated AG and number of base pairs interacting.
B. LAMP amplification results visualised on lateral flow strip (LFSs), when the labelled primers in
the mix are the loop primers (LF-biotin and LB-FITC). C. LAMP results visualised on LFSs, when
the labelled primers in the mix are LF-biotin and FIP-FITC. D. LAMP results visualised on LFSs,
when the labelled primers in the mix are LB-FITC and BIP-biotin. In A, B and C, the concentration
of the sample use to run the LAMP reaction is 10~% ng/puL (PC: positive control). Nuclease-free water
(NFW) was added instead of sample in the negative controls (NTC). LFSs were run with 10 pL of
the amplification product and 30 pL of NFW (n = 2).

AG = -6.78 kcal/mole of LB-FITC and BIP-biotin is lower than the one of LF-biotin
and FIP-FITC, therefore the latter labelled primers combination was chosen for further

experiments. Fig. 4.7C, and D, show the absence of primer dimer on the lateral flow
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assays for the combinations LF-biotin and FIP-FITC, and LB-FITC and BIP-biotin
respectively. The lateral flow assays were performed with a final LAMP reaction mix
of 25 pL: 5 pL of primer mix, 15 uL of [ISO-004 master mix and 5 pL of sample.

The unsuitability of using labelled loop primers was further demonstrated by the pres-
ence of faint test lines on LFSs when only loop primers were included in the primer
mix (Fig. 4.8). In this experiment, the final LAMP reaction mix (25 pL) had 5 pL of
loop primer mix, 15 pL of ISO-004 master mix and 5 pl. of NFW. The mix was run on
lateral flow strips after 2 hours incubation at room temperature and after incubation at
66 °C for 60 minutes (mimicking amplification conditions). Decreasing concentrations
of primers were included in the primer mix to understand when test lines would not
show as positive anymore (as described in Table 4.2). Fig. 4.8 clearly show the high

interaction of loop primers that affect the readings on LFSs.

Table 4.2: Volumes to prepare 5 pL primer mix containing only labelled loop primers
(LF/LB) for detecting E. coli malB gene.

Final concentration of loop primers | 0.8 pM ‘ 0.4 pM ‘ 0.2 pM

Volumes (pL)
LF-Biotin (30 pM) 0.667 0.333 0.167
LB-FITC (30 pM) 0.667 0.333 0.167
Nuclease-free water 3.667 4.333 4.667
Final volume 5) ) )

No amplification Amplification

] . Running ; .
08 pM - 0.4 uM 0.2 uM buffer 0.8uM 0.4 uM 0.2 uM
j a2 g .
= 2 - &
| | |
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Figure 4.8: Lateral flow assay results obtained with a primer mix made of only loop
primers for the detection of E. coli malB gene. Only LF-biotin and LB-FITC were included in
the primer mix with different final LAMP reaction concentration (0.8 uM, 0.4 uM, 0.2 pM). All LAMP
assays did not contain any target DNA, and nuclease-free water was used instead. Some samples were
run on LFSs before amplification (No Amplification, n = 1), while other were incubated for 1 hour at
66 °C (Amplification, n = 2). LFSs were run with 10 uL of the amplification product and 30 uL of
nuclease-free water as running buffer.

The effects of biotin and FITC degradation on the detection of target DNA on LFSs
when labelled primers are stored dry in pullulan tablets were then studied. 10% (w/v)

146



Chapter 4

pullulan tablets including only the labelled primer mix were made. 5X primer mix for
the detection of E. coli malB gene was made as indicated in Table 2.5, and 10% (w/v)
pullulan was added to the solution. 7 nuL of the solution was used to make air-dried
tablets. 5X labelled primer mix stored in pullulan-trehalose tablets showed a 10X loss
in LOD after 10 days of storage at 35 °C with the assay being able to detect 107¢ ng/pL.
(Fig. 4.9A, upper panels). The LOD remained the same up to 60 days storage at 35 °C
(Fig. 4.9). Very faint test lines can be visualised in the NTCs of labelled primers stored
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Figure 4.9: 5X labelled primer mix stored in 10% (w/v) pullulan tablets at 35 °C and tested
after 10, 30, and 60 days. The tablet-based assay with labelled primer mix for the detection of E.
coli malB gene is compared to reagents stored at -20 °C over time, after 10 days A, 30 days B, 60 days
C. Assays were run in duplicate (n = 2) and different concentrations of E. coli malB gene synthetic
DNA were used to assess the sensitivity on lateral flow strips (LFSs) (upper panels). Nuclease-free
water (NFW) was added instead of sample in the negative controls (NTC). LFSs were run with 10 pL
of the amplification product and 30 uL of NFW. Normalised intensity (Section 2.12) was computed
for each LFS (lower panel).

dry in pullulan-trehalose tablets. In this case, the normalised intensity (NI) (calculated
as described in Section 2.12) allows to clearly distinguish between positive and negative
LF'S results by setting a NI threshold at 0.2 (Fig. 4.9, lower panels). The presence of

test lines in the NTCs was hypothesised to be associated with an unknown interaction
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of trehalose and ISO-004 master mix, whose specifics are unknown. The results in
Section 4.1.1 showed that primers stored in 10% pullulan tablets were stable up to
54 days. Therefore, the loss in LOD of the assay when including labelled primers we
hypothesised to be associated with the degradation of biotin and FITC during storage,
rather than degradation of primers.

To compensate for the LOD reduction seen in Fig. 4.9, the primer concentration in the
final pullulan-trehalose tablets was increased. Tablets with 25X the original primer
concentration were made, based on Fig. 4.10 that shows how different primer concen-
trations in the final LAMP reaction affect the LFSs DNA detection. The liquid LAMP
reaction mix (25 pL) had 5 puL of primer mix, 15 pL of ISO-004 master mix and 5 uL of
NFW. Decreasing concentration of the 5X primer mix prepared as shown in Table 2.5
were used: 4.5X, 4X, 2.5X, 1X, 0.5X (Table 4.3). 5 pL of these primer mixes were
added to each reaction, and 5 uL of 1077 ng/pL synthetic E. coli DNA (LOD of the
LAMP assay). The goal was to find the lowest primer concentration that could de-
tect the same small amount of target DNA as our optimised assay using fresh reagents
(107" ng/pL) on LFSs. This helped us estimate how much degradation labelled primers
undergo in pullulan after 10 days of storage at 35 °C.

5X 4.5X 4xX 2.5X 1X 0.5X
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Figure 4.10: LAMP assay for the detection of E. coli malB gene run with different primer
mixes concentrations. Decreasing concentrations of primer mix were trialled on lateral flow strips:
5X (Table 2.5), 4.5X, 4X, 2.5X, 1X, 0.5X (Table 4.3). The final LAMP reaction mix (25 pL) was made
of 5 uL of primer mix, 15 pL of ISO-004 master mix and 5 pL of nuclease-free water. 10~7 ng/pL was
used as synthetic E. coli DNA sample, which corresponds to the limit-of-detection of the optimised
LAMP assay. Each assay was run in duplicate (n = 2).

1X primer mix does not allow for DNA target detection (Fig. 4.10), therefore, it was
hypothesised that the tags on primers degrade with a 5X factor in less than 10 days
when stored dry at 35 °C. Therefore, a 5X higher concentration of primers was used in

the final reactions when reagents were stored in pullulan-trehalose tablets.
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Table 4.3: Primer mix concentrations used to understand the lowest concentrations that
allowed to detect the target DNA on the lateral flow assay.

4.5X 4X 2.5X 1X 0.5X
Conc. Conc. | Conc. Conc. | Conc. Conc. | Conc. Conc. | Conec. Conc.
in in in in in in in in in in
final primer | final primer | final primer | final primer | final primer
LAMP | mix LAMP | mix LAMP | mix LAMP | mix LAMP | mix
Primer reaction reaction reaction reaction reaction
name ®M) @M | @eM) | @M) | M) mM) | @M) | @M) | @M) | @M)
F3 0.18 0.9 0.16 0.8 0.1 0.5 0.04 0.2 0.02 0.1
B3 0.18 0.9 0.16 0.8 0.1 0.5 0.04 0.2 0.02 0.1
FIP-FITC | 0.72 3.6 0.64 3.2 0.4 2 0.16 0.8 0.08 0.4
BIP 0.72 3.6 0.64 3.2 0.4 2 0.16 0.8 0.08 0.4
LF-Biotin | 0.9 4.5 0.8 4 0.5 2.5 0.2 1 0.1 0.5
LB 0.9 4.5 0.8 4 0.5 2.5 0.2 1 0.1 0.5

25X primer mix (Table 2.5) were used to create 10% (w/v) pullulan and 0.5 M tablets.
These tablets resulted stable for 30 days, without loss in LOD (Fig. 4.11).
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Figure 4.11: 25X labelled primer mix stored in 10% (w/v) pullulan and 0.5 M trehalose
tablets at 35 °C and tested after 10 , 30 days, for the detection of E.coli malB gene.
A. The tablet-based assay limit-of-detection (LOD) was assessed on lateral flow strips (LFSs) after
10 and 30 days (n = 2). B. Normalised intensity (Section 2.12) was computed for each LFS. Nuclease-
free water (NFW) was added instead of sample in the negative controls (NTC). LFSs were run with
10 pL of the amplification product and 30 pL. of NFW.

4.1.3.2 Two-pills method

The ‘two-pill method’ [26] was used to create two separate 10% (w/v) pullulan and
0.5 M trehalose tablets. Tablet 1 contains primer mix, WarmStart® Bst 2.0 and
dNTPs; Tablet 2 includes Isothermal Amplification Buffer and MgSO4. It was observed
that Tablet 2 led to amplification of the DNA target only if it was dried in vacuum. Air-

drying Tablet 2 did not lead to any amplification upon tablet resuspension, contrary
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to what was demonstrated by Leung et al. [26]. To determine the optimal duration
of the LAMP reaction for the tablet-based assays, Tablets 1 and 2 were separately
resuspended as described in Section 2.15.1.2, and the real-time LAMP fluorescence
changes of each tablet were measured. This was done because previous studies [25]
reported that dried LAMP mixtures had longer reaction times than liquid ones. Our
results confirm this finding (Fig.4.12) and also shows that the tablet-based assays is
less prone to unspecific amplification, as reported by Gao et al. [174] (Fig.4.12). Based
on these observations, the reaction time was set to 120 minutes (2 hours), which was

consistent with Diego et al.’s findings [25].
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Figure 4.12: LAMP amplification plots of reagents stored in separate 10% (w/v) pullulan
and 0.5 M trehalose tablets, compared to reagents stored at -20 °C. A. Amplification
plot of Tablet 1 (25X primer mix, WarmStart Bst 2.0 and dNTPs) tested after one day of storage at
room temperature (n = 2). Slower amplification of reagents stored in Tablet 1 than reagents stored
at -20 °C. B. Amplification plot of Tablet 2 (Isothermal Amplification Buffer and MgSQO,) tested
after 2 days of storage at room temperature (n = 2). Reagents stored in Tablet 2 amplifies after the
reagents stored in optimal conditions. After about 80 minutes one of the no template controls (NTC)
whose reagents were stored at -20 °C shows amplification associated with unspecific amplification.
None of the NTCs of the tablet-based assay amplifies in 120 min. C. Positive amplification plots of
Tablet 2 tested after 9 days and 14 days of storage at room temperature, compared to reagents stored
in optimal conditions (n = 2). Amplification of tablet-based assays have a delayed amplification that

increases with the time of storage (amplification around 60 minutes, compared to approx. 20 min after
2 days of storage in B).

After setting the amplification time to two hours, a new set of experiments was con-
ducted. Tablet 1 now was prepared with 25X labelled primer mix, WarmStart® Bst 2.0
and dN'TPs. Each Tablet 1 and 2 was dried and stored at 35 °C. The tablets were used
in three ways: only Tablet 1 (‘Tab 1’), only Tablet 2 (‘Tab 2’), or both Tablets 1
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and 2 (‘Tab 1 + 2’). They were resuspended as described in Section 2.15.1.2, heated
at 66 °C for the LAMP reaction, and tested on LFSs. Having all the reagents for
the isothermal amplification reaction in a solid form would make it easier to trans-
port and use them in POC devices. Tablet 1 cannot detect 10~7 ng/pL (2.3 x 10 3
copies/reaction) reliably after 10 days at 35 °C when resuspended with the Isothermal
Amplification Buffer and MgSO, stored at -20 °C (Fig. 4.13A). However, the LOD
did not decrease further on day 30 (Fig. 4.13D). This suggests that the DNA poly-
merase degrades quickly in the first 10 days of storage. Tablet 2 remains stable for
30 days at 35 °C when resuspended with labelled primer mix, WarmStart® Bst 2.0
and dNTPs stored at -20 °C (Fig. 4.13D). When Tablets 1 and 2 are combined and
resuspended with fluorescent dye and water after 10 days of storage, LFSs detects the
highest concentration (10~* ng/pL) with strong test lines for both repeats (Fig. 4.13A).
The melting curves show two peaks around 86 °C. (Fig. 4.13B). One of the two sam-
ples with 107% ng/uL was also detected on LFSs, but the melting curve did not show
any peak around 86 °C. The gel results in Fig. 4.13C confirm the melting curve peaks
in Fig. 4.13B for the highest DNA concentration (10~* ng/pL), showing a ladder-like
banding pattern in lanes 8-9. Lane 7 has a very faint ladder-like banding pattern,
suggesting that the LFSs detected LAMP amplicon products for 107 ng/pL that the
melting curve did not recognise. After 30 days, Fig. 4.13D shows that only the highest
DNA concentration (107* ng/uL) produced visible test lines for both repeats in LAMP
reactions with Tablets 1 + 2. However, the melting curves did not show the expected
peak at 86 °C for any concentration (data not shown). To investigate the reason for
this discrepancy, the samples were run on agarose gel electrophoresis (Fig. 4.13E). The
gel confirmed that there was no target DNA amplification in lanes 2-6, as indicated by
the absence of a ladder-like pattern. Lanes 5 and 6 showed a ‘smear’ that indicated
unspecific amplification at the highest concentration. Moreover, Tablets 1 + 2 were
resuspended in 50 pL instead of the recommended 25 pL to check if the resuspension
volume affected the LOD. After 30 days of storage and 50 uL of final LAMP reaction,
the LOD did not improve.

The assay’s detection ability deteriorates significantly (over 100-fold higher LOD) after
10 days of storing the LAMP reagents in 10% pullulan-trehalose tablets. This could
be due to the increased viscosity of the LAMP solution, which hinders the mixing
of the reagents and affects their reactivity. After 30 days, the viscosity problem is

compounded by potential degradation of reagents.
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Figure 4.13: LAMP reagents stored in two 10% (w/v) pullulan and 0.5 M trehalose tablets
for 10 and 30 days at 35 °C. The reagents were divided into two tablets: Tablet 1 with labelled
primers, WarmStart Bst 2.0 and dNTPs, and Tablet 2 with Isothermal Amplification Buffer and
MgSOy4. The tablets were tested individually (Tab 1 or Tab 2) or in combination (Tab 1 + 2). Each
sample was run in duplicate (n = 2). A. Stability and limit-of-detection (LOD) of LAMP reagents in
pullulan-trehalose tablets evaluated by lateral flow detection after 10 days. Melt curve plot B and gel
electrophoresis C of Tab 1 + 2 assays after 10 days of storage. The numbers on the lateral flow strips
(LFSs) in A correspond to the associated curves in B and the lanes in C. D. Stability and limit-
of-detection (LOD) of LAMP reagents in pullulan-trehalose tablets evaluated on LFSs after 30 days.
The LOD visualised on gel electrophoresis of Tab 1 + 2 (E) is compared to lateral flow assays in D.
The numbers on the LFS in D correspond to the lanes in E. In C and E, LAMP reactions showed the
typical ladder-like pattern. Starting from the initial stem loop formation of the reaction between the
outer primers (F3/B3), the LAMP reaction produces progressively larger sub-products with random
termination, resulting in a smear with multiple bands that resemble a ladder [4,175,176].

4.1.3.3 Optimisation of WarmStart® Bst 2.0 DNA polymerase concentra-
tion

Given the results in Section 4.1.3.2, different concentrations of WarmStart® Bst 2.0
DNA polymerase in Tablet 1 were tested to understand if after 10 days of storage
at 35 °C, the DNA polymerase underwent significant degradation. The tablets were

152



Chapter 4

created with the reagents and volumes indicated in Table 4.4.

Table 4.4: Volumes of reagents to create 10% (w/v) pullulan and 0.5M trehalose tablets
containing different concentrations of DNA polymerase and dNTPs. To the tablet whose
Bst 2.0 concentration was 0.32, 0.48 and 0.64 U/mL, 0.8, 1 and 1 mg of pullulan were added to the
solution respectively. After pullulan was dissolved, 8, 10 and 10 pL. were used to create tablets and
dried in a fume cabinet.

Bst 2.0 concentration (U/mL) | 0.32 [ 0.48 | 0.64

Volumes of reagents (pL)
Bst 2.0 (8000 U/mL) 1.333 | 1.667 | 2.500
dNTPs (10 mM) 4.667 | 5.833 | 4.375
Trehalose (2 M) 2.000 | 2.500 | 2.500
Water - - 0.625
Total volume 8 10 10

It was expected that higher concentrations of DNA polymerase would have led to faster
amplification, however this was not the case (Fig. 4.14). Concentrations of 0.32 U/mL
or 0.48 U/mL WarmStart® Bst 2.0 led to better amplification performances after
10 days stored dry than the highest concentration 0.64 U/mL. WarmStart® Bst 2.0
is not glycerol-free, therefore, higher concentrations of DNA polymerase in the LAMP
reaction corresponds to higher concentrations of glycerol that can cause amplification
delays. A final reaction concentration of 0.48 U/mL was chosen to create tablets in

subsequent experiments.
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Figure 4.14: Amplification plot of tablet-based LAMP assays with different concentrations
of WarmStart® Bst 2.0 from New England Biolabs (NEB). Tablets were created as explained
in Table 4.4, with three different concentrations of Bst DNA polymerase: 0.32, 0.48, 0.64 U/mL. Each
tablet containing DNA polymerase and dNTPs was used after 10 days of storage at 35 °C. They
were resuspended with 3.6 pLi of nuclease-free water and the rest of the reagents necessary for LAMP
reaction. 5 uL of E. coli malB gene synthetic DNA was added to each assay in a concentration of
10~* ng/pL. Each LAMP assay was run in duplicate (n = 2). PC is the positive control whose reagents
have been stored in optimal conditions, at -20 °C.
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4.1.4 Reagents Stored in 5% (w/v) Pullulan and 0.5 M Tre-
halose or 10% (w/v) Pullulan and 0.5 M Trehalose

Both Tablet 1 and Tablet 2 were prepared with pullulan at 5% or 10% (w/v) and
trehalose at 0.5 M. Tablet 1 (‘Tablet 1-5%’, ‘Tablet 1-10%’) has 25X labelled primer
mix, WarmStart® Bst 2.0 and dNTPs; and Tablet 2 (‘Tablet 2-5%’, ‘Tablet 2-10%’)
has Isothermal Amplification Buffer and MgSO,. In this set of experiments, the
WarmStart® Bst 2.0 concentration in Tablet 1 was increased from 0.32 U/pL to 0.48
U/uL to avoid LOD reduction due to DNA polymerase instability when pullulan con-
centration was lowered from 10% to 5%, as reported by Jahanshahi-Anbuhi et al. [119]
and recommended by Kumar et al. [22]. Tablet 1 and Tablet 2 with different pullulan
concentrations were combined and resuspended in the same solution, as described in
Section 2.15.1.3. Fig. 4.15 shows that pullulan-based tablets with LAMP reagents could
detect 107 ng/pL of target DNA, using either 5% or 10% (w/v) pullulan tablets after
10 days of storage at 35 °C. The melting curves all have peaks that are consistent with
specific amplification, including those with weak test lines on LFSs (Fig. 4.15B, C).
When a mix of Tablet 1 and 2 with 5% and 10% (w/v) pullulan are used, the LOD im-
proves compared to using two tablets with 10% (w/t) pullulan, which could only detect
consistently 10™* ng/uL (2.3x10° copies/reaction) (Figures 4.13, and 4.15). Therefore,
these results suggest that when tablets are used together, they should not have 10%
(w/v) pullulan each to achieve a LOD similar to the liquid LAMP assays, and that
high pullulan concentrations in the final LAMP reaction affect the performance of the
assay. Our findings contradict previous studies that reported no effect of pullulan on
bio-assays [122], and they indicate that the pullulan concentration in the bio-assay
should be below a certain threshold to preserve the assay LOD. However, this also
implies a trade-off between the LOD and the stability of reagents over time, as lower
pullulan concentrations reduce the shelf-life of reagents [119]. Furthermore, Fig. 4.15A
demonstrates a decrease in LOD, with only 107% ng/uL (2.3 x 10* copies/reaction)
detected, when both Tablets 1 and 2 contain 5% (w/v) pullulan. This could be re-
lated to the reduced reactivity of reagents stored in lower pullulan concentrations,
especially the WarmStart® Bst 2.0 DNA polymerase, as suggested by Jahanshahi-
Anbuhi et al. [119]. The combination of tablets with the lowest LOD in Fig. 4.15A is
Tablet 1-10% and Tablet 2-5%, but this combination showed inconsistent detection

ability for 1077 ng/pL (2300 copies/reaction) in a second experiment (Fig. 4.15D). For
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Figure 4.15: Stability of LAMP reagents stored in two separate 5% or 10% (w/v) pullulan
and 0.5 M trehalose tablets for 10 days at 35 °C. Tablet 1 (Tab 1) stores labelled primers,
WarmStart Bst 2.0 and dNTPs. Tablet 2 (Tab 2) contains Isothermal Amplification Buffer and
MgSQO,. The tablets were tested dissolving them together in the final LAMP assay in different pullulan
combinations, and 5 pL of sample containing different concentrations of E. coli malB gene synthetic
DNA was added. Each sample was run in duplicate (n = 2). Tablets combinations used were: Tab 1-
10% + Tab 2-5%; Tab 1-5% + Tab 2-10%, Tab 1-5% + Tab 2-5%. A. Stability and limit-of-detection
(LOD) of LAMP reagents in pullulan-trehalose tablets evaluated on LFSs. B. Melting curves of
10~% ng/uL samples (2.3 x 10* copies/reaction) compared to assays run on LFSs in A. All melting
curves show one peak. C. Melting curves of 10~7 ng/pL samples (2300 copies/reaction) compared
to assays run on LFSs in A. The combination Tab 1-5% + Tab 2-5% show no peaks. D. LOD of
LAMP reagents in pullulan-trehalose tablets analysed on LFSs a second time. E. Melting curves of
10~7 ng/pL samples (2.3 x 10* copies/reaction) compared to assays run on LFSs in D.

this second run of the experiment, the reagents stored at -20 °C have two peaks at
85.9 °C and 86.1 °C in their melting curves (Fig. 4.15E), while the reagents stored
in pullulan-trehalose tablets have only one peak at 86.4 °C, using Tablet 1-5% and
Tablet 2-10%. Additionally, the drying process resulted in different outcomes for the
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tablets depending on their composition: Tablet 1-5% formed sticky discs upon drying
that could be detached from the drying surface more easily than Tablet 1-10%; and
Tablet 2-10% was more resistant and easier to handle with tweezers than Tablet 2-5%.
Therefore, based on the ease of handling and robustness of the tablets, the combination
of Tablet 1-5% and Tablet 2-10% was selected to prepare reagents for in-field studies
(Sections 4.1.5, 4.1.8).

4.1.5 Storage of Molecular Reagents Returned from the Field

In Section 4.1.4, the pullulan concentrations in each tablet were optimised to preserve
LAMP reagents and ensure the accuracy of the assay. In this section, the behaviour of
dried LAMP reagents exposed to uncontrolled and harsh temperature conditions was
examined, as described in Section 2.15.1.4. Tablet 1 contains WarmStart® Bst 2.0,
dNTPs, 25X labelled primer mix, 0.5 M trehalose and 5% (w/v) pullulan, while Tablet 2
contains Isothermal Amplification Buffer, MgSO,, 0.5M trehalose and 10% (w/v) pul-
lulan. For this purpose, two types of Tablet 1 were prepared, one containing primers
to detect Plasmodium species and one to detect BRCA1 gene (as explained in detail
in Section 2.15.1.4).

Before proceeding to test the dried reagents, the analytical sensitivity of the liquid
LAMP assay for the detection of Plasmodium species was investigated (as described
in Section 2.8). For LAMP assay reagents stored in optimal conditions (at -20 °C), in
both real-time LAMP and on LFSs, a limit-of-detection of 10° TU/mL was observed
(Fig. 4.16A, C); this confirms what reported by Reboud et al. [17]. Additionally, the
assay is sensitive to unspecific amplification after 30 minutes (Fig. 4.16). In the melting
curve, the negative controls and 10* TU/mL sample have clear shifted melting temper-
atures peaks (Tm) compared to the other positive samples (Fig. 4.16A).

Using the two-pills method for storing dried reagents, P. falciparum at 10° TU/mL can
be detected after 60 days of storage (Fig. 4.17), which is a 10-fold decrease in LOD com-
pared to reagents stored at -20 °C under optimal conditions (Fig. 4.16C). The results
from the melting curve peaks and the gel electrophoresis support this (Fig. 4.17B, C):
the melting temperatures of the 10° TU/mL samples tested with reagents stored dry
are 80.3 °C, 80.81 °C and 80.75 °C, which are similar to the ones of the same sample
tested with reagents stored at -20 °C, 81.27 °C (Fig. 4.17C). This indicates that the test
line on the LFSs exposed to those samples (7-9) are detecting the target DNA. On the
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Figure 4.16: Limit-of-detection (LOD) of LAMP assays for Plasmodium falciparum de-
tection. The P. falciparum concentrations investigated are 107, 10°, 10°, 10* IU/mL. For each
concentration, LAMP assays were run in triplicate (n = 3). A. Amplification and melting curve.
B. Analytical sensitivity and standard curves of P. species LAMP assay. The dots represent the mean
time-to-positive values (TTPs) of the LAMP assay run with the same DNA concentration. The ver-
tical bars represent the standard deviation of the three repeats of the same LAMP assay. Therefore,
TTP data is presented as mean TTP + standard deviation. C. Lateral flow assay results.

gel, lanes 7-9 (corresponding to the sample tested on strips 7-9) show a characteristic
ladder-like pattern of bands, indicating successful amplification of the target DNA. No
amplification pattern is observed for NTCs or 10° IU/mL samples (Fig. 4.17C).

After 6 months of tablet-based storage, the LAMP assay can detect BRCAI gene
(Fig. 4.18). The LAMP assay was able to detect 10 ng/pL of human genomic DNA
(Jurkat Genomic DNA), Fig. 4.18A; both the melting curve peaks (Fig. 4.18B), and
the gel electrophoresis (Fig. 4.18C) support this result. Samples in lanes 4, 6, 7 and 9
of the gel electrophoresis show a ladder-like bands pattern; this suggests that amplifi-
cation has occurred, corresponding to the positive results for the same samples ran on
LFSs 4, 6, 7 and 9. Whilst samples in lanes 5 and 8 do not show a ladder-like pattern
on the gel electrophoresis, they do peak at the expected temperature in the melting
curve and show positive results on the LFSs 5 and 8; it can therefore be assumed that
amplification did take place for samples 5 and 8 too. Thus, amplification occurred in

all positive samples. Other lanes, including NTCs, do not show any ladder-like band
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Figure 4.17: Validation of LAMP assays using tablet-based, dried reagents brought back
from the field, for the detection of Plasmodium species. The P. falciparum concentrations
investigated are 10°, and 10° IU/mL. The dried reagents were tested after 2 months of storage (n = 3).
A. Limit-of-detection assessed on lateral flow strips (LFSs). Gel electrophoresis (B) and melting curves
(C) of samples run on LFSs in A. NTCs are the no template control, where LAMP assays were run
with water instead of sample. * Well not used.

pattern, suggesting no amplification occurred (Fig. 4.18C).
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Figure 4.18: Validation of LAMP assays of dried reagents brought back from the field for
the detection of BRCA1 gene. The human genomic DNA used had a concentration of 10 ng/uL.
The tablet-based assays were tested after 6 months of storage (n = 3). A. Limit-of-detection assessed
on lateral flow strips. Gel electrophoresis (B) and melting curves (C) of samples run on LFSs in A.
NTCs are the no template control, where LAMP assays were run with water instead of sample. *
Wells not used for this analysis.

Some tablet-based LAMP reagents were also stored in a point-of-care device inside a

sealed bag with desiccants (Fig 4.19A). These dried reagents were exposed to the same
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field conditions explained in Section 2.15.1.4 and then used after six months to detect
P. falciparum and BRCA1 gene in the laboratory. No amplification was observed using
either LAMP assay. Moreover, a visual difference between the reagents stored inside
Eppendorf tubes sealed with parafilm or inside the device was observed (Fig. 4.19B).

The reagents in the device became less rigid than the ones in tubes, indicating that

Figure 4.19: Tablet-based LAMP reagents brought back from the field. A. Point-of-care
devices inside a closed plastic bag with desiccants (5 devices per bag). B. Tablet-based LAMP
reagents brought back from the field. Tablets stored inside the device and transferred into Eppendorf
tubes when tested after six months of storage (left). Tablets shipped to the field and back inside a
1.5 mL Eppendorf tube sealed with parafilm (right).

the storage method affects the long-term stability of the tablet-based reagents. It was
hypothesised that humidity was a major factor.

We have demonstrated that the two-pills method, when tablets are properly sealed,
can enable complex transport logistics without decreasing the assay performance sig-

nificantly. This opens the route for easy diagnostic access in remote areas.
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4.1.6 Summary of Results about Molecular Reagents Stored

in Pullulan

A summary of the results obtained for the storage of LAMP reagents in different

pullulan and trehalose solution is provided in Table 4.5.

Table 4.5: Summary of the results obtained for the storage of loop-mediated amplification
(LAMP) reagents in different pullulan and trehalose solutions. The reagents dried and stored
in pullulan tablets are given in the first column. All tablets were stored at 35 °C until use, except for
the tablets returned from the field whose temperature conditions were uncontrolled. Each tablet was

resuspended with the LAMP reagents necessary for a successful essay to a final volume of 25 pL.

10 % Pullulan (E. coli LAMP assay)

Days of stability

Comparison to LOD

Limit of
Reagents . tested of LAMP reagents
detection (LOD) (days) stored at -20 °C
1X Primer mix 107 ng/nL 54 Equal
Master Mix (Optigene) 107" ng/nL 14 Equal

10 % pullulan and 0.5 M trehalose (E. coli LAMP assay)

Tablet 1: 5X Labelled primers (from 25X primer mix), 0.48 U/pL WarmStart Bst 2.0, 1.4 M dNTPs.
Tablet 2: 1X Isothermal Amplification Buffer, 6 mM MgSO4.

Days of stability

Comparison to LOD

Reagents LOD tested of LAMP reagents
(days) stored at -20 °C

25.X LabC.HCd 107 ng/nL 30 Equal
primer mix

10 ng/nL L
Tablet 1 Inconsistent 107 ng /ul 30 10 times lower
Tablet 2 107 ng/pL 30 Equal
Tablet 1 + 2 10 ng/pL 10 103 times lower

0.5 M trehalose and 10% or 5% pullulan (E. coli LAMP assay)

Tablet 1: 5X Labelled primers (from 25X primer mix), 0.48 U/pL. WarmStart Bst 2.0, 1.4 M dNTPs.
Tablet 2: 1X Isothermal Amplification Buffer, 4 mM MgSO4.

Days of stability

Comparison to LOD

Tablet 2 (5% pullulan)

Reagents LOD tested of LAMP reagents
(days) stored at -20 °C

Tablet 1 (10% pullulan) + | 10° ng/pL . .
Tablet 2 (5% pullulan) Inconsistent 107 ng/pL 10 10 times lower
Tablet 1 (5% pullulan) + | 10 ng/pL .

Tablet 2 (10% pullulan) Inconsistent 107 ng/pL 10 10 times lower

0y
Tablet 1 (5% pullulan) + 10® ng/nL 10 10 times lower

0.5 M trehalose and 10% or 5% pullulan

1.4 M dNTPs.

Tablet 1 (5% pullulan): 5X Labelled primers (from 25X primer mix), 0.48 U/uL WarmStart Bst 2.0,

Tablet 2 (10% pullulan): 1X Isothermal Amplification Buffer, 4 mM MgSO4.

LAMP assay

Days of stability

Comparison to LOD

and reagents LOD tested of LAMP reagents
° (days) stored at -20 °C

Plasmodium Falciparum 6 .

Tablet 1 + 2 10° IU/mL 60 10 times lower

BRCA 1

Tablet 1 + 2 10 ng/nL 180
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4.1.7 Modified DNA Extraction from Blood for Use on the

Point-of-Care Device

As explained in Section 2.15.2.1, the 19-steps protocol developed by Garret [152] to
extract DNA from 5 uL of whole blood was further simplified. First of all, the use
of the binding buffer was investigated (Fig. 4.20A), followed by the elimination of the
heating step and proteinase K (PK) (Fig. 4.20B, C).

@ Heating + PK . No heating + PK

1)-@-@3) |, 4 (50 (6 )—( [,8) (1)-(2)-(3)-(4) | (5)
5uLLB Incubate 5 uL LB Incubate
+
5 pL Blood — X > @65°C » 'Vﬁ3=‘ 5 uL Blood > GRT >
+ - 10 min 20 min
2 uL PK Mix Mix On magnetic
rack, On magnetic rack,
r 5 |.1L MB Discard
Discard
supernatant
supernatant
(9) (10) (11) (10) (11) (12)
Washmg & On magnetic rack, Elution Collect MB Washmg & On magnetic rack, Elution Collect MB
mix Discard WB 5 pL of NFW mix Discard WB 5 pL of NFW
40 uL WB 40 pL WB
No heating + No PK
W-@2-6) __ (10) ‘* (11)
5 uL LB Incubate
5uL Blood *> G@RT »
20 min
5 L MB
On magnetic rack, Washlng & On magnetic rack, Elution Collect MB

Discard mix Discard WB 5 pL of NFW
supernatant 40 uL WB

Figure 4.20: Schematic of simplified DNA extraction methods from whole blood. Three
extraction methods were tested. A. Heating + proteinase K (PK); this method eliminates the need of
using binding buffer, previously used by Garrett [152]. B. No heating + Proteinase K (PK); compared
to A, this method eliminates the heating step at 65 °C. C. No heating + No PK; this eliminates the
need for both proteinase K and heating at 65 C. In A; B and C, LAMP targeting BRCA1 was
performed, and 5 pL of the resuspended magnetic beads were used. LB: lysis buffer; PK: Proteinase
K; MB: Magnetic beads reagent; WB: Washing buffer. All reagents used are from MagaZorb® DNA
Mini-Prep Kit, Promega.

Results from the three DNA extractions targeting BRCA1 gene (Fig. 4.21) indicated
that deactivating PK, using heat, is required; otherwise, PK inhibits the final LAMP
reaction [177].

During extraction, and washing, the magnetic beads did not homogeneously disperse
in the washing buffer, and the washing buffer (after the first wash) contained blood
residues. This did not interfere with the final LAMP reaction, because LAMP is less

sensitive to blood inhibitors than PCR [178]. The results in Fig. 4.22 confirm the
results presented above (Figure 4.21) that heating is a key step for the deactivation
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Figure 4.21: Results of simplified DNA extraction methods from whole blood. The three
extraction methods described in Fig. 4.20 were performed: No heating + Proteinase K (PK), Heat-
ing + PK, No heating + No PK. LAMP targeting BRCAI gene was performed and 5 pL of the
resuspended magnetic beads were used. Each extraction method was performed in duplicate (n = 2).
A. Amplification curves of the LAMP results for each method. B. Lateral flow results of each method.
Nuclease-free water was used as running buffer.

of PK and consecutive success of LAMP reaction. In addition, the 11-step DNA ex-
traction performed as explained in Fig. 4.20C has no time-to-positive values that are

significantly different from the ones obtained when performing the 13 steps outlined in

Fig. 4.20A.
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Figure 4.22: Comparison of simplified DNA extraction methods from whole blood. Two
extraction methods (Fig. 4.20B, C) were performed; one including both heating and Proteinase K
(Heating + PK), and one that excluded the use of both components (No heating + No PK). LAMP
targeting BRCA1 gene was performed and 5 pL of the resuspended magnetic beads were used. Each
extraction method was performed in triplicate (n = 3). A. Time-to-positive values of the LAMP
results for each method. B. Lateral flow strips (LFSs) results of each method. Nuclease-free water
was used as running buffer. 10 pL of the final amplified sample added to the LFSs avoiding pipetting
magnetic beads (left) or with magnetic beads (right).

Moreover, it was observed that the presence of magnetic beads in the sample does not

affect neither amplification nor result visualisation on LFSs.
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As a result, the protocol that was integrated inside a point-of-care diagnostic device

for in-field testing was the one in Fig. 4.20C.

4.1.8 Paper Device and Storage of Molecular Reagents In-
The-Field

4.1.8.1 Microfluidic Device Development

The plastic cassette was created from a 2-mm thick PMMA layer, as explained in Sec-
tion 2.15.2.4. The process was sped up by combining capabilities that had already been
proven. Our device was based on a similar working principle as the ones introduced
by Trick et al. [179] and Rodriguez-Mateos et al. [102], that use magnetic beads to
capture DNA during lysis and to move it through different chambers for successive
purification and amplification. Rodriguez-Mateos et al. [102] and Ngamsom et al. [103]
used mineral oil to separate the lysis, purification, and amplification steps, exploiting
the immiscible filtration assisted by surface tension fluids [180]; castor oil was used
instead, which was used for a similar function by other members of our research group.
Several experiments were conducted to test the performance of the liquid handling
system. Effectiveness of the chambers and the microfluidic systems at separating fluids
was evaluated was evaluated using red and blue dyed water.

The first designs tested consisted of 8 chambers (design a, Fig. 4.23): sample cham-
ber (1), washing chamber (3), separations chambers (2), (4), resuspension chamber (5),
amplification chamber (6), LFS chamber (7), and running buffer chamber (8). The di-
mensions of chambers (1)-(7) were derived as described in Section 2.15.2.4 (Fig. 4.23C, D).
The additional running buffer chamber (8) served to add extra liquid to let the sample
flow on the LFSs, after heating the device to perform LAMP. Once the thin wall be-
tween chamber (8) and (6) is broken, the running buffer flows through. Chamber (8)
contained 60 pL of running buffer (either NFW or the running buffer included with
U-Star Disposable Nucleic Acid Detection Strips, Type 3). The main difference be-
tween designs a - 1 and a - 2 were the channels (Fig. 4.23). The channels in a - 1 are
straight, 0.5 mm wide, and 4 mm long. In a - 2, the gate widths tapers from 1.5 mm
to 0.5 mm wide, and are 3 mm long. Design a was used to observe the movement of
magnetic beads across the chambers. Each design was first sealed on one side with
acetate film (MicroAmp™ Optical Adhesive Films), loaded with the required liquid

volumes (Fig. 4.23C), then sealed on the other side with an acetate film. The liquids
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were added in the following order: castor oil in chambers (2) and (4), washing buffer
(MagaZorb® DNA Mini-Prep Kit, Promega) in chamber (3), and nuclease-free water
in chamber (5). Next, lysis buffer, PK, the magnetic beads reagent (MagaZorb® DNA
Mini-Prep Kit, Promega), and NFW (in lieu of a sample), were added into cham-
ber (1), one at a time. Magnetic beads were dragged from chamber (1) to chamber (5)

as indicated in Figures 4.23A, B.

A__ a-1 B__ a-2
= | 7 =
: A FH H ¢ §
= 1 2 3 4 5 =
8

Length

Magnetic manipulation

. e ‘-e—-:?‘f

C Volume (uL) D Width | Length
Volume of Lysis Buffer 5 14 L (mm) | (mm)
Volume of Magnetic beads 2 Chamber 1 (Sample) 3 2.5
Volume of Proteinase K 2 Chambers 2, 4 (Oil) 5 5
Volume of Sample 5 Chamber 3 (Washing Buffer) 4 5
Volume of Oil 50 Chamber 5 (Resuspension Buffer) 5 5
Volume of Washing Buffer 40 Chamber 8 (Running Buffer) 5 6
Volume of Resuspension Buffer 50 Chamber 6 (Amplification) 5 5
Volume of Running Buffer 60 Chamber 7 (LFS) 4 60

Figure 4.23: Dimensions of the point-of-care device for the detection of malaria: designs
a. Each design consists of 8 chambers. A. Design a - 1. External width: 27 mm; External length:
70 mm. B. Design a - 2. External width: 27 mm; External length: 70 mm. In A and B, the
wall thickness between chambers (5)-(6), (6)-(7), (8)-(6) is 0.8 mm. C. Volumes of liquid that each
chamber should accommodate. D. Dimensions of chambers that approximately accommodate the
volumes in C. The chambers number in D are color-coded and numerated in A, B.

Proper magnetic bead manipulation was achieved in both designs a (Fig. 4.23A, B);
however, the presence of air-bubbles formed during the sealing process meant that
magnetic beads remained stuck at the liquid-air interface. The 0.8-mm-thick walls
between chambers (5)-(6), (6)-(7), (8)-(6) were very hard to break using the tip of a
15 mL falcon tube. The chambers dimensions used in design a are smaller than the ones
calculated in Section 2.15.2.4, Table 2.9, but they were large enough to accommodate
the necessary liquids; this was probably due to the presence of the channels and laser

cutting inaccuracies that increased the volume available for the liquids compared to
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the initial 2D design.

A new set of designs (designs b) was created (Fig. 4.24). Different channel dimensions
and shapes were tested to find those optimal for moving magnetic beads; the designs
characteristics are described in Fig. 4.24. The chambers volumes and dimensions are

the same as in Figures 4.23C, D.

4.5 mm b-1 35 145""“ b-3
35 =2 |~— mm
mm‘l 6 l I 6
OO SO
t 2 3 4 5 f 2 3 4 5
1 B 1 8

External width: 22 mm, external length: 115 mm
Channels width: 0.5 mm

External width: 22 mm, external length: 115 mm
Channels width: 0.5 mm

4.5 mm b-2 325 _ 4.25mm b-4
e Bl : [—
4.5 | mm I
mm] 4 l ‘ | 6 7
T 6 7 H— |
T—_Wl [ | f_é_EzH?_q_{s ]
1 3 5[] 1 8
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External width: 22 mm, external length: 115 mm
Channels width: approx. 0.2 mm

External width: 27 mm, external length: 117 mm
Channels width: 0.5 mm

Figure 4.24: Dimensions of the point-of-care device for the detection of malaria: designs
b. Each design has 8 chambers (dimensions in Fig. 4.23D), numbered in each design. b - 3 has the
same dimensions as b - 1. The distance between chambers (2)-(5) is4 mminb -1, b -3 and b - 4.
In b - 2, each connecting channel has the dimensions indicated for the channels between chambers
(1) and (2). Wall thickness (length) between chambers (5)-(6), (6)-(7), (8)-(6) is 0.75 mm.

The channel connecting chambers 1 and 2 include an angle in all designs b; this was
designed to prevent potential unwanted leakages of magnetic beads from channel 1
into channel 2, that were observed in designs a. The corners of the right side of the
chambers in designs b - 3,- 4, were slightly rounded to prevent magnetic beads from
being trapped in the chamber corners during movement. Again, each design was first
sealed on one side with acetate film (MicroAmp™ Optical Adhesive Films), loaded
with the required liquid volumes (Fig. 4.23C), and sealed at the top with an acetate
film. Washing buffer was dyed using Allura Red AC (Sigma-Aldrich, Merck KGaA),
with a concentration of 0.25 g/L allura red, to facilitate fluid monitoring within the
device. Water was dyed blue using a Xylene Cyanol FF (Thermo Scientific), with a
concentration of 0.25 g/L, and used as resuspension buffer. It was observed that the
angle in the channel connecting chambers (1) and (2) prevented most of the magnetic
beads from flowing into chamber (2) (before using the magnet), compared to design
a - 1. No differences in terms of liquid leakage from one chamber to the adjacent

one were observed between b - 1 and b - 2; since b - 2 required more complicated
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magnet manipulation, it was discarded for future tests. The rounded corners on the
right edge of the channels of b - 3 appear to not bring any significant advantage
in preventing magnetic beads to get trapped in the corners. The small channels in
b - 4 made magnetic manipulation extremely difficult, so the design was discarded.
All designs b were strongly agitated to understand if any liquid mixing would occur
among chambers; all designs appeared to be very stable and liquids did not mix, which
was a good indicator that loading the reagents in the device, prior to shipping them
to the field, would not lead to reagent leakage during the journey. Due to presence
of very thin walls between chambers (5)-(6), (6)-(7), (8)-(6), the sealing needed to be
performed very slowly and carefully to prevent overflowing of liquids among chambers.
The results showed that b - 1 was the most user-friendly and effective design for
transferring magnetic beads from chamber (1) to chamber (5). Based on this, b - 1
was also used to break the walls between chamber (5) and (6) and simulate the heating
conditions for the LAMP reaction as in real scenarios. The device was heated for 1 hour
at 66 °C on a heat block, and leakage of the oil and other liquids was monitored. After
heating, some liquid went also into the LFSs chamber (Fig. 4.25).

Oil and other liquids

leakages Liquid leakage into
the LFS chamber (7)

66°C, 1 hour

Figure 4.25: Heating process of the malaria diagnostic cassette; design b - 1. After the
magnetic beads were moved to the reaction chamber (6) using the magnet, the device was placed on
a heat block for 2 hours. After heating, castor oil leakages and liquid overflowing from chamber (6)
to (7) were observed.

There are a few possible factors that could cause the liquid to leak out of the device. The
PMMA plastic cassette of the POC device was sealed with the same acetate film as in
previous studies [17,152], since it was proven to be effective. However, the amplification
time had to be extended from 30 minutes [17,152] to 90 minutes, which might have
compromised the seal. Another potential factor is the thermal dilatation of castor oil
and air inside the device. Castor oil has a coefficient of cubical expansion of 0.0007 °C~!
[181], which means that 50 pL of castor oil would increase by 1.57 pL. when heated
from 21 °C to 66 °C, according to the equation Coef ficient of cubical expansion =
Increase in volume/(Original volume X Rise in temperature). Similarly, using the

ideal gas law and assuming constant pressure and number of moles of air, the volume
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change of air can be calculated with the equation V5 = V; x (Ty/T7), where V; and V;
are the initial and final volumes, and 7T} and 75 are the initial and final temperatures
in kelvins. For instance, if there are 10 pL of air in one chamber, the volume increase
(Vo — Vi) would be about 0.82 pL. It was difficult to control the amount and formation
of air bubbles in the device after loading the reagents and during sealing. Therefore,
the combined effect of castor oil and air expansion might have led to the leakage. We
did not find any simple solutions for this problem that did not require a more complex
device design or additional external equipment.

Different types of walls were then investigated to understand which thickness and shape
cased the breaking of the walls between chambers (5)-(6), (6)-(7) and (8)-(6). Fig. 4.26
gives examples of the walls tried, without providing detailed information about the
dimensions. All the walls’ designs were hard to break, therefore the simplest straight

wall as in previous designs was maintained.

— 5mm || O
nueeRuEwiraya)liva
Ol Ol dik. ol Oy oy, L

1, 2, 4 : One or two wall

restriction points.
j% L"‘E‘ I:] ? 3, 5”, 6, 7 : Straight diagonal
walls.

Ty 4, 8 : Zigzag-shaped walls.
I:I 9, 10, 11 : Dense zigzag-shaped
8 9 10 11 walls.

6

Figure 4.26: Different types of walls and thicknesses between chambers (5)-(6), (6)-(7)
and (8)-(6).

The feasibility of using a single sample chamber (1) for both the sample and positive
control testing was explored, to reduce reagent consumption and use only 5 pL of
whole blood. The proposed method involved separating the magnetic beads at the final
resuspension (5) and reaction (6) chamber stages. Three designs (c) were examined
for separating the magnetic beads (Fig. 4.27A) and the best one was selected to test
the whole magnetic manipulation process (Fig. 4.27B). The resuspension buffer was
removed from design ¢ to simplify device handling. The 50 pL of final LAMP reaction
should be sufficient to allow the amplicons flow through LFSs, since the typical volume

used on LFSs for result visualisation is 40 pL.
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Figure 4.27: Dimensions of the point-of-care device for the detection of malaria and
magnetic beads handling: designs c. The cassettes include 5 chambers, from the sample (1) to
the resuspension (5) chambers. The dimensions of the chambers are given in Fig. 4.23. A. Dimensions
of the plastic cassette. B. Results of magnetic beads handling inside the different cassette designs.

The idea was to label Plasmodium PAN Loop B primer with 2, 4-dinitrophenyl (DNP
TEG) rather than with FITC, and to create an additional test line on the LFSs to de-
tect DNP (with anti-DNP antibodies). This would have avoided cross-contamination
between chambers due to possible liquid leakage during heating. The full device ex-
ploiting design ¢ - 1, was sealed as described in Section 2.15.2.5; MicroAmp™ Optical
Adhesive Film was used to seal the top part of the device. After turning the plastic
cassette upside down, holes in chambers (1)-(5) were made with a biopsy punch to
allow successive loading of liquids. LFSs were placed in chambers (7). Tablets storing
reagents were not required for this set of tests, so chamber (6) was left empty. Finally,
the bottom part of the device was sealed with two pieces of MicroAmp™ Optical

Adhesive Films (Fig. 2.17D). The liquids were loaded in the corresponding chambers
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using pipettes and through the holes in the film. A second adhesive film was then
applied (Nunc™) as described in Section 2.15.2.2. Magnetic beads were manipulated
as explained in Section 2.15.2.2 and heating was performed at 66 °C for 2 hours. Liquid
in the full device ¢ - 1 overflowed from the amplification chamber (6) to the LFS cham-
ber (7) both before being heated in one of the devices (device at the bottom), and after
being heated in a second device (device in the middle, Fig. 4.28). In addition, some
of the liquid from the reactions in chambers (5)-(6) flowed back to chamber (4) during
the heating process (Fig. 4.28). This highlighted that the fluid control during heating
is suboptimal when a ‘separator’ is used in the fluidic system (design c); ‘separators’

were therefore dismissed. Leakage of oil and other liquids was also observed.

Magnetic beads moved to the
Device sealed reaction chamber (6) After heating

Figure 4.28: Results of liquid and magnetic beads handling in the device: design c - 1.

Another option that could have reduced the amount of reagents used was to multiplex
the positive control and the sample. This could have involved labelling the Plasmodium
PAN LB primers with DNP instead of FITC and adding an extra test line on the LFSs.
However, this would have required LAMP optimization for the primer concentrations
(now 12 primers in a single reaction), which could have caused the formation of primer
dimers and affected the accuracy of the results. The changes in the primer volumes
would have also altered the composition of Tablet 1. Due to the time constraints and
the risk of false negatives, this option was not explored further.

Since liquid overflow from the amplification (6) to the LFS (7) chambers was still an
issue in the design, different thicknesses of wall between the two chambers were trialled
(1, 1.5, 2, 3 and 5 mm ) to make sure the acetate film sealing was proper. The heating
of these devices was not performed as shown in Fig. 4.25, on a heat block, but using

an aluminium band (Fig. 4.29), like the one used by Guo et al. [153]. This reduced
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leakages of castor oil, probably due to the fact that the heat was focussed only on a
localised region of the device during the LAMP reaction.
& ]
-y A

Figure 4.29: Heat block and aluminium bands used to perform LAMP on the point-of-
care device for malaria. Aluminium bands were cut so that they covered the resuspension and
amplification chambers of the plastic diagnostic cassette.

Liquid overflowing from chamber (6) to (7) was not observed for all the thicknesses

(Fig. 4.30).
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After heating

Figure 4.30: Liquid manipulation and heating of the point-of-care device for the detection
of malaria with different wall thicknesses between the reaction (6) and LFS (7) chambers.
The design used is b — 1 (Fig. 4.24) with the exclusion of the running buffer chamber (8), and
different wall thicknesses between chambers (6) and (7). Results before (left) and after heating (right)
are shown. A. Wall thicknesses of 1 mm, 1.5 mm, and 2 mm. B. Wall thickness: 3 mm. C. Wall
thickness: 5 mm.

A 3-mm thickness between chambers was chosen for further testing because the succes-
sive flow of liquid from chamber (6) to (7) by breaking the walls was faster than with
a 5-mm thickness. Even if lower wall thicknesses than 3 mm did not show leakage,
they increase the risk of leakage, so device b - 1 was used to perform a full assay
on the POC device. The device was assembled as described in Section 2.15.2.5, and
used with whole blood as described in Section 2.15.2.2; with the only difference being
that washing buffer was used in chamber (3). The sealing process was optimised from
previous experiments by adding super glue, and a further film to prevent biological ma-
terial from leaking out during heating (as described in Section 2.16.1). After 2 hours
of heating, sufficient liquid was available to flow through the LFSs; however no control

line appeared for any test, and the results were invalid (Fig. 4.31A).
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B Concentration of

Figure 4.31: Results of full DNA extraction and LAMP assay carried out on the point-of-
care device. Dried reagents for the detection of BRCA1 gene from whole blood were used. The
design used is b — 1 (Fig. 4.24) with the exclusion of the running buffer chamber (8), and 3-mm thick
walls between chambers (6) and (7). A. Device after heating and after breaking walls to let amplicons
flow to the lateral flow strips (LFSs). B. Different concentrations (v/v) of washing buffer (Promega)
in nuclease-free water were run on LFSs. 40 pL of each solution was run on one LFS.

A possible cause of the failure to see the results on the LF'Ss was the improper handling
of the device, which allowed the washing buffer to mix with the amplicons and interfere
with the movement of gold nanoparticles from the conjugate pad to the test and control
lines. This hypothesis was confirmed by running different dilutions of washing buffer
in NFW (Fig. 4.31B). A concentration as low as 40% washing buffers in a 50 pL water
sample applied to the LFSs could prevent the visualization of the results. Therefore,
nuclease-free water was used as washing buffer to prevent inhibition of results visual-
isation on LFSs. For field-testing, design b - 1 was chosen and it was assembled as
described in Section 2.15.2.5, and operated as explained in Section 2.15.2.2. Results
using red dyed water as a running buffer, in Fig. 4.32, show that the control line ap-
pears in the absence of washing buffer. It is also clear that the washing buffer (red)
flows towards the LFSs, which support our hypothesis that the washing buffer was
interfering with proper result visualisation in Fig. 4.31A. Design b - 1 was modified
with a larger sample chamber (1) (3 x 3.5 cm?), because whole blood easily overflowed

from the sample chamber with its initial dimensions.
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Figure 4.32: Results of full DNA extraction and LAMP assay carried out on the point-of-
care device. Dried reagents for the detection of BRCA1 gene from whole blood were used. The
design used is b — 1 (Fig. 4.24) with the exclusion of the running buffer chamber (8), a 3-mm thick
wall between chambers (6) and (7), and a sample chamber (1) with dimensions 3 x 3.5 cm?. Picture
is taken after 2 hours heating at 66 °C and after breaking the walls to allow amplicons through the
lateral flow strips.

4.1.8.2 Results from the field

The point-of-care malaria cassette was deployed in the Tororo District (Uganda) which
is a malaria endemic region. The microscopy results from our study suggests 72%
prevalence of malaria in the study cohort (N = 90). 48 cassettes were processed in

total and only 9 could be used for analysis (18%), Table 4.6.

Table 4.6: Summary of the number (No.) of point-of-care (POC) malaria cassettes used
during in-field testing. The No. of tests performed every day and the number of valid cassettes
for analysis is given.

Day 1 | Day 2 | Day 3 | Day 4
No. of POC tests performed | 10 14 16 8
No. of valid POC tests 1 3 2 3
% of validity 10.0 % | 21.4 % | 12.50 % | 37.5 %
Total tested 48
Total valid 9

37 cassettes could not be included in the analysis due to either leaks (N = 12), fail-
ure of controls (N = 20) (as described in Section 2.15.2.3), or contamination events
(NTC(N)= positive) (N = 7). Compared to microscopy, the following results were

recorded: 4 true-positive test results, 1 true-negative, 3 false-negative, and 1 false-

173



Chapter 4

positive test results. A possible reason for the false-negative outcomes is the variation
in temperature during the LAMP process on the heating devices (Fig. 4.33). The
amplification station, where heating occurred, was situated between two large, unpro-
tected windows. Therefore, it was very hard to monitor the temperature and ensure
its stability given the sudden changes in temperatures occurring throughout the day.
The malaria RDT outcomes for the 9 samples that were analysed were in accordance

with the microscopy outcomes.

Figure 4.33: LAMP reaction set-up in the field. A. Heat block and aluminium bands used to
perform LAMP on the point-of-care device for malaria. Aluminium bands were designed to cover only
the resuspension and amplification chambers of the plastic diagnostic cassette. A generator powered
the heat block, which was used to cover for the portable heating devices during malfunctions and
to increase testing capacity by accommodating multiple devices. B. Portable heating devices [153].
When possible, the temperature of the aluminium bands was monitored using a thermocouple data
logger.

On the final day of testing, the scaled-down DNA extraction from blood was performed
in tubes (as described in Sections 2.15.2.1, 4.1.7) but using NF'W as washing buffer. The
reagents were stored dry and sealed in 1.5 mL Eppendorf tubes wrapped in parafilm.
After the supernatant was removed from the tube and only magnetic beads remained at
the bottom, 25 pL of NF'W was added to the tube. This volume was then moved inside
another tube where the dried LAMP reagents were stored. Amplification was performed
on a heat block and 10 pL of the LAMP product was run on LFSs. The LAMP reaction
time was reduced from 120 minutes to 90 minutes due to the time restrictions on the
final day of testing. For each test, three types of stored dry reagents were used: one
to detect malaria in the whole blood sample (Tablet 1 which contained Plasmodium
PAN primers), two to detect BRCA1 gene as positive and negative controls of the
DNA extraction (Tablet 1 which included BRCA1 primers). In total, 10 tests were
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processed, of which only 4 were used for analysis (40%). 6 tests were discarded due
to failure of positive controls (N = 5) and contamination (N = 1). Compared to
microscopy, 4 true-positive test results were recorded. Positive control failures could
have been associated with the reduction of reaction time (which may not have allowed
timely amplification of the target DNA), and with temperature fluctuations during the
LAMP process on the heating block [152].

4.1.8.3 Factors affecting the paper device in-the-field and trouble-shooting

The field trial resulted in a considerable number of cassettes being unusable due to leak-
age issues from one chamber to the other, as well as malfunctioning of the lateral flow
assay controls. Some cassettes presented multiple controls issues, leading to 81.25% of
samples being excluded from analysis. When the DNA extraction was performed in
tubes, 60% of the samples were not included due to failure of the positive controls.
Failures were often associated with unreliable heating systems and frequent failure of
portable heaters. The heating system had a variable temperature that could not be
easily adjusted and monitored when using the diagnostic device. Moreover, some alu-
minium bands were uneven (Fig. 4.33), which may have compromised the uniformity of
heating across reaction chambers in a single device. 31% of the cassettes was excluded
from the analysis because of failed positive controls (no test lines), which probably
resulted from uncontrolled temperature variations [152].

For the final 7 samples out of the 10 run in tubes, the temperature was closely moni-
tored using a thermocouple data logger (USB TC-08 Thermocouple Data Logger, Pico
technology, United Kingdom), in order to measure the temperature of the actual reac-
tion. A thermocouple was placed inside a 1.5 mL tube, and closed. The tube contained
50 pL of NFW to simulate the expected reaction volume and the thermocouple was
immersed in the water at the bottom of the tube (25 pL of NFW was a too low volume
to submerge the thermocouple). Of these 7 tests, 3 positive controls failed probably
due the short amplification time.

A second possible explanation for the failure of positive controls in the diagnostic cas-
settes could be the reduction of the LAMP reagents’ concentration by using 50 nL
of resuspension volume of the dried reagents instead of 25 pl., as previously tested in
tubes. The dilution certainly affects the sensitivity of the assays negatively. Finally,

evaporation during amplification might have been a detrimental parameter for the suc-
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cess of LAMP reaction as it alters the temperature of the reaction and the effective
concentration of primers and enzymes [182]. In certain devices, it was extremely hard
to collect 10 pL of amplified products to run on the LFSs, suggesting significant evap-
oration occurred. Previous studies have shown that a layer of mineral oil on top of
the LAMP reaction can prevent evaporation whilst heating occurs [102,182]. In the
case of our device, the castor oil in chamber (4) was insufficient to prevent evaporation
during amplification because the final reaction chamber (5)+(6) was half-empty due to
the increase chamber volume created by breaking the wall between chambers (5) and
(6). Different resuspension strategies of dried reagents are probably needed to ensure

no evaporation during amplification.

Trouble Shooting In-The-Field On the first day of testing, the 3-mm thick wall
was broken , allowing the LAMP products to flow into chamber (7) on the LFSs. All
test results were invalid; the control line did not appear because the gold nanoparticles

did not move beyond the conjugate pad (Fig. 4.34).

Figure 4.34: Example of issues encountered during the field-trial: gold nanoparticles would
remain in the conjugate pad of the lateral flow strips (not flowing beyond).

In subsequent tests, therefore, 10 pL. of the LAMP amplification product was trans-
ferred from chamber (6) to the LFSs using a pipette. To do so, both chambers (6) and
(7) were punched-open with a biopsy punch, and 30 pL of NFW was added to each LF'S
to let the amplicons flow. This was a tedious and error-prone process that increased
the risk of contamination and variability. On day 1, faint test lines were observed on
the negative samples (N), which invalidated the results. A test line present in the
negative control (N), however, did not always correspond to a test line being present in
the positive control (P), contrary to what would be expected in case of contamination

events where both the negative and positive controls result positive. On days 3 and 4,
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there were still high numbers of test lines present in negative controls; therefore, we
tried to investigate the possible source of contamination by running two cassettes (so,
6 LFSs) with negative samples only. One LFS resulted positive out of 6 LFSs, which
ruled out contamination as the cause of these issues. Some additional experiments were
conducted to investigate the causes of test lines appearing in the negative control of
the diagnostic device.

Four hypotheses were tested: (H1) positive test lines are linked to strips heating too
much and for too long, (H2) the glue used in the sealing enters the resuspension cham-
ber and interferes with the reaction, (H3) castor oil interferes with the reaction, and
(H4) something uncontrollable happens during the amplification reaction that gener-
ates false positives. To test H1, the reaction time was reduced to 90 min and the heating
set-up changed to minimise strip heating (the devices in aluminium bands were moved
on the heat block so that the LFSs were not in direct contact with the heat-block);
positive test lines were still observed. To test H2, NFW (instead of whole blood) was
added to the sample chamber in two devices. One device was sealed with super glue as
per protocol, and the second without. In both cases, some very faint test lines showed
up in all the LFSs, Fig. 4.35. When glue was used, one of the LFSs did exhibit a very
faint line on the control line too. These results indicated that the glue was probably

not the primary cause of the issues, but could still interfere with result visualisation.

Figure 4.35: Results of devices sealed with or without the use of super glue. Trouble shooting
of hypothesis H2: glue used in the sealing enters the resuspension chamber and interferes with the
reaction. A. Second sealing performed using super glue as per protocol. B. Second sealing performed
without super glue.
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To test H3, four sets of dried LAMP reagents, stored in 1.5 mL Eppendorf tubes, were
resuspend either with 50 uL. of NFW (two tubes), or with 25 pL. of NFW and 25 pL of
castor oil (two tubes). 50 pL from each tube was run on separate LFSs. Liquid from two
tubes from each condition was run on LFSs before amplification and neither of them
showed positive test lines. The second set of tubes from each condition was heated
at 66 °C for 90 minutes before being added to LFSs. Results from the two reactions
were negative, suggesting that oil did not interfere with the LAMP reaction. The last
hypothesis tested was H4. The resuspension chamber was sealed from the adjacent oil
chamber (4) with parafilm. Then, 50 pL of NFW was added in chamber (5), and the
wall was broken to resuspend reagents held in chamber (6). After 2 hours of heating,
the liquid in chamber (6) was transferred to the LFSs using a pipette. Results from
one control was positive, and the other two were negative; this implies that something

might have happened during the reaction that caused false positives (Fig. 4.36).

'_ Parafilm sealing

.[} i
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Figure 4.36: Results of a device whose resuspension chambers are sealed from the adjacent
oil chambers (4) with parafilm. Trouble shooting of hypothesis H4: something uncontrollable
happens during the reaction that generates false positives.

Unfortunately, none of the experiments performed led to a clear conclusion. Further

troubleshooting was then performed back in the laboratory, in the UK.

Trouble Shooting Back in the Lab (UK) Upon our return to the UK laboratory,
we observed that LFSs batches from the same supplier (U-star) had inconsistent per-
formance with different running buffers (Fig. 4.37). Indeed, the new batch of LFSs used
for the field work and inside the diagnostic devices was more prone to false positives
than the old batch (previously used for lab testing and in Sections 4.1.1-4.1.4, 4.1.7)
when water was used as running buffer. Therefore, during the field trial the NF'W as

running buffer might have caused faint test lines in the negative controls (N) LFSs

(Fig. 4.37).
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Figure 4.37: New batch of lateral flow strips (LFSs) run with 40 pL of provided running
buffer (upper panel) and 40 pL of nuclease-free water (lower panel).

To evaluate the possibility of false positive results due to unspecific binding on the test
line, 40 pL. of NF'W or the running buffer supplied with the LFSs were ran on LFSs as
negative controls before running the samples. Therefore, either water or the specific
running buffer was chosen to run the samples on the LFSs. The results on LFSs of the
trouble-shooting described in this section were performed using resuspension buffer to
help amplicons flow through the strips.

The first thing investigated was the functionality of the reagents used in the field for
sample preparation. Lysis buffer, magnetic beads, and NFW brought back from the
field, along with reagents stored in the lab (at constant room temperature) were used
to extract DNA from whole blood (purchased by Cambridge Bioscience Ltd., Cat #
BLD1DC4CIT09-FS), following the protocol described in Section 2.15.2.1 (Fig. 2.13B).
The LAMP reaction contained primers that targeted the BRCA1 gene. The reagents
brought back from the field are still functional because they led to DNA amplification
(Fig. 4.38). No significant difference in time-to-positive values was observed when using
the reagents brough back from the field compared to the ones regularly stored in the

lab.
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Figure 4.38: DNA extraction from whole blood performed with reagents brought back
from the field. DNA extraction was carried out following the protocol in Fig. 2.13B using sample
pretreatment reagents stored at controlled room temperature in the laboratory (Lab reagents) or
brought back from the field (Field reagents). LAMP assays containing primers specific for BRCA !
were run to test the performance of the Field reagents in comparison to the Lab reagents. Whole
blood was used for extraction and sample were extracted in triplicate (n = 3). A. Amplification and
melting curve. B. Time-to-positive values (TTPs) derived from A. Data points are the TTPs for
each biological repeat. The horizontal bars represent the mean value of the TTPs of the biological
replicates whose DNA extraction was performed with the same conditions. Error bars represent the
standard deviation for n = 3. No statistically significant difference was observed for p-value < 0.05.

C. Lateral flow assay results. PC: positive control (10 ng/pL of Jurkat human genomic DNA). NTC:
no template control.

From the results in Fig. 4.38, we ruled out the possibility that the sample pretreatment
reagents were malfunctioning.

After showing that LAMP reagents stored dry inside the diagnostic cassette for 6 months
lost re-activity (Section 4.1.5), the whole diagnostic device was tested using the pro-
tocol given in Sections 2.15.2.2. The devices brought back from the field were used to
understand if internal handling of reagents might have affected results visualisation.
Whole blood was used in the positive control (P), NFW in the negative control (N)
and the WHO standard for P. falciparum DNA was used in the sample test (S). Three
cassettes were tested (Fig. 4.39).
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Walls between chamber (5)
and (6) broken

Figure 4.39: Testing of plastic cassettes for malaria diagnostics in the laboratory in UK,
after they were shipped to Uganda. Three diagnostic cassettes are used (no. 1, 2, 3). Whole blood
was used in the positive control (P), nuclease-free water in the negative control (N) and the WHO
standard for P. falciparum DNA in the sample test (S). A. Liquids and samples were loaded into the
corresponding chambers; the cassette was closed and magnetic beads were dragged to the resuspension
chamber. The picture shows the merged resuspension (5) and amplification (6) chambers. B. Heating
of plastic cassettes on a heat block using aluminium bands. C. Devices after they underwent heating.
D. Results of LAMP amplicons run on lateral flow strips (LFSs). LFSs from a fresh set but same
batch are shown (right) and amplified LAMP assays were run on these too.

Cassette no. 2 was excluded from the analysis because leakage occurred during heating
(Fig. 4.39B, C). The amplicons were run on the LF'Ss by punching open the reaction (6)
and LFS chambers (7), and adding 10 nL of the amplified product and 30 pL of the
running buffer on LFSs. The negative control of cassette no. 3 was excluded for the
same reason. All tests in cassette no. 1 are negative (Fig. 4.39D), as expected given
the inactivity of LAMP reagents. For unclear reasons, the sample test (S) of cassette
no. 1 does not show the control line and the result was invalid inside the device. On

the contrary, both the sample test (S) and the positive control (P) of cassette no. 3
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were positive. This would have been the results expected if the LAMP reagents were
functional. The positive results of cassette no. 3 suggested that sample handling inside
the device is unstable and generates results that cannot be successfully interpreted and
understood. LFSs from a new aluminium pouch (fresh set but same batch) were also
used to run the amplified LAMP assays outside the device, to rule out the possibility
that the LFSs inside the device were not functional. Only one LFS result did not reflect
the same result as its corresponding strip inside the device (Cassette no. 1, sample test).
We therefore assumed that the LFSs were properly stored inside the device and that
they did not undergo degradation during shipping and storage.

A further limitation of our study is that we did not verify the functionality of the
LAMP reagents inside the devices after coming back from the field trip. We waited for
6 months before testing them, and we could not guarantee that the LAMP reagents were
still functional inside the device soon after our return. Therefore, our assumption that
the reagents inside the devices were functional during field-testing, and after 10 days

storage under uncontrolled conditions, might have been incorrect.

4.2 Discussions

4.2.1 Tablet-Based Storage of Reagents

We demonstrated that LAMP reagents stored dry in pullulan-trehalose tablets can be
successfully integrated with lateral flow assays, shipped to underserved communities,
and used on-site at the point-of-care. Tablet-based assays are a simple and affordable
wa