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Abstract

The utilisation of point-of-contact diagnostic devices has evolved into a crucial cornerstone
within the global public health landscape. Notably, their significance became abundantly clear during
the COVID-19 pandemic. This doctoral thesis is dedicated to introducing and perfecting an innovative
point-of-contact system designed for the detection of specific genes. This system is rooted in a
modified recombinase polymerase DNA amplification method, complemented by an adaptable
nucleic acid lateral flow assay.

To showcase the capabilities of this novel system and elucidate the processes involved in its
design and optimization for a specific target gene locus, we employed genes linked to methicillin-
resistant Staphylococcus aureus as our detection targets. The system proved its effectiveness in
detecting the antibiotic resistance gene mecA, commonly found in methicillin-resistant
Staphylococcus aureus, even at a single genetic copy, all in less than an hour.

The research in this presentation provides a comprehensive breakdown of the procedures
necessary to effectively identify conserved gene loci suitable for our developed system. Additionally,
we delve into the methodology for designing compatible primer sets. To make the development of
this system possible, we established a kinetic model for real-time recombinase polymerase
amplification, which is presented herein. This model enabled us to explore the kinetics of recombinase
polymerase amplification reactions in real time, employing a custom-built solid-state fluorometer.
Modifications were made to the standard recombinase polymerase amplification procedures to
accommodate the altered primer system, with further adjustments detailed to ensure compatibility
with the developed nucleic acid lateral flow device. We also address the kinetic implications of these
modifications and outline a procedure for further optimising the recombinase polymerase
amplification reaction conditions to mitigate any performance losses.

The thesis goes on to discuss the sonochemical synthesis of monodisperse 21nm thiol-
functionalised silica-coated superparamagnetic nanoflowers. These nanoflowers were thoroughly
characterised using high-resolution transmission electron microscopy, X-ray diffraction, and UV-Vis
spectroscopy. Notably, they exhibited the remarkable ability to remain in colloidal solution for
extended periods and could endure freeze drying and reconstitution without requiring mechanical
redispersion. We also describe how these nanoflowers were to catalyse RPA reactions in solid phase,
in the presence of an alternating magnetic field. The magnetic field was generated using a battery-
powered field generator developed in-house, compact enough to integrate into a standard lateral flow

device, akin to the ones currently available in the market, such as the ClearBlue Digital device.

Xii
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Chapter 1

Introduction.

“Buckle up, Buckaroo”

Oh, ho ho and a bottle of rum,
I'm stuck in this room for boring PhD scum,
Buckle up Buckaroo, it's going to be a ride,
Listening to this guy talk about his research and his pride.

Oh, the PhD introduction, it's such a bore,
I'd rather be in the lab with a flask or four,
Experimenting and testing and making a brew,
Than stuck in this room for this poor fool.

He drones on and on with his facts and his figures,
I can't keep my eyes open, I'm getting slumberous rigours,
But alas, | must stay and listen to the end,
Until he's finished, | can't just up and fend.

Oh the PhD introduction, it's such a bore,
I'd rather be out on the ocean's shore,
Sailing the seas and singing a tune,
Than stuck in this room listening to this buffoon.

Finally, the PhD is done with his spiel,
I can hardly contain my relief and my zeal,
I bolt from the chair and head for the door,
Leaving the PhD and his boring intro no more.

Back in the lab, the Bunsens are lit,
I mix and | measure, and | have a fit,
For back to my lectures, students and talks,
Owe to be free to experiment and take on new walks.



1.1 Methicillin Resistant Staphylococcus Aureus (MRSA):

Introduction:

Staphylococcus aureus is a gram-positive coccal (sphere-shaped) bacterium that is a member
of the Firmicutes phylum,? frequently found in the nose, respiratory tract, and on the skin.? Since its
discovery during the 1880s? it has been recognised as being responsible for a multitude of infection
associated diseases. Ranging from the minor, such as skin infections to the severe,? such as necrotising
pneumonia and meningitis.? Preceding the introduction of penicillin such infections had a mortality
rate of nearly 80 %.2 Following the continued use and prescription of penicillin to patients presenting
suspected S. aureus infections,* over 50 % of S. aureus isolates where found to be resistant to penicillin
by the late 1940s. Such undesired resistance was even documented during its clinical trials earlier that
century.® The resistance to penicillin in S. gureus was later determined to be caused by the acquisition
of a plasmid.? The plasmid enabled the phenotypic expression of a protein called penicillinase, capable
of hydrolysing the B-lactam ring of the naturally occurring antimicrobial agent. Soon after such
resistance hit its peak, a particularly virulent and infectious clone of S. aureus appeared in Australia
and was named strain 80/81.% It spread through the world population causing nearly one third of
hospital acquired nasal carriers to develop septicaemia.” Furthermore, control over such an aggressive
strain of S. aureus was only gained following introduction of the first semi-synthetic penicillin,

methicillin (Fig. 1.1).
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Figure 1.1. The molecular structure of penicillin (1). The molecular structure of methicillin (2). The
induced steric hindrance afforded by the addition of two aryl methoxy groups prevented the

hydrolysis of the adjacent 8-lactam ring by penicillinase.

Methicillin was specifically introduced to resist the hydrolysis by penicillinase, and did so
successfully.® However only a few years after its introduction the first case of MRSA was reported.® At

the turn of the millennium MRSA was a pathogen at pandemic scale in hospital wards around the



world. Figure 1.2 shows the worldwide prevalence of MRSA® as of 2007 showing the severity of the

global health issue MRSA was causing.
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Figure 1.2 Worldwide prevalence of MRSA by country: All presented from studies taken from 1998-
200751 t Data only available from one hospital # studies between 1993-1997.

A report published by the European Commission for Disease Prevention in 2014 updated the

previous 2007 prevalence report of MRSA isolates in exclusively European nations.*® (Fig.1.3).
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Figure 1.3 European prevalence of MRSA by country®

A reduction in the prevalence of MRSA isolates in comparison to 2007 report was observed.

However, MRSA remains a serious health threat throughout Europe.



1.2 Mechanism of B-lactam antimicrobial resistance in methicillin resistant

staphylococcus aureus isolates:

The resistance shown to penicillin in the 1940s by S. aureus strains was mechanistically
simplistic.2 Therefore, overcoming such intrinsic resistance was relatively easy, following minor
chemical modifications of penicillin. However, the resistance seen later in MRSA strains was not so
simplistic. It was in fact the result of a more sophisticated and robust mechanism providing resistance
to not only penicillin and methicillin but all B-lactam antibiotics’. This includes all penicillin’s,

cephalosporin’s and carbapenems based antimicrobials.?

Antimicrobial action of penicillin’s:

To appreciate the sophistication of such a resistance mechanism firstly the pharmacodynamic
mode of action of penicillin based antimicrobial agent’s must be discussed. All B-lactam antimicrobials
inhibit a protein that is responsible for the construction and maintenance of bacterial cell walls.*®
Firstly prokaryotic cell walls are composed mostly of peptidoglycans. Such consist of a chain of N-
acetyl glucosamine and N-acetyl muramic acid disaccharides which are repeatedly linked via a f-1,4
glyosidic linkage.?® Furthermore, present in the peptidoglycan are N-acetyl muramic acids crosslinked
by short oligopeptides.? (Fig. 1.4) The formation of these 1,4 glycoside linkages (transglycosylation)
and oligopeptide cross linkages (transpeptidation) are carried out by the penicillin binding proteins,

PBP’s; and are structurally what provide the rigidity in the bacterium cell wall.
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Figure 1.4 Molecular structure of the staphylococcus aureus peptidoglycan cell wall. Blue and red

circles indicating the unlinked and linked oligopeptides.



B-lactams specifically inhibit the transpeptidation step of cell wall synthesis by efficiently
mimicking the D-Ala-D-Ala side chain of the peptidoglycan (circled in blue Fig 1.4) substrate.?
Inhibition of the penicillin binding protein is achieved by the formation of acyl-enzyme complex’s (k)
between the B-lactam and the nucleophilic serine region of the penicillin binding proteins active site.?
(Fig. 1.5). However, de-acylation of this complex would occur with the original peptidoglycan
substrate. As the region of the active site which houses the de-acylating acceptor domain and or a
potential water molecule for hydrolysis of the acyl complex is occupied by the B-lactam ring it is

impeded.® Therefore, kinetic regeneration of the non acrylated penicillin binding protein is so slow in

comparison to cell division that the enzyme appears to be irreversibly inactivated.1%23-2

Allosteric site

Figure 1.5. The structure of the penicillin binding protein PBP2a isolated from a methicillin resistant
Staphylococcus aureus isolate. Monomeric unit shown, the active-site serine residue is shown as blue
spheres. The allosteric site residues are shown as yellow and green spheres. Structure generated

using PYMOL with the PBD code 1VQQ. Figure adapted from Peacock®



The PBP2a resistance factor:

To combat this inhibition of the native penicillin binding protein (PBP2) methicillin resistant S.
aureus strains have acquired a gene which transcribes a secondary penicillin binding protein, PBP2a.
Such has a reduced binding efficiency to B-lactams.'® The resistance of PBP2a to B-lactams can be
explained by examining the kinetic parameters of the enzymatic reaction of the penicillin binding
protein and a B-lactam (1). Primarily, the equilibrium position (Kg) for the formation of the Michaelis
complex between PBP2a and the B-lactam is significantly skewed to the non-complexed form. Also, a
reduced rate of acylation (k;) is observed.’ Conversely once PBP2a is acrylated it has a comparable
rate of hydrolysis (k3) to that observed in PBP2.26 Thus meaning the B-lactam is unable to effectively
access and bind to the new active site. However, when the site is accessed, it had similar inhibitory

effects.

Ka 3] k
PBP + B-lactam =—— PBP - B-lactam =, pgp— B-lactam —> PBP + B-lactam (3
[Michaelis complex] [acyl-enzyme] 20 [hydrolyzed]

The actual cause for this reduction in the equilibrium constant Kqand rate constant k; can be seen in
the morphology of the PBP2a (Fig. 1.5). Specifically, the region around the serine active site has an
obvious narrow and extended cleft. This makes the active site far less accessible to all substrates,
including B-lactams. In addition further research suggests that the acylation step of PBP2a requires a
conformational change.?’ Given that the Michaelis complex for PBP2a does not form at antibiotic
concentrations found in vivo;**?” these conformational changes are by far the greatest factor defining
the resistance.?”

When assigning the inhibitory ability of a B-lactam directed at a penicillin binding protein the
second order rate constant k»/Ks is used.>? This rate ranges depending on the antibiotic, however
for PBP2a it is in the region of 1 - 19 M s1.2272* Comparatively using the same range of antibiotics B-

lactam susceptible PBP’s such as the native PBP2 for S. qureus is in the range of 10?3 larger.?®

The PBP2a resistance factor:

For PBP2a to function correctly it is vital that the uncross linked peptidoglycan substructure
can form the Michaelis complex. Due to the cleft around the active site, this too is inhibited, however
PBP2a is under allosteric control.?® Located ~60 angstroms from the active site is a non-penicillin
binding domain.?® This is the allosteric site which specifically bonds to the D-Ala-D-Ala terminus of the
unlinked peptidoglycan strands. (Fig. 1.4) This promotes a conformational change at the active site via
several salt bridge interactions. Such a conformational change facilitates the efficient transpeptidation

of the uncross linked peptidoglycan strands adjacent to the allosterically bound termini.?®



1.3 Molecular evolution of MRSA AMR factors & genetic functionality of SCCmec:

Following molecular genotyping of S. Aureus genomes the antibiotic resistance associated with MRSA has been attributed to a large mobile genetic
element known as the staphylococcal cassette chromosome mec (SCCmec).%*>%%° Five main types of SCCmec have been identified with several subdivisions of
I, I, Il and IV being reported,>®11:1930-32 55 of 2012 six more SCCmec types had been identified and characterised.'® However, such are not discussed due to the
minority of the genetic variations!® from the main five. A key point to note here is that Health care acquired MRSA usually carries type I, Il or 1I1,%3*3% whereas
community acquired MRSA typically carry type IV and sometimes type V.%*>3¢ Figure 1.6 depicts the most important genetic features found on each of the main

divisions of SCCmec’s.337-3°
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Figure. 1.6 A schematic arrangement of the SCCmec types I-V*373°, The most significant genetic elements of the SCCmec are shown i.e. the ccr genes, IS
sequences, mec complex’s, orfX, integrated plasmids and transposon. The six loci proposed by Oliveria and de Lencastre® used for SCCmec typing are also
shown.



1.3.1 Antibiotic resistance factors found on SCCmec:

On the SCCmec is a 2.1 kb gene designated as the mecA gene.>®* Such a gene is responsible
for the synthesis of the aforementioned 78 kDa PBP2a. (Fig 1.4).° SCCmec |, SCCmec IV and SCCmec
V encode specifically for the resistance to only B-lactam antibiotics via the mecA gene. Conversely

SCCmec type Il and SCCmec type Il encode for multiple antimicrobial resistances.

SCCmec Il additional resistance genes:

Firstly, SCCmec Il carries an additional integrated plasmid sequence called pUB110. On the
pUB110 plasmid is the gene ant(4’) and BleO, which is responsible for the expression of resistance

factors against the antimicrobials kanamycin, tobramycin and bleomycin (Fig. 1.7, Fig 1.8).333%
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Figure 1.7 Molecular structures of the antibiotic bleomycin (3).
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Likewise, located on SCCmec type Il is a transposon called Tn554. Such a region of genetic
information possesses the ermA gene which is responsible for the inducible production of macrolides,

lincosamides and streptogramin (Fig. 1.9) resistance factors.>33%!
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Figure 1.9 Molecular structure of antibiotics ermA transcribes resistance factors against.
(streptogramin based antibiotic, Quinupristin).

SCCmec lll resistance genes:

SCCmec type Il also harbours the previously mentioned Tn554 transposon responsible for the
resistance to macrolides, lincosamides and streptogramin via the ermA gene. Additionally, two other
plasmodial areas of genetic information are present which transcribe additional resistance factors.
Firstly, another integrated plasmid named p/258 transcribes a P-type ATPase named CadA.*? This

protein is responsible for the resistance to Cd(ll), Pb(ll) and Zn(ll) metal ions.* The second region is



again an integrated plasmid, named pT181. It specifically codes for the resistance to tetracycline-

based antimicrobials.334*(Fig. 1.10).
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Figure 1.10 Molecular structure of tetracycline-based antimicrobials.

1.3.2 Further antimicrobial resistance not encoded by the SCCmec:

Furthermore, S. aureus can also carry further genes relating to antibiotic resistance inserted
at other sites of the chromosome and or on plasmids. Such include fluoroquinolone’s, aminoglycosides

and vancomycin.* (Fig. 1.11)
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Figure 1.11 Examples of antibiotics methicillin-resistance staphylococcus aureus can express

resistance to. Ciprofloxacin (Fluoroquinolone) and Amikacin (Aminoglycoside)

Resistance associated with fluoroquinolones was described to result from environmentally
induced point mutations leading to activation of a NorA regulated Influx resistance pump.* A locus
identified from whole the genome of S. aureus and called flgB was shown to regulate the NorA influx

response.*® Resistance to aminoglycoside-based antimicrobials can result from several loci, usually

10



differing across S. aureus strains. Readers are therefore are directed to an excellent paper detailing

the mechanisms of resistance to aminoglycosiades.*’

Clinical isolates from Japan were shown to have either intermediate or complete resistance
to glycopeptide antimicrobial vancomycin.>®® (Fig. 1.12). The reduced susceptibility to vancomycin
was unambiguously linked with the thickening of the cell wall.*® Between 2002 and 2004 more
isolations of this strain of 3™ line resistant MRSA were recorded,® the patient from which they were
isolated were independent. However, a common link was co-infection with vancomycin-resistant
enterococci which was key in identifying the origin of vancomycin resistance in S. aureus.*® The gene
found to be responsible was that found on an enterococci plasmid and named vanA, readers are again

directed to a recent review of such resistance and its mechanisms.*
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Figure 1.12. Molecular structure of Vancomycin, the third line treatment of methicillin-resistant

staphylococcus aureus infections
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1.3.3 Functional elements of the SCCmec:

In total, there have been 17 well characterised and distinct SCCmec cassettes.3*4%50-55 Shown
in figure 1.13 is the structural deviations of each showing all the features of the ccr and mec gene

complexes.

The mec complex:

The mec complex found in the SCCmec is the structural element responsible for the
transcription regulation of mecA. The process of transcription regulation of the mecA gene and
subsequently the phenotypic expression of PBP2a is detailed later in this chapter. In total main 5 types
of mec gene complexes have been described A-E (Table. 1.1), however of the 17 characterised

cassettes only three are prevalent; A, B and C (Fig. 1.13).33395¢

Table 1.1.The major classes of mec gene complexes with their structural variation.

Class Mec complex

A mecl-mec-RI-mecA-1S431
B 1S1272-AmecRI-mecA-1S431
C 1S431-AmecRI-mecA-1S431
D AmecRI-mecA-1S431

E AmecRI-mecA-1S431’

Crr gene complex and junk regions:

The ccr gene complexes (green regions, Fig. 1.13) are the genes responsible for the expression
of cassette chromosome recombinase. The function of which is the integration of the SCCmec element
into the main chromosome of S. aureus, as well as its excision. SCCmec types | and II's ccr complexes
are designated ccrA1 and ccrB1 (shorted to ccrAB1). ccrAB2 is designated to SCCmec types Il and IV,
ccrAB3 for type lll and ccrCfor type V.3°>%8 The integration and excision of the cassette is site specific
to the 3’-end of an open reading frame called orfX (Fig. 1.13).3755-58 The function of orfX remained a
mystery until 2013, when it was subsequently reported to encode for a RImH type ribosomal
methylransferase.’® The regions bordering the mec and ccr regions are designated as the J regions,
indicating non-coding DNA. For the main variants of the SCCmec, i.e. type I-V; J;is located between
the chromosomal junction attL and the associated ccr genes. J; is located between the ccr genes and

the mec complex, Jzis located after the mec complex prior to the orfX region 3”558
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Figure 1.13. The 17 main variants of the SCCmec based upon the work of Oliveria, Okuma,
Shore and colleagues. 334%°%55 Ccr complexes shown in green, MecA shown in yellow. Figure adapted

from Grundmann®
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1.3.4 The expression and requlation of mecA.:

The mechanisms employed by microorganisms to express for; and regulate their acquired
resistances to antimicrobial agents is in general a reactive process.?94444749 Ag such this presents key
challenges in detecting specific antimicrobial resistance factors clinically without extensive culture.
Thus, standard antigen-based protein detections are rendered unreliable without the initial culturing
of a suspected pathogen in the clinical setting.>® Such detection methods are discussed in later in this
chapter. The regulation and expression of the MecA gene clearly highlights this reactive process. The
regulation of MecA expression to PBP2a is achieved by the Mecl repression protein and MecR1
receptor protiens.? ®In the absence of a B-lactam antimicrobial the Mecl repressor protein (Fig. 1.14)

represses the transcription of mecA and MecR1-Mecl gene (Fig.1.13, Fig 1.15a)

Figure 1.14. The monomeric crystal structure of the Mecl repressor protein complexed with the Mecl
DNA binding domain. The side chain structure is shown for the recognition domain of the protein.
Produced using data collected and deposited on to Protein Database by Safo and collegues.®* PDP

code: 2D45

Mecl binds to a 30bp palindrome region adjacent to the sequence, it therefore cannot be read
and transcribed by an RNA polymerase. MecR1 is a transmembrane metalloendopeptidase zymogen.

Its function is to detect B-lactams in the extracellular penicillin binding domain.?® (Fig. 1.15b) In the
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presence of a B-lactam the MecRI protein in the cytoplasmic region of the cell becomes activated by
an autocatalytic cleavage of the intracellular sensor domain, induced by a B-lactam itself. Thus,
producing an intracellular metalloprotease domain on MecRI. (Fig. 1.15c) The exact role of the now
active intracellular metalloprotease domain is not completely clear.'® However, it is unambiguously
linked with the production of dipeptide peptidoglycan cell wall fragments in the cytoplasmic region
which directly proteolysis Mecl.’ (Fig. 1.15d) It is also reported that direct proteolysis of Mecl by the
MecR1 is a possible mechanism. For further discussions of this stage in the mechanism readers are
directed to an excellent review by Peacock. A further gene mecR2 encodes for a protein which
transcribes in the presence of B-lactams. (Fig. 1.15e) This protein directly binds to the Mecl inhibitor

further causing proteolysis allowing mecA transcription. (Fig. 1.15f)
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Figure 1.15. Pictorial model of the feature of mecA gene regulation. (a) In the absence of 8-lactams,
transcription from the mec operator is prevented by the binding of the repressor Mecl. (b) 6-Lactams
are detected by their binding to the penicillin-binding domain of MecR1. (c) Autolytic activation of the
intracellular metalloproteinase domain. (d) Cytoplasmic cell -wall fragments act as a coactivator that

binds Mecl, disrupts its association with the mec operator (e) Anti-repressor, encoded by mecR2 is
transcribed in the presence of 8-lactams. (f) The degradation of Mecl causes mecA transcription.

Itis clearly a complex and ingenious solution that allows the cell to produce only PBP2a when
required to maintain the prokaryotic cell wall maintenance in the presence of B-lactams. Conversely
both the mecl and mecR1 sequences can be truncated by an insertion sequence, /S431 or 151272
(fig.1.6 and fig. 1.13). The insertion sequence present depends on the type of SCCmec and can depress

mecA expression, thus reducing its ability to survive in the presence of high antibiotic concentrations.
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1.3.5 The origin of the SCCmec:

The origin and mode of gene transfer of the SCCmec to S. aureus remains in dispute, as no
other bacterial isolates of different genera have been found to carry the SCCmec element.35°8
However, an analogue of the mecA region of the SCCmec can be found in strains of S. Sciuri with an
88% sequence similarity.®%2%* A significant amount of evidence suggests that the ccr and mec gene
complexes were brought together in coagulase-negative staphylococci like S. sciuri. Following deletion
of the regulatory mec gene sequences regions were transferred horizontally to S. aureus yielding
MRSA isolates. The first piece of evidence suggesting such a mechanism is found in the presence of
the IS1272 insertion sequence (fig 1.6). Intact and found in mutable locations of S. haemolyticus
genome, unlike S. epidermidis and S. aureus which contain usual deletions in the I1S1272 sequence.
Thus, suggesting that S. haemolyticus was the original host of IS1272 genetic element found in the
SCCmec of S. aureus. A further study reported the formation of MRSA in vivo by horizontal mecA

transfer from S. epidermidis to MSSA during antibiotic treatment.55>®

The next element of evidence indicated that recombination between SCCmec type | and
additional gene sequences from again non-coagulase staphylococci yielded the SCCmec type IV
SCCmec which was subsequently transferred to S. aureus.®” Additionally, SCCmec type IV was only
found in S. epidermidis isolates prior to 1981 when the first instance of the SCCmec IV was detected
in S. aureus.%®% However more recent data is pointing to S. fleuretti the original vesicle for the

promotion of the SCCmec.%°

1.4 Conventional Culture Based Detection Methods:

The standard method and most routinely used in microbiology labs for the screening of MRSA
is agar culture to identify S. aureus colonies.”® Swabs of a patient mucous membranes, such as anterior
nostrils and throat are taken; perineum swabs are also routinely used in combination for agar based
culture.”* Additional samples may also be taken from the rectum, sputum (ventilated patents), groin
and axilla.”® The swabs are usually Dacron or cotton and are placed in a buffered medium for storage

and transportation for microbiological evaluation.”

The conventional MRSA agar culture relies upon the use of selective culture media to
specifically culture suspected MRSA. There are several agars available each with specific properties
making them selective for MRSA culture. The most common of culture mediums is the mannitol salt

agar. The composition of such agars includes D-mannitol, high NaCl concentration, phenol red, digests
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of casein and animal tissue, beef extracts mixed with standard agar.”®’? Such a media will specifically
grow staphylococci due to the presence of high NaCl concentrations.” Furthermore, the addition of
phenol red causes the colour of the medium to change from red to yellow around pathogenic
staphylococci that produce acidic metabolites, e.g. colonies such as S. aqureus.”® (Fig 1.16). Further
selectivity for MRSA can be introduced by adding a B-lactam such as oxacillin to the culture media,
thus screening out methicillin susceptible S. aureus (MSSA) and another B-lactam susceptible
bacterium. Alternatively, any colonies grown on the standard mannitol salt agar can be investigated
by disk diffusion to ascertain the antimicrobial resistance.?®’%72 Plating on to such plates without

antibiotics present can be very useful to screen initial swaps taken from clinical settings.

Figure 1.16. MRSA selective mannitol salt phenol red agar plates streaked with an MRSA isolate (Left)
and an MSSA isolate (Right). Acidic metabolites produced by MRSA isolates discolour the phenol red
allowing for rapid identification of possible pathogenic colonies. Image reproduced from ASM image

repository, © Shields and Cathcart.

Another alternative method to disk diffusion or the use of B-lactam inhibiting agar culture is
the latex agglutination test.>>’° Using anti-PBP2a monoclonal latex sensitised antibodies the presence
of PBP2a protein produced by suspected MRSA isolates can be visualised by the coagulation of the
blue latex particles.>®”° (Fig.1.17) Such tests are in routine use and proved a fast and inexpensive
method to quickly identify resistance in suspected isolates. However as discussed in section 1.3.4 such
sensitised latex agglutination tests still require pre-culture in an antibiotic containing mediums.

Readers are directed to in-depth performance review of the latex angulation test.>
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Figure 1.17. Latex agglutination test card. Circle 1 shows a negative result as the latex particles
remain colloidal in solution. Circle 2 indicating a positive result as the latex particles have
agglomerated out of solution due to the presence of PBP2a protein. Image reproduced from Oxoid
Ltd © Fisher Scientific.

Newer methods of MRSA culture-based detection have been developed. New selective media
which can identify a target inoculum via a colour change have been readily available from several
suppliers. The media used is like that described previously. However chromogenic substances present
with in the agar matrix specifically mark target enzymes, such as PBP2a.”* Consequently, colouring
MRSA isolates brightly against the agar medium using primary culture. Therefore, removing the need
for subculture. Currently chromogenic media for MRSA detection incorporate chromogens to
differentiate S. aureus from other pathogens and antibiotics for selective growth of MRSA.”* Several
are available and differ in chromogenic substrates and antibiotic formulations/concentrations.
Readers are directed to a relatively recent review assigning the sensitivity and specificity of such

mediums.”®

\'r"’:. R Y
", o
L B
- A ':,"' 5
g -

Figure 1.18. MRSA isolates streaked are selectively stained on a MRSASelect Il agar plate

commercially available from Bio-Rad. Image © Bio Rad Laboratories.
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1.5 State of the art detection methods - Molecular assays:

In recent times a shift from the traditional culture-based methods to more specific and
selective molecular methods have been observed. However, such methods are significantly more
expensive and usually require a series of skilled operators. Furthermore, although results are seen as
rapid, the dependency on skilled operators induces a reduced throughput of samples.”? Such
drawbacks have limited the applications of molecular assays to epidemiological studies of MRSA
rather than direct screening of patients. Nevertheless, such methods are used routinely in countries
that operate under a stringent search and destroy MRSA policy. The benefit of which can be clearly
seen from the prevalence rates of MRSA in the Netherlands in the 2014 prevalence study (Fig. 1.2-
1.3), 610-18

Pulse field gel electrophoresis:

Gel electrophoresis has been used to distinguish and type biological molecules for many
years’®, however the uses of standard of electrophoresis has its limitations. In the realm of attempting
to classify and type bacteriological genomes the limitation is the inability effectively separate large
oligonucleotides.”” Pulse field gel electrophoresis overcomes this issue by manipulating the direction
and timing of the applied electric field across the test gel. The method was originally developed for
genome size DNA’s isolated from yeasts in 1984.”7 Today it is still considered the gold standard
methodology for typing of MRSA isolates due to its high discriminative power.® The pulse field gel
electrophoresis of MRSA isolates is performed on purified chromosomal DNA digested with the

restriction enzyme Smal, followed by the pulse field electrophoresis on agarose gel.”®

The obtained diagonal patterns are analysed via a Dice co-efficient and unweighted pair-group
matching analysis according to the Tenover scheme.” The patterns can then be used to distinguish
colonial related MRSA isolates and generate a database based on the unweighted pair-group matching
analysis parameters. Figure 1.19 shows the chromosomal fragments of four MRSA isolates run using
pulse filed gel electrophoresis. Issues however arise with this methodology in its repeatability, great
efforts have standardised the testing protocols at national levels, however internationally this remains
elusive. Thus, meaning the pulse field electrophoretic analysis of two identical isolates carried out in

different regions give non-comparable results.-82
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Figure 1.19. Pulse field gel electrophoresis of four methicillin resistant staphylococcus aureus
isolates.? For the patterns obtained it is possible even by eye to identify isolates 2 and 3 are from the

same clonal complex.

Multi-locus sequence typing (MLST):

Multi-locus sequence typing is a truly molecular based technique, whereby the sequencing of
seven essential housekeeping genes of S. aureus is performed.®® Automated genetic sequencing is
used to build an integer base allelic profile of a particular MRSA strain as well as the mecA gene to
confirm resistance. Using polymerase chain reaction (PCR), the seven genes are targeted with the
primers shown in table 1.2.

Table 1.2. The seven target housekeeping genes used for multi loci sequencing typing of suspected

MRSA isolates. Included is the label and sequence of the PCR primers used to amplify the target genes
from a chromogenic DNA sample. Table adapted from Enmright®3

Gene Primer Sequence 5’-3’
Carbamate kinase (arcC) arcC-Up TTGATTCACCAGCGCGTATTGTC
arcC-Dn AGGTATCTGCTTCAATCAGCG
Shikimate dehydrogenase (aroE) aroE-Up ATCGGAAATCCTATTTCACATTC
aroE-Dn GGTGTTGTATTAATAACGATATC

Glycerol kinase (glpF) glpF-Up CTAGGAACTGCAATCTTAATCC
glpF-Dn TGGTAAAATCGCATGTCCAATTC
Guanylate kinase (gmk) gmk-Up ATCGTTTTATCGGGACCATC

gmk-Dn TCATTAACTACAACGTAATCGTA
Phosphate acetyltransferase (pta) pta-Up GTTAAAATCGTATTACCTGAAGG

pta-Dn GACCCTTTTGTTGAAAAGCTTAA
Triosephosphate isomerase (tpi) tpi-Up TCGTTCATTCTGAACGTCGTGAA
tpi-Dn TTTGCACCTTCTAACAATTGTAC
Acetyl coenzyme A acetyltransferase yqilL-Up CAGCATACAGGACACCTATTGGC
(yqil) yqiL-Dn CGTTGAGGAATCGATACTGGAAC
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Each of these genes have specific known alleles with specifically known polymorphic sites. The
PCR products of a suspected MRSA isolate are genetically sequenced to identify the specific alleles

based on the sequence and polymorphic sites present (Table 1.3).

Table 1.2. Sequence variation of the seven target loci.

Gene Sequence length No. of alleles No. of polymorphic sites
arcC 456 17 19
aroE 456 17 23
glpF 465 11 14
gmk 429 11 13
pta 474 15 18
tpi 402 14 18
ygil 516 16 19

Should five of these MLST genes have identical sequences between two isolates they can be
considered clonal complexes. An example of an allelic profile, or sequence type, described by MLST is
ST247-MRSA-I; it has a MLST of 3-3-1-12-4-4-16. In total 53 different sequence types where define by
Enright and co-workers, readers are direct to the original paper published for the full allelic profile of
each of the 53 sequence types.?2 The method was validated by comparison using pulse field gel

electrophoresis.?® (Fig. 1.20)
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Figure 1.20 PFGE of pairs of isolates with identical allelic profiles. Chromosomal DNA from pairs of
isolates of STs 25 (lanes b and c), 30 (lanes d and e), 34 (lanes f and g), 36 (lanes h and i), 39 (lanes j
and k), 45 (lanes | and m), 47 (lanes n and o), and 49 (lanes p and q) were digested with Smal and
were separated by PFGE. Concatenated bacteriophage lambda molecular size markers were run in
lanes a and r.%

21



Isolates which had identical MLST profiles usually had identical Smal fragmentation patterns
or only differed by less than 4 fragment bands. Such where isolates considered the same strain. Those
whom differed by only 4-6 are considered to be of the same genetic lineage. The reason for this
deviation from pulse field gel electrophoresis was that the rate of gene variation in the house keeping
genes was significantly slower than that of the Smal fragmentation loci. A clear disadvantage of MLST
is the requirement to sequence the PCR products. Such a process is not only time consuming but
exceptionally expensive when compared to that of conventional culture methods and PFGE. However,
clear advantages of such an absolute nomenclature and certainty over the loci genetic sequences
makes it highly discriminatory and removes any variation across laboratories. Such that all results

gathered using this technique are comparable and repeatable.

1.6 An introduction to Immunoassay and Nucleic Acid Hybridisation Based
Lateral Flow Assays

1.6.1 Introduction:

Lateral flow devices are among a small selection of diagnostic and analytical tests to warrant
the convergence of the WHO criteria for ASSURED.®* Namely: affordable, sensitive, specific, user-
friendly, robust, equipment-free and delivered point of care diagnostic devices. The first point of
contact diagnostic device becoming commercially available to end users with the advent of the home
pregnancy test in the late 1980s.2>% However, the human fascination with point of contact diagnostics
spans our history further than one would think. The ancient Egyptians were found to be one of the
earliest at attempting such diagnostic tests. The test comprised of a lady in question of being pregnant
urinating on to a mixture of barley and wheat seeds over numerous days. The results of the test being
determined by if barley grows, it means a male child. If wheat grows, it means a female child. If both

do not grow, she will not bear at all.¥

With the advent of the first pregnancy test showing that the selective and specific detection
of the human hCG protein was achievable at an affordable cost. Thanks to the initial work of Judith L.
Vaitukaitis and co-workers,® developing the required platforms for such devices.®°! Industry
therefore boomed with numerous new point of contact diagnostic devices marketed and sold
worldwide by over 200 companies.! Such testing formats lead to a global annual market value of $2.1
billion USD in 2007°* with a marked increase to $15.4 billion USD in 2015.%2 However, such traditional

lateral flow devices have distinct disadvantages along with their merits.®®> Furthermore, they have
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remained relatively conceptually undeveloped proceeding their inception; those described by
Vaitukaitis are conceptually identical to today’s commercially available lateral flow devices 8 The
following sections will dissect the working principles of lateral flow devices in detail. Discussed is their
construction, composition, detection mechanisms and probes preceding a discussion on detection

limits.

1.6.2 Construction, composition, and working principle of lateral flow devices
(LFD’s).

1.6.2a. A schematic overview of construction:

Traditional lateral flow devices consist of four main sections comprised of a variety of
materials housed within a ridged and robust plastic casing.* The four sections overlap to allow the
flow of a liquid sample via capillary action. From the proximal end to the distal end across the four

materials. (Fig. 1.21)

Sample Port

Test Line

Control Line
Sample Pad

Housing

Conju

Figure 1.21. Schematic overview for the construction of traditional lateral flow devices (LFD's).%*

To increase the robustness of the device each section is mounted using a pressure-sensitive
adhesive to a non-absorbent backing. Commonly used backing materials include nylon and

polystyrene 19394
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1.6.2b. The sample pad:

The sample pad is a simple absorbent pad to which the sample is applied. The materials used
are not normally reported nor are their optimisation, in general they consist of a cellulose, rayon or
crossed linked silica.®* However, as this area is the devices first point of contact to the sample it has
several critical roles. The most important being the initial regulation of even and uniform sample flow
through the device.®® The other and equally important role is ensuring the sample is processed into a
compatible format for the rest of the lateral flow device. To perform this task impregnation of dried
chemical reagents to aid in sample preparation into the pad is used. This may aid analyte detection or
sample delivery depending on the reagents used. Such as cell lysis and protein denaturing via
chaotropic reagents. Furthermore, the porous nature of the pad may aid the removal of any remaining
sample debris. Thereby preventing any undesired detection interferences. Additionally, the
homogeneity of this section of the device is imperative.®® For example, any gradients in the

concentration of dried reagents across the pad; can significantly affect the devices performance.®®

1.6.2c. The conjugate pad:

The conjugate pad is the connection between the sample pad and the lateral flow membrane.
The pads main function is to capture, immobilise and store the devices analyte/control detection
probes.® Following the application of the sample, the probes must be released in the presence of the
analyte. Therefore, allowing the formation of the required detection conjugates. Such probes have
been specifically modified to specifically bind to the analyte in question, and or the control/test
regions of the device. The design, function, materials of such probes is discussed in-depth in section
1.3 and 1.4. pages 8 and 13. The materials of choice for this region can be variable. The most common
nevertheless include glass fibres, polyester and again rayon’s.’® The flow characteristics of this area of
the device are once more critical and materials must possess relatively high flow rates.>°! Achieving
this requirement involves the treatment of the previously mentioned materials making them
hydrophobic.’* One example involves the immersion of the pad in protein, polymers and surfactant
solutions followed by an intensive high temperature drying process.’? In similarity to the sample pad,
the hydrophobicity profile across the pad must be homogeneous to ensure optimal flow dynamic of

the sample to the lateral flow membrane.®
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1.6.2d. The lateral flow membrane:

The lateral flow membrane is also referred to as the analytical region of the device and is
perhaps the most important component found in lateral flow devices. Current literature supports a
wealth of lateral flow devices based upon nitrocellulose membranes.8>8°>97 The low cost,®® well
studied capillary fluid dynamics®° and substrate binding characteristics® of such membranes are in
truth what make them most popular. Nevertheless, such nitrocellulose membranes have
characteristics which make them distinctly unsuitable for applications in lateral flow devices. Low
reproducibility in performance across batches,*® shelf storage degradation issues®® and variable flow
characteristics caused by environmental changes®°*°*%7 make optimisation of such membranes
challenging.’® Other polymeric membrane materials have been used but with limited success.

919397 nolyethylene®® and fused silica.’® However, there

Examples include: nylon®3, polyether sulfone,
is a growing trend in using polyether sulfone® membranes for lateral flow devices especially those

with nucleic acid hybridisation detection methods.

The main function of the lateral flow membrane is to firstly accept the analyte and associated
probes from the conjugate pad. Secondly it thereafter transports them to the testing and control
regions of the device at a controlled rate. Onto the membrane capture regions are sprayed, i.e. the
test and control regions. Such regions selectively capture the analyte-probe conjugates and or the
non-conjugated analyte and probes. Hence concentrating them in the test and or the control regions,

inciting the result and validity of the test. (Fig 1.22)
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Figure 1.22 The principle working schematic of a traditional lateral flow device showing a negative

and invalid test result. Figure adapted from Li and McDonnald®
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This process of detection is discussed more in depth in section 1.6.2. The selectivity and flow
rate of the membrane can be adjusted by optimising the pore size of the membrane. %93
Nitrocellulose membranes are available in a variety of pore sizes, 0.05-12 um; thus, allowing for key

optimisations to be made in this area.

1.6.2e. The absorbent pad/the wick:

The purpose of the absorbent pad is to absorb the previously processed sample. However, it
plays a vital role in increasing the sensitivity of the device. By increasing the absorption volume, the
pad can wick-up more fluid across the membrane. Therefore, increasing the capture efficiency of the
test and control regions of the device as more sample is passed over the capture regions. It is also vital
that any liquid absorbed into the wick is not released downstream as this can lead to false positive
results, in particular on immunoassay lateral flow devices.’® The material of choice in this area is

reportedly high-density cellulose.®*

1.6.3 Analyte detection - A general schematic overview of detection.

1.6.3a. Competitive and sandwich/direct detection based lateral flow immunoassays:

Detection in lateral flow immunoassays operates by detecting target analytes using
specifically designed immunological macromolecules such as antibodies. In traditional lateral flow
immunoassays, there are two distinct methods to generate a positive or negative result. These are
known as sandwich/direct and competitive detection assays. In sandwich/direct assays the conjugate
pad contains a labelled antibody, hereby known as the probe; that forms a stable probe-analyte
conjugate. These conjugate and excess non-conjugated probes are drawn up the lateral flow
membrane via capillary action; their flow aided by the wicking effect of the absorbent pad. A specific
antibody is adhered to the test line which will explicitly bind to the analyte probe conjugate thus

immobilising it. The control line (Fig 1.23) will conversely only bind non-conjugated probes.
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Figure 1.23. Sandwich based detection in Lateral Flow Immuno-Assay (LFIA's)*?

If the analyte is present this will lead to aggregation of probes at the test line and the control
line, indicating a positive result. If no analyte is present, then the probe will only aggregate at the
control line; indicating a negative result. Such detection arrays are favoured when the target analyte
is large and contains multiple antigenic binding sites. Examples of analytes include the hCG

977100 and human immunodeficiency deficiency virus (HIV).8497,:99.101,102

protein,®8%8 Dengue antigen
Noted for such detection methods is the requirement of low to moderate analyte concentrations. If
an excess of analyte is present, the lack of non-conjugated probes may invalidate a result as no control

line will be developed.

Competitive detection arrays work on a similar but slightly different principle. In this case the
detection probe is labelled with an analyte augmented anti-body. This has a binding affinity for both
the test capture antibodies and the control capture antibodies. The test zone antibodies are however
analyte specific whereas the control is not. Furthermore, binding of the test capture antibodies to the
augmented probes is relatively weak; comparatively to the target analyte. Consequently, in the
presence of excess target analyte; the test antibody-probe conjugates binding sites will be
competitively displaced. In doing so no apparent line in the test region will be visualised. However, a
line at the control region subsequently indicates a positive result. The absence of the target analyte
will therefore result in two lines (Fig 1.24), thus indicting the negative result. Such applications of
competitive detection arrays contrast with sandwich-based arrays. Ideally the analyte will be small

with only one antigenic determinant, and be present in excessive concentrations.
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Figure 1.24 Competitive Detection Assay°*

1.6.3b. Nucleic acid lateral flow (immuno)assay:

Nucleic acid lateral flow devices are immerging as one of the most effective ways to easily
identify pathogenic microorganisms.?>%193 The main limitations of such methods however are the
requirements for sample preparation®” and external DNA amplification.®* In all literature examined®*"
97,99,100,105,106 the DNA amplification steps required for the nucleic acid lateral flow (immuno)assays
mentioned were either carried out externally or in lateral flow conjugated microfluidic devices. The
detection principles for nucleic acids on lateral flow membranes vary from traditional lateral flow
Immunoassays; with the exception of aptamer-based detection methods.??” Several methods have

been reported but the most common/relevant are presented here.

Nucleic acid lateral flow immuno-assay (NALFIA):

In nucleic acid lateral flow immunoassays the analytes are typically double stranded amplicons
which are specific to an organism of interest. The amplicon is produced using two or more unique
tagged primers, via PCR or an isothermal DNA amplification methodology. The primers used are
specifically tagged (Fig 1.25) at one end so the amplicon can selectively bind to an “anti-tag”, usually
an associated antibody. The other side will be selectively bonded to a detection probe. Adhered to the
test region of the lateral flow membrane is the anti-tag, which immobilises and aggregates the target
double stranded amplicon onto the membrane. The control anti-tag binds to only the probe thus
indicating the successful running of the strip. If the target gene is not present in the sample, no ds-

amplicon will be formed during the nucleic acid amplification. Consequently, only the tagged ss-
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primers will be transferred to the lateral flow strip. which utilised biotin and fluorescein as the tags,

antibodies as the anti-tags and avidin coated gold nanoparticles as the probe.

ss-primers O Probe (Nanoparticle)

v\ A Avidin
V Biotin

ds-Amplicon —»
‘ Fluorescein isothiocynate

FITC Anti-Tag —»

Avidin Anti-Tag

= ~— LF Membrane
Positive Result Negative Result

T C T C

Figure 1.25. NALFIA Detection Scheme®*
If no target DNA was present prior to DNA amplification using this system, the biotin labelled
primer (3’or 5’) end will still be captured by the test anti-tag. However, the probe can still

independently bind to the control capture anti-tag indicating the test has run successfully.

Nucleic Acid Lateral Flow Assay (NALFA):

In nucleic acid lateral flow assays the analyte is typically a single stranded amplicon which is
again specific to an organism of interest, which are generated by an external nucleic acid amplification
technique. However, in this methodology (Fig. 1.26) the detection mode is based upon nucleic acid
hybridisations rather than antibody-antigen conjugation.®*¢1% This is advantageous as there is no
requirement for tagged primers in the amplification step, owing to the hybridisation element being
encoded at the beginning and end of the amplicon itself. Detection of the relevant single stranded
amplicon is achieved by attaching a small oligonucleotide to a detection probe. These detection
probes are complementary to the bases at one end of the target amplicon thus allowing hybridisation
in the conjugate pad and along the lateral flow membrane. Adhered to the membrane in the test
region is again another oligonucleotide which is complementary to the bases at the other end of the
target single stranded amplicon. Upon hybridisation, it is immobilised inciting the positive result. The
control line has adhered the complementary oligonucleotide to the detection probe thus immobilising

only non-hybridised detection probes thus showing the result is valid.
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é Oligonucliotide detection
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Figure 1.26. NALFA detection array
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Figure 1.27. Three common NALFA capture probe adhesion strategies.%
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The main variant in detection using this approach is the mode of adhering the capture oligonucleotide
elements to the lateral flow membrane. Some adsorption strategies include:

e Bovine serum album protein linkage (Fig. 1.27a);

e Biotin-Avidin adsorption (Fig. 1.27b);

e Passive adsorption of the glycophosphate backbone directly to the membrane (Fig. 1.27c).

1.6.4 Detection Probes:

One of the most vital components in a lateral flow assay is the visualisation of the result, i.e.
the detection probe. It is the single most important element when considering the sensitivity of the
device, second only to the lateral flow capture probe/antibody efficiency and selectivity. This section
highlights the most reported systems used in lateral flow devices, all are applicable to both lateral flow

immunoassay and lateral flow nucleic acid assays.

1.6.4a. Colloidal gold nanopatrticles:

Colloidal gold nanoparticles (AuNP’s) are by far the most prevalent detection probe used in
modern lateral flow devices. The surface plasmontic resonance of such nanoparticles provided very
high extinction co-efficient in the red visible region. Thus, providing a very intense colour on
aggregation at the relevant regions of the lateral flow membrane. (Fig. 1.28) Furthermore, the
chemical nature of gold provides effective and well-studied methodologies for the functionalisation
of the surface with biological molecules. The first of such functionalisation with an antibody was

reported in 1984 by Moeremans!® and simultaneously by Breda and Roth.'®

llu

Figure 1.28. An example of a hCG pregnancy test exploiting colloidal gold nanoparticles as the

detection probe, seen as bright red lines.
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The general methodologies for producing such stable gold nanoparticle colloids involve the
reduction of dissolve salt solutions of gold in a controlled manner. Thus, producing uniform
nanoparticle in a range of shapes and sizes depending on the reaction conditions. The most common
methodology for producing such colloids is that described by Frens in 1973.1% It involves the
controlled nucleation of hot tetrachloroauric acid solution by sodium citrate reduction. Such gold
colloids produce a strong absorbance between 510-550 nm.*'! A higher lambda max indicates a larger
average particle diameter. Additionally, the uniformity of the particles can be approximated by the
width of the maximum absorption line, narrow indicating a uniform colloid; broad conversely

indicating a non-uniform colloid.®°

1.6.4b. Silver/gold reduction-based enhancement of colloidal gold nanoparticles:

Using a further strategy gold nanoparticles sensitivity can be greatly increased. Following
initial visualisation with gold nanoparticles, the lateral flow step is immersed in a tank of silver or gold
ions. Just as with the production of the original colloids the metal ions are again reduced in a controlled
manner. The slow reduction of the silver or gold forms a layer of metal around the conjugated gold
nanoparticles (Fig. 1.29) increasing their diameter. In doing so the molar extinction coefficient can be
enhanced by 1-4 orders of magnitude®*®, without compromising the benefits of using small diameter
nanoparticles. The original methodologies for such enhancements were developed on gold colloid
stained tissues by Danscher!!?13 and Holgate.''* The tissue stains were developed using a mixture of

silver lactate, hydroquinone and citrate buffer at low pH was used as the developing agent.

Membrane

Conjugate pad Wick
% \,\,O Oligonucliotide detection Probe
ss-amplicon T C (Nanoparticle)
analyte AN\ Oligonucliotide Target Capture
Probe

Oligonucliotide Control Capture
Probe

Deposited Au/Ag

Figure 1.29. Silver/Gold reduction-based enhancement of a colloidal gold based NALF detection

array.
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1.6.4c. Amorphous carbon nanoparticles :

Amorphous carbon nanoparticles (aCNP’s) have been recently reported in several papers as
the probe for both lateral flow immuno assays and nucleic acid assays.?%°>11> However the availability
of such particles is limited and usually their application are proprietary to the manufacturer.®® The
production in the lab involves the burning of toluene®® to produce soot from which the amorphous
carbon nanoparticles are isolated; such a procedure is far from ideal.)*> Unlike colloidal gold
nanoparticles there are no defined methodologies to produce different shaped or sized

nanoparticles!?

and few methods exist to directly covalently bond to the nanoparticle due to the inert
nature of the carbon surface.’®® Functionalisation of the surface, i.e. bonding of substrates to the
occurs via physio-adsorption. This process takes between 1-7 hours to complete. Conversely
amorphous carbon nanoparticles do provide benefits, namely they are cheaper than colloidal gold
given the relative abundance of material. They have also been shown to provide extended shelf life to

that of gold colloids and have similar molar extinction co-efficients.**®

1.6.4d. Fluorescence probes:

Fluorescence is a fundamental quantum mechanical behaviour of all matter. The basis of
which is the absorption of a specific quantum of electromagnetic radiation, followed by the
spontaneous re-emission of the quantum, usually at higher wavelength (Stokes-shift). Fluorescence
probes typically have high molar extinction coefficients and the excitation lifetimes are short, in the
region of 10 nanoseconds.?° One of the main strengths of using this phenomenon as a lateral flow
probe is that the intensity of the fluorescence can directly relate to the intensity of an excitation light
source.?® Thus, by irradiating the probe with an intense light source of a specific wavelength, a
response can be detected even if the number of conjugated probes present is small. The size of the
Stokes-shift is one of the key optimisations when selecting a fluorescence probe. Larger is generally
deemed as better as the distinction between incident light and emitted light is clearer. It is noted that
not all photons of the correct energy will excite the probe. The percentage of the photons that do is
translated into the quantum efficiency/yield/turnover.?® The advantages of such probes are also
inherently their weakness because to use such probes an irradiation source and a selective photodiode
are needed to measure the fluorescence signal. Such a requirement rises the cost of production and
reduces the user friendliness of the device. Reducing their applicability to the WHO “ASSUED” criteria
for point of contact diagnostics. Examples the most typically used in lateral flow devices are xanthene

and cyanine dyes (Fig. 1.30) owing high extinction coefficients and reactive groups.®
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Figure 1.30. Two commonly used Xanthene (12) and Cyanine Based Fluorophores (13) in LFD’s

Such reactive groups allow for the easy attachment of a biological molecules; such as proteins,
sugars, and nucleic acids. Other probes include lanthanide metal complexes where the electronic
transition is a strong charge transfer from outer-sphere metal elections to the ligand itself. These
probes have large Stokes-shifts, but have inconveniently long excitation lifetimes 500-2000
microseconds.®® Thus, meaning the signal response is a function of time for quantitative analysis,

leading to reduced signal intensity for qualitative evaluations.

1.6.4e. Quantum dots:

Quantum dots are monocrystalline nanoscopic materials, usually based upon semiconducting
ceramics and exhibit fluorescence.?® Examples include CdSe, CdS, ZnSe, InP, InAs and AnS coated Cd
cores.?’ In comparison to colloidal gold nanoparticles relatively few lateral flow devices have been
reported using this detection method.®® However, they exhibit desirable characteristics for such
applications:®

e Quantum efficiencies of ~50%

e Available in colloidal suspensions

e Easy optimisation of emission wavelength and Stokes shifts
e Excitation lifetimes of 30-100 ns

e Emission bandwidths of 10-50 nm

The working principle of quantum dots is based on band theory.?'® Upon the absorption of a
photon an electron is promoted to the conduction band from the valance band, in doing so leaving
behind a positively charge “hole”. Such behaviour is true for all semi-conductors. However, when the
size of the crystal is like the size of the excitation radiii.e. the radii of the hole and the excited election,

the system is therefore constricted to behave in a specific manner.''” The physical nature at this scale
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begins to be determined by the exciton-crystal size ratio.!® As the excitation is restricted in motion,
owing the size of the crystal the physicality can be approximated by the particle in box model.}*12% |n
such a model, motion in any direction is forbidden as the potential energy raises immediately to
infinity outside the box.1'*12° Internally this means as the hole and excited electron are recombined
the energy cannot be emitted translationally and, in some respects, vibronically.??*Therefore, the main
route of relaxation following absorption is via re-emission of the absorbed photon as more photons,
giving rise to the observed large quantum efficiencies, this physical behaviour is also termed quantum
confinement. Readers wishing to explore the history and physics of quantum dots further are directed

to the Nobel prize for chemistry 2023.12

1.6.4f. Up converting phosphors:

These probes are based upon phosphorescence of molecular systems. Such systems are
distinct from fluorescence as the emission of spectral light continues even after the excitation beam
is removed.'? The length of time of which this emission occurs is known as the decay time, it is
typically in the region of 10#-10?%s.%° Also, distinct from fluorescence is the mode of emission. Normally
fluorescence converts higher-energy photon to lower-energy emitted photons, i.e. Stokes shift. Up
conversion phosphorescence is based on the absorption of two or more low-energy typically infrared
photons by a nanocrystalline material, followed by the emission of a single higher-energy photon, i.e.
anti-Stokes shift. This energy transfer is most often accomplished using a combination of rare-earth
lanthanides as dopants on ceramic nanoparticle and yield materials with high quantum efficiency and
very large anti-stokes shifts. Some examples include yttrium and erbium oxysulfide’s nanocrystalline

ceramics.

1.6.4qg. Paramagnetic particles:

The majority of paramagnetic nanoparticles reported for the use in lateral flow devices are
colloidal particles of iron oxide.®® Such particles exhibit magnetism only when in an applied magnetic
field thus preventing self-aggregation and destabilisation of the colloidal mixture.®® Currently the
detection method involves a magnetic flux reader.® Such a device has been specify designed for lateral
flow devices but again rises propriety and cost issues into the mix. In doing so it is diverting any device
away from the ASSURED criteria. However, the author suggests that the application of such particles
is overlooked. Possible routes of visualisation using combined detection probes could be used for
colorimetric assay. By combining the two, the ability for optimising the transport of the probes in the

device could be achieved using magnetic fields.
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1.6.4h. Latex particles:

Latex particles were one of the first used detection probes on lateral flow immunoassays.®
The chemistry for conjugation is vast and can involve direct covalent conjugation or adsorption on to
the particle surface.®?” The composition of such particles can be altered to provide several features
such as adding fluorescent dyes into the material or even the aforementioned paramagnetic particles.
Furthermore, this route offers distinct advantages in comparison to covalently conjugated fluorescent
dyes as they can be conjugated to biological entities by non-chemical means, thus reducing the risk of

inadvertent modification of the biological conjugate.®

1.6.5 Detection Limits:

The detection limits of lateral flow devices deviate greatly across the literature. This is due to
the detection limit of each device being dictated by several factors. Such factors can include the nature
of the analyte, detection method, the probe used, sample matrix, strip materials and multiplexed
interferences. Therefore, it is advantageous to divide published devices into sections for easier

comparison using the tabulated information provided on table 1.4, 1.5 and 1.6.

Table 1.4 Lateral flow devices targeted at the detection of small/toxic molecules.

Analyte Probe Method LoD® Matrix Ref
Aflatoxin B1 AuNP’s Sandwich 2 ug kgt Pig Feed extracts 106
Botulinum neurotoxin D AuNP’s Sandwich 50 ng L1 Equine faeces 105
Carbaryl AuNP’s Sandwich 100 ug L' Fruit and cereal extracts 124
Endosulfan AuNP’s Sandwich 10 ug L1 Fruit and cereal extracts 124
Streptomycin AuNP’s Sandwich 25 pg L1 Raw Milk 102
Fumonisin B1 AuNP’s Sandwich 1pglt Extracts of cereals 125
Glycyrhizic acid AuNP’s Sandwich 50 g L1 Extracts of liquorice plants 126
Medroxy-progesterone AuNP’s Sandwich 10 mgkg!  Swine liver 127
Microcystin-LR Fluorescence  Sandwich 50-100ng  Freshwater 128
L-l
Nicarbazin Latex Sandwich 2 mgkg? Poultry feed 129

Table 1.5 Comparison of reported Nucleic acid lateral flow (immuno)assays.

*

Analyte Probe Method LoD Matrix Ref
Bacillus anthracis specific Polystyrene NALFIA 2 B. anthracis cells Buffer 99
RNA microspheres

Staphylococcus aureus AuNP’s NALFA 10 S. aureus cells Buffer 103
Dengue Serotypes Liposome NALFA 50-50000 RNA copies Serum and buffer 100
Synthetic DNA Targets AuNP’s NALFA 0.01fM LAMP product 9%
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Table 1.6 Comparison of report lateral flow devices targeted at protein identification.

Analyte Probe Method LoD" Matrix Ref
Anti-anthrax protective IgG ~ AuNP’s Competitive 3mglL? Serum 130
14 mglL? Whole blood
Bovine IgG AuNP’s Sandwich 0.01% v/v Serum 131
Cortisol AuNP’s Sandwich 35ugl? Serum 132
Fungal a- amylase aCNP’s Sandwich 10 ug Lt Buffer 101
hCG aCNP’s Sandwich 10 miU mL1 Urine 133
Total prostate-specific AuNP’s Sandwich 0.2 uL? Serum 134
antigen TPSA
Oestrone sulphate Dyed polystyrene Sandwich 5uLt Equine urine 135
Progesterone AuNP’s Competitive 5uLt Bovine Milk 136
Albumin Fluorescent dye Sandwich 12.2glL? Serum 137
Human C-reactive protein Fluorescence Sandwich 0.133mg L? Serum 138
Human C-reactive protein AuNP’s Sandwich 2mglL? Plasma 139
Heart-type fatty acid AuNP’s Sandwich 5uglt Plasm 139
binding protein
Lipoprotein A Selenium labelled Competitive 40 mg L1 Whole Blood 140
antigen
Eosinophil protein X Eu(lll) Phosphoresce  Sandwich 0.082gL? Whole Blood 141
Neutrophil lipoint Eu(lll) Phosphoresce  Sandwich 0.05g L1 Whole Blood 141
TPSA AuNP’s Competitive lpgl? Serum 142
Human Serum Albumin AuNP’s Sandwich 30mg Lt Urine 98
hepatitis B antigen AuNP’s Sandwich 5uglt Serum 143
Antibody to Trichinella AuNP’s Sandwich 100% Positives Swine Serum 144
Brucella-specific IgM Fluorescence Sandwich 93% Positives Serum 145
antibodies
Mammalian IgG Fluorescence Sandwich 10 gLt Mosquito Bone 146
meal

Leptospira-specific IgM Fluorescence Sandwich 87% Positives Serum 147
Rotavirus AuNP’s Sandwich 70% Positives Bovine faeces 148
Antibody to Schistosoma Blue colloidal dye Sandwich 97% Positives Serum 149
japonicum in
Schistosoma circulating aCNP’s Sandwich 0.2 ug Lt Urine 150
cathodic antigen
Foot-and-mouth disease AuNP’s Sandwich 0 17VP N/A 97
virus serotype O, A and Asia A 3400VP
1 antigens Asial 7200VP
Hepatitis B virus genotyping  Fluorescence N/A A2.51U/mL N/A 97
A, B, C and D surface B5IU/mL
antigens C5I1U/mL

D 10 IU/mL
Dengue virus (DENV) NS1 Silver nanoparticles  Sandwich 150ng mL1of N/A 97

protein, Yellow Fever virus
(YEV) NS1 protein and Ebola
virus, Zaire strain (ZEBOV)

each protein
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1.7 Concluding remarks and aims:

The landscape of public health has undergone a transformative shift with the emergence of
point-of-care diagnostic devices. Their profound significance became especially conspicuous during
the COVID-19 pandemic. While it is true that the point-of-care testing solutions used during the
pandemic were, to some extent, outperformed by the gold standard PCR testing, the latter remained
expensive, time-consuming, and reliant on skilled operators to carry out the tests. They did provide
an invaluable first line of defence and information used to guide people’s choices as well as clinicians’

decisions.

The aim of this research was to enhance traditional lateral flow devices by creating a
multiplexed system capable of simultaneously amplifying and detecting genes using a single ASSURED
point-of-contact device. To demonstrate the capabilities of this novel system and elucidate the
processes involved in its design and optimization for a specific target gene locus, we focused on
methicillin-resistant Staphylococcus aureus (MRSA) antibiotic resistance genes as our detection
targets. The field of antimicrobial resistance was selected to showcase the device's capabilities, as it
embodies the primary challenges that have impeded the widespread adoption of traditional lateral

flow devices as the gold standard for clinical guidance.

Since the advent of the antibiotic era in 1928, humanity has enjoyed a substantial advantage
in the battle against infectious diseases. However, antimicrobial resistance now poses an ever-
increasing threat to public health. It is evident that without substantial interventions, it's not beyond
the realm of possibility to imagine a return to a public health environment resembling the pre-1928
era, where even simple bacterial infections could once again prove fatal. The world health
organisation makes it clear that one of the crucial frontiers in winning the battle against antimicrobial
resistance involves extensive surveillance and targeted treatments to curtail the inappropriate use of

antibiotics.

As such MRSA was the ideal target for this research due to its numerous genes linked to
various antimicrobial resistance properties. As previously discussed, past attempts to tailor treatment
for MRSA infections relied heavily on the lengthy process of culturing isolated bacteria and extensive
phenotyping to determine the specific subtype of MRSA present. This approach provided clinicians
with a general idea of which antibiotics were likely to be ineffective. However, this method is so time-
consuming that empirical treatment methods, involving trial and error through multiple antibiotic

lines, have remained the gold standard for treating such infections. Unfortunately, this approach often
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leads to delayed effective treatment or, in some cases, the patient's demise before finding the

appropriate treatment line.

Although MRSA is the primary focus of the presented research, it's worth remembering that
this system should be adaptable to any DNA-based target by altering the initial primer sequences
discussed in the following chapters. Such versatility aligns with the WHO ASSURED device criteria, a

pivotal driving force behind the research endeavours outlined.
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Chapter 2

Methicillin-Resistant Staphylococcus Aureus Antimicrobial

Resistance Nucleic Lateral Flow Assay Primer Design.

“Are you having a BLAST?”

Oh ho ho and a bottle of rum!
We're sailing the seas, having some fun.
We've got a mission, a task to complete.
We'll use BLAST, it's the tool we'll repeat.

We've got some DNA, it's long and it's tough,
But BLAST can find the match, it's more than
enough. We input the data and hit search with
glee, BLAST comes back with the results, oh so
swiftly!

We're having a blast, as clear as can be,
BLAST has found it, as easy as can be.
We raise a glass and a cheer to the sky,
Thank you, BLAST, for making our work fly!

So if you're sailing the seas and you need to find,
A match for your DNA, just use BLAST, it's kind.
It'll search through the data and find what you

seek, BLAST is the tool that we all ought to seek!

But BLAST can do more than just DNA, you see,
It can find matches in proteins, oh so easily.
We input the data and hit search once more,

BLAST comes back with the answers, oh so sure!

We're having a blast, it's clear as can be,
BLAST has found it, as easy as can be.
We raise a glass and a cheer to the sky
Thank you, owe BLAST, for making our work fly!

So if you're sailing the seas and you need to find, A
match for your proteins, just use BLAST, it's kind.
It'll search through the data and find what you
seek, BLAST is the tool that we all ought to seek!

But we're not done yet, we've got one more task
We need to make primers, it's an easy ask!
We input the data and hit design with glee,

BLAST comes back with the primers, oh so swiftly!

But wait, what's this? The primers don't work!
They're not amplifying, it's quite the berk!
We scratch our heads and wonder what to do,
But then we remember, we've still got BLAST, it's
true.

We input the data and hit search with glee,
BLAST comes back with the answers, oh so swiftly!

We're having a blast, it's clear as can be.
BLAST has found it, as easy as can be.
We raise a glass and a cheer to the sky,
Owe Thank you, Owe BLAST, for making our work

fiy!

So if you're sailing the seas and you need to fix,
Some primers that just won't amplify in your mix,
Just trust in BLAST, it's quick as can be,

It'll search through the data and find what you
need, BLAST is the tool that we all ought to heed!
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2.1 Introduction:

Chapter two will examine the general methodology used to design oligo-nucleotide libraries
for the proposed novel multiplexed isothermal DNA amplification-NALFA (nucleic acid lateral flow
assay) coupled gene detection system. Along with the oligo-nucleotides required for optimisation via
real-time reaction monitoring. The purported system is universal and can be adapted to any target
genes of interest. However, as a proof of concept, AMR genes associated with MRSA were used to
demonstrate the scope of the proposed system. Extensive conservation analysis of associated AMR
genes found in S.aureus was carried out (s2.1), and highly conserved locations were defined for each.
Primer sequences optimised for RPA amplification were constructed (s2.2), and novel modifications

were made to allow for detection via the coupled NALFA (s2.3).

2.2 Methicillin-Resistant Staphylococcus Aureus Antimicrobial Resistance Gene

Conservation Analysis:

An exhaustive library of reference gene sequences (Appendix 1) of the target anti-microbial
resistance genes found in MRSA subvariants was obtained via the NCBI nr/nt database. Multi sequence
alignment (Appendix 2) was carried out using BLASTn and ClustalW2 algorithms. Alignment entropy
plots and consensus sequences were calculated using BioEdit, and areas with the highest conservation

within consensus sequences (Figs. 2.1-2.10) were identified.
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Figure 2.1. Multi sequence alignment entropy plot of MecA (PBP2a, 8-lactam resistance factor) consensus
sequence, compiled from 1,606 sequences. Black, residue point entropies. Blue, exponential weighted moving
average (p=10bp, a=0.1). Green, areas of high conservation.
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Figure 2.2. Multi sequence alignment entropy plot of ant(4’) (aminoglycoside 4’-O-adenylyltransferase,
aminoglycoside resistance factor) consensus sequence, compiled from 345 sequences. Black, residue point

entropies. Blue, exponential weighted moving average (p=5bp, a=0.05). Green, areas of high conservation
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Figure 2.3 Multi sequence alignment entropy plot of bleO (Bleomycin resistance factor) consensus sequence,
compiled from 206 sequences. Black, residue point entropies. Blue, exponential weighted moving average

(p=10bp, a=0.1). Green, areas of high conservation.
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Figure 2.4. Multi sequence alignment entropy plot of ermA (rRNA adenine N-6-methyltransferase, macrolide-
lincosamide-streptogramin B resistance factor) consensus sequence, compiled from 756 sequences. Black,
residue point entropies. Blue, exponential weighted moving average (p=25bp, a=0.1). Green, areas of high

conservation. Green, areas of high conservation.
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Figure 2.5. Multi sequence alignment entropy plot of TetK (Tetracycline resistance efflux protein K, tetracycline
resistance factor) consensus sequence, compiled from 234 sequences. Black, residue point entropies. Blue,

exponential weighted moving average (p=10bp, a=0.1). Green, areas of high conservation.
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Figure 2.6. Multi sequence alignment entropy plot of TetM (Tetracycline resistance efflux protein M,
tetracycline resistance factor) consensus sequence, compiled from 285 sequences. Black, residue point

entropies. Blue, exponential weighted moving average (p=10bp, a=0.1). Green, areas of high conservation.
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Figure 2.7. Multi sequence alignment entropy plot of VanA (Vancomycin/teicoplanin A-type resistance protein)
consensus sequence, compiled from 72 sequences. Black, residue point entropies. Blue, exponential weighted

moving average (p=10bp, a=0.1). Green, areas of high conservation.
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Figure 2.8. Multi sequence alignment entropy plot of NorA (NorA influx pump, quinolone resistance factor)
consensus sequence, compiled from 1,459 sequences. Black, residue point entropies. Blue, exponential

weighted moving average (p=10bp, a=0.1). Green, areas of high conservation.
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Figure 2.9. Multi sequence alignment entropy plot of NorB (NorB multidrug efflux transporter,
fluoroquinolones-tetracycline-biocide resistance factor) consensus sequence, compiled from 1,380 sequences.
Black, residue point entropies. Blue, exponential weighted moving average (p=100bp, a=0.25). Green, areas of

high conservation.
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Figure 2.10. Multi sequence alignment entropy plot of ant(9) (Spectinomycin 9-adenylyltransferase,
aminoglycoside factor) consensus sequence, compiled from 622 sequences. Black, residue point entropies. Blue,

exponential weighted moving average (p=5bp, a=0.05). Green, areas of high conservation.

Discussion:

The presented entropy plots play a critical role in efficiently identifying conserved regions
within target genes. In these plots, the areas with the lowest entropies (highlighted in green fig. 2.1-
2.10) indicate regions with the least variability across the population of aligned DNA sequences related
to a specific target gene. These stable regions, often referred to as consensus sequences, serve as the
designated targets when generating potential primer sequences. As a result, they provide the most
reliable primer sequences capable of working effectively across all known variations of that specific

gene.

Traditionally, when creating standard PCR primers, this task is usually automated through
tools like the NCBI's BLAST primer design tool. However, in cases involving complex genetic
information, large genes of interest, and non-PCR based amplification techniques, relying solely on
NCBI's BLAST tool can lead to suboptimal primer sequences. This is due to the limited computational
resources allocated for each query. By identifying these conserved regions manually, we significantly
streamline the parameters when querying the NCBI. This step is crucial because poorly defined primer
sequences can result in unintended amplification artifacts, which do not become apparent until

experimentally verified. Consensus areas were selected manually. When identifying conserved areas,

46



the average entropy is initially used, however it is essential to not allow the consensus sequences to

have large areas of high point entropy (Black points above the moving average fig. 2.1-2.9).

Table 2.1. Consensus sequence’s locations relate to parent gene.

Target gene Consensus sequence Loci of target gene 5’-3’
MecA 211-503, 1274-1809
Ant4’ 0-298, 312-752
BleO 15-37, 55-80, 124-157, 172-222, 255-267, 281-321
ermA 3-57,312-423, 681-721
TetK 831-1123
TetM 631-1378
VanA 66-279
NorA 168-498, 774-880, 1380-1560
NorB 169-210, 391-532, 749-1164, 1203-1398
ant(9) Full gene

2.3-Antimicrobial resistance RPA gene primer and probe sequence selections:

Following the identification of the consensus sequences shown in Table 2.1. Primer
amplification and internal hybridisation sequences for each identified AMR gene found in MRSA were
developed. Both sequence functions will become apparent in later sections of this chapter. To do so
the Primer3-BLAST algorithm, utilising the NCBI nr and RefSeq databases was used. The algorithmic

parameters used were as follows:

Primers required at least three total mismatches to unintended targets, including three
mismatches within the last 7 bps at the 3' end. Targets that had six or more mismatches to the primer
were ignored. A BLAST stringency factor (E) of 50,000 was used. For primer structural parameters
recombinase polymerase amplification (RPA) sequence parameters were used. Product size: 150-

250bp. Primer size: 28-30-32 bp. GC%: 25-40%. Internal hybrid size: 34-36 bps.

Primer pair specificity checking was performed, and user guided via the multi sequence
alignment entropy data presented in section 2.1. Additionally, when designing primers for any DNA
amplification system it is essential that a library of potential sequences be produced. It may appear
that a single sequence is significantly superior during the in-silico design process, but such a sequence
may perform poorly experimentally. Furthermore, primer sets that may appear similar in-silico can

have vastly different kinetic properties which cannot be foreseen due to interactions not modelled by
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the Primer3-BLAST algorithm. However, these differences can prove useful later in the development

process when matching of primer efficiencies is required in multiplex reactions.

Doing so yielded the following sequence libraries shown in tables 2.2-2.11 for each MRSA

antimicrobial resistance gene.

Table 2.2. Oligonucleotide primer pairs and hybridisation probe sequences for mecA.

Target Oligo-sequence 5’-3’ Name Amplicon size
TTGTAGTTGTCGGGTTTGGTATATATTTTTATG MecA F1 186bp
CGCCTAAACTATTATATATTTTTATCGGACGTT MecA R1
TTGTTCCACTTATTTTAATAGTTGTAGTTGTCG MecA F2 194bp
ATATATTTTTATCGGACGTTCAGTCATTTCTAC MecA R2
TGTAGTTGTCGGGTTTGGTATATATTTTTATG MecA F3 173bp
TATATATTTTTATCGGACGTTCAGTCATTTCT MecA R3
TGTTCCACTTATTTTAATAGTTGTAGTTGTCG MecA F4 19 9bp
ACTATTATATATTTTTATCGGACGTTCAGTCA MecA R4
ATTGTTCCACTTATTTTAATAGTTGTAGTTGT MecA F5 194bp
TATATTTTTATCGGACGTTCAGTCATTTCTAC MecA R5
CTTATTTTAATAGTTGTAGTTGTCGGGTTTG MecA F6 188bp
TTATATATTTTTATCGGACGTTCAGTCATTTC MecA R6

MecA ATTGTGCAATTGAAGATAAAAATTTCAAACAAGTT MecA Int1-6 Probe
GTATGCAACAAGTCGTAAATAAAACACATAAAG MecA F7 1 92bp
CTTGTACATCTTTAACATTAATAGCCATCATCA MecA R7
TATAGATCTTATGCAAACTTAATTGGCAAATCC MecA F8 210bp
ATATAGCTCATCATACACTTTACCTGAGATTTT MecA R8
AACAAGTCGTAAATAAAACACATAAAGAAGAT MecA F9 245bp
ATATAGCTCATCATACACTTTACCTGAGATTT MecA R9
ATAGATCTTATGCAAACTTAATTGGCAAATCC MecA F10 225bp
TTTTATTACCGTTCTCATATAGCTCATCATAC MecA R10
ACAAGTCGTAAATAAAACACATAAAGAAGATA MecA F11 243bp
TATAGCTCATCATACACTTTACCTGAGATTTT MecA R11
AAAATATCAATCTATTAACTGATGGTATGCAA MecA F12 232bp
CTAGCCATTCCTTTATCTTGTACATCTTTAAC MecA R12
TGGCGACAAATTGGGTGGTTTATATCATATGATAA MecA Int7-12 Probe
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Table 2.3. Oligonucleotide primer pairs and hybridisation probe sequences for ant(4’).

Target Oligo-sequence Name Amplicon size
TGAAATTAAGGAACGAATATTGGATAAATATGG Ant(4') F1 215bp
CATAATCTAGTAGAATCTCTTCGCTATCAAAAT Ant(4') R1
GAATATTGGATAAATATGGGGATGATGTTAAGG Ant(4') F2 198bp
AATCTAGTAGAATCTCTTCGCTATCAAAATTCA Ant(4') R2
CGAATATTGGATAAATATGGGGATGATGTTAAG Ant(4') F3 203bp
GCATAATCTAGTAGAATCTCTTCGCTATCAAAA Ant(4') R3
CGAATATTGGATAAATATGGGGATGATGTTAAG Ant(4') F4 193bp

Ant(4) GCATAATCTAGTAGAATCTCTTCGCTATCAAAA Ant(4') R4
ATTGGATGATGTGTGTCATGTCAACAGAGGAAGCA Ant(4') Int 1-4 Probe
TTAAGCAATCAGATCTTCCTTCAGGTTATGA Ant(4') F5 176bp
TCAAAATGGTATGCGTTTTGACACATCCACTA Ant(4') R5:7
AGTTAAGCAATCAGATCTTCCTTCAGGTTAT Ant(4') F6 178bp
TCAAAATGGTATGCGTTTTGACACATCCACTA Ant(4') R5:7
AATCAGATCTTCCTTCAGGTTATGACCATC Ant(4') F7 170bp
TCAAAATGGTATGCGTTTTGACACATCCACTA Ant(4') R7-5:7
GTCTGTCAACTTTCCGACTCTGAGAAACTTCTGGA  Ant(4') Int 5-7 Probe

Table 2.4. Oligonucleotide primer and hybridisation probe sequences for BleO.

Target Oligo-sequence Name Amplicon size
TTATTGCGATAAACTAGGTTTCACTTTGGTTC bleO F1 215bp
GTTGATATAATTCATCAATTCCCTCTACTTCA bleO R1
TTATTGCGATAAACTAGGTTTCACTTTGGTT bleO F2 216bp
TGTTGATATAATTCATCAATTCCCTCTACTTC bleO R2
TCTAATGTGTAATGAGGTTCGGATTCATCTAT bleO F3 180bp
ATGCCCAAAGGCTTAATATGTTGATATAATTC bleO R3
TATTGCGATAAACTAGGTTTCACTTTGGTTC bleO F4 213bp
TTGATATAATTCATCAATTCCCTCTACTTCAA bleO R4

BleO CTAATGTGTAATGAGGTTCGGATTCATCTAT bleO F5 178bp
TGCCCAAAGGCTTAATATGTTGATATAATTC bleO R5
CTAATGTGTAATGAGGTTCGGATTCATCTAT bleO F6 212bp
TGCCCAAAGGCTTAATATGTTGATATAATTC bleO R6
TTATTGCGATAAACTAGGTTTCACTTTGGT bleO F7 211bp
ATATAATTCATCAATTCCCTCTACTTCAATGC bleO R7
TAATGTGTAATGAGGTTCGGATTCATCTAT bleO F8 176bp
GCCCAAAGGCTTAATATGTTGATATAATTC bleO R8
GATGAGGCTGGCGCTCTCGTAGTAATGATTCACCGG bleO Int 1-8 Probe
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Table 2.5. Oligonucleotide primer and hybridisation probe sequences for ermA.

Target Oligo-sequence Name Amplicon size
TATATTTAGCCTGACTTTCAAAGGTAATTCTT ermAF1 153bp
GTTGATATAATTCATCAATTCCCTCTACTTCA ermA R1
TAGCTATATTTAGCCTGACTTTCAAAGGTAAT ermA F2 15 Obp
CTCTGAGAATATAAAAGTGATTCAAACGGATA ermA R2
ATATTTAGCCTGACTTTCAAAGGTAATTCTT ermA F3 153bp
GTAAACCCCTCTGAGAATATAAAAGTGATTC ermAR3
GCTATATTTAGCCTGACTTTCAAAGGTAATTC ermA F4 15 4bp

ermA AAACCCCTCTGAGAATATAAAAGTGATTCAAA ermA R4
CTATATTTAGCCTGACTTTCAAAGGTAATTCTT ermA F5 156bp
GGTAAACCCCTCTGAGAATATAAAAGTGATTC ermAR5
ATAGCTATATTTAGCCTGACTTTCAAAGGTAAT ermA F6 150bp
TCTGAGAATATAAAAGTGATTCAAACGGATA ermA R6
CTATATTTAGCCTGACTTTCAAAGGTAATTC ermA F7 152bp
AACCCCTCTGAGAATATAAAAGTGATTCAAAC ermA R7
AGGATATTACCATATATCTTATAGTTTATATGTTT ermA Int 1-7 Internal

Table 2.6. Oligonucleotide primer and hybridisation probe sequences for TetK.

Target  Oligo-sequence Name Amplicon size
TATTAAAGTAATGGTACCTGGTAAATCAACAA TetK F1 C12
TTTTCCCTAGTTTAGGATTAATAAAAGGGTT Tetk R1 210bp
TTATTAAAGTAATGGTACCTGGTAAATCAACA TetK F2 C12
CCCTAGTTTAGGATTAATAAAAGGGTTAGAAA TetK R2 206bp
GGTCTTACCTACTTATACTTCCTATGATTACA TetK F3 C12
TTAGGATTAATAAAAGGGTTAGAAACTCTTGA TetK R3 250bp

TetK  GCTATATTTAGCCTGACTTTCAAAGGTAATTC TetK F4 C12
AAACCCCTCTGAGAATATAAAAGTGATTCAAA TetK R4 211bp
ATTAAAGTAATGGTACCTGGTAAATCAACAAA TetK F5 C12
TCCCTAGTTTAGGATTAATAAAAGGGTTAGAA TetK RS 205bp
TTATTAAAGTAATGGTACCTGGTAAATCAAC TetK F6 C12
TTCCCTAGTTTAGGATTAATAAAAGGGTTAGA TetK R6 209bp
ATGTTATAAGTATTATATGTTTTATGTTATTTACGA  TetK Int 1-6 Internal
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Table 2.7. Oligonucleotide primer and hybridisation probe sequences for TetM.

Target Oligo-sequence Name Amplicon size
ATTTGTATGGACAAATCGTTGACATACATCG TetM F1 140bp
GCTTAACAAAAACAGGATAGGTAAACGTAG TetM R1

TetM  ATATTCAAAGCTCAGCAATTTGTATGGACA TetM F2
GGCTTAACAAAAACAGGATAGGTAAACGTAG TetM R2 199bp
ACAAGAAAACGGATAATACGCTTTTAGAACGTCAGA  TetM Int 1-2 Internal

Table 2.8. Oligonucleotide primer and hybridisation probe sequences for vanA.

Target Oligo-sequence Name Amplicon size
TATTATATAACAGTGGAGCGATTACAGAATTA VanA F1 130bp
CTTAGTATTTTTCCACTGAAAAGAGGTTATCG VanA R1

vanA TTATTAATATTGGAGTTTTAGCTCATGTTGATG VanA F2 199bp
TTAGTATTTTTCCACTGAAAAGAGGTTATCG VanA R2
CTACTCCGCCTTTTGGGTTATTAATAAAGATGATA VanA Int 1-2 Internal

Table 2.10. Oligonucleotide primer and hybridisation probe sequences for norA.

Target Oligo-sequence Name Amplicon size
CTAGTATGGGTAATTTCATAGGTCCTTTAATC NorA F1 238bp
AATTCATAAGAAAAACGATGCTAATCATTCAT NorA R1
AAATTATTTTTCTAATATTGCTGGAGAAAGGC NorA F2 230bp
TATGCTACATATTTTGTTCTTTCAATTTTGCT NorA R2
ATAATGTTAATCAGTTTTGTTGTCTTCATAGG NorA F3 243bp
AATTAAAACAATAACAACACCTGCTAATGAAA NorA R3

NorA  TAATGTTAATCAGTTTTGTTGTCTTCATAGGT NorA F4
TTTCAATTAAAACAATAACAACACCTGCTAAT NorA R4 246bp
ACTAGTATGGGTAATTTCATAGGTCCTTTAAT NorA F5
TTTTCAATTAAAACAATAACAACACCTGCTAA NorA R5 125bp
GCCATTACAAATTATTTTTCTAATATTGCTGG NorA F6
TTATGCTACATATTTTGTTCTTTCAATTTTGC NorA R6 239bp
ATTTATGTACACATTGAAGCACCAATTTATATGGCT NorA Int 1-6 Internal
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Table 2.10. Oligonucleotide primer and hybridisation probe sequences for norB.

Target Oligo-sequence Name Amplicon size
ACTAAAAGATCCAATTGCAATAGCTAATAAAG NorB F1 147bp
TCTCTAAATAAATTTGACATTAAAGGTCTGGT NorB R1
GCACGCTTTTCAAGAACTATAAATAAACTAAA NorB F2 171bp
TCTAAATAAATTTGACATTAAAGGTCTGGTTC NorB R2
TAGCACGCTTTTCAAGAACTATAAATAAACTA NorB F3 172bp
CTAAATAAATTTGACATTAAAGGTCTGGTTCT NorB R3

norB  AAAAGATCCAATTGCAATAGCTAATAAAGTAA NorB F4 13 6bp
TAAATTTGACATTAAAGGTCTGGTTCTTTTAG NorB R4
AAACTAAAAGATCCAATTGCAATAGCTAATAA NorB F5 1 87bp
TTATTAAAGGCACACCTGAAACTAAATCTAAA NorB R5
TTTGTAGCACGCTTTTCAAGAACTATAAATAA NorB F6 239bp
TCTTTTAGTCATTATGCTCCTCAGTTTAAATA NorB R6
AAGTAGGTTACACCTAATTCTGATCCTTTAGTAAT NorB Int 1-6 Internal

Table 2.11. Oligonucleotide primer and hybridisation probe sequences for ant(9).

Target Oligo-sequence Name Amplicon size
AGATTTATTTGGAAGTTCAATAGTTGGAGTAT Ant(9) F1 175bp
ATTTCCAATCTTTCCTGATATAGTCATTAGTC Ant(9) R1
GTTCAATAGTTGGAGTATATCTATTTGGTTCA Ant(9) F2 250bp
TATATAAATTCTCTTTTTGGAGGATATTGCCA Ant(9) R2
AAAAGATTTATTTGGAAGTTCAATAGTTGGAG Ant(9) F3 173bp
CAATCTTTCCTGATATAGTCATTAGTCTTTCT Ant(9) R3
CAATTTGATTAACGGAAAAATACCAAATCAAG Ant(9) F4 225bp
ATCTTTCCTGATATAGTCATTAGTCTTTCTGT Ant(9) R4
TTCAATAGTTGGAGTATATCTATTTGGTTCAG Ant(9) F5 250bp
GTATATAAATTCTCTTTTTGGAGGATATTGCC Ant(9) R5
AAGATTTATTTGGAAGTTCAATAGTTGGAGTA Ant(9) F6 166bp

Ant(9) TTTCCTGATATAGTCATTAGTCTTTCTGTTAG Ant(9) R6
AGTTCAATAGTTGGAGTATATCTATTTGGTTC Ant(9) F7 153bp
CTTTCCTGATATAGTCATTAGTCTTTCTGTTA Ant(9) R7
GAAGTTCAATAGTTGGAGTATATCTATTTGGT Ant(9) F8 156bp
TCTTTCCTGATATAGTCATTAGTCTTTCTGTT Ant(9) R8
GGAAGTTCAATAGTTGGAGTATATCTATTTGG Ant(9) F9 162bp
TCCAATCTTTCCTGATATAGTCATTAGTCTTT Ant(9) R9
AAGTTCAATAGTTGGAGTATATCTATTTGGTT Ant(9) F10 161bp
TTCCAATCTTTCCTGATATAGTCATTAGTCTT Ant(9) R10
ATACCAAATCAAGCGATTCAAACATTAAAAAT Ant(9) F11 212bp
TTTCCAATCTTTCCTGATATAGTCATTAGTCT Ant(9) R11

) Internal

TGTAATGTTCTAGTCGTCGTGAATCATAGTTTACC Ant(9) Int 1-11
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2.4-Novel NALFA compatible RPA scheme and functional mechanisms:

To the sequences produced in section 2.2, modifications were made to the forward, reverse
primers, and hybridisation probes. The modifications made to the primers allow for the detection
produced amplicons on the novel NALFA. Whereas the modifications made to the internal probes, are
to allow for the monitoring of the RPA reaction amplification kinetics. Importantly, these probes are
not required or used in the final device’s amplification stage. However, they used to study each primer
sets reaction kinetics during assay development. The modifications made to each are shown in Figure

2.11.
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Figure 2.11. A. Structural modification to RPA primers and probes for real-time amplification and

NALFA detection. B. Chemical structures of attached/inserted modifications.

A series of unique NALFA capture sequences were developed to facilitate selective capture of
each gene on a multiplex NALFA and attached to the reverse primer of each set via a carboxyl spacer.
The development of these sequence is discussed further in the proceeding section, to follow is how
they function schematically in the present NALFA. Each AMR gene has a unique capture sequence to
immobilise its corresponding amplicon in specific locations. If genes encoded for resistance to the
same class of anti-microbial agents, they were assigned identical capture sequences. Once added to

primers, capture sequences remain single-stranded following RPA amplification due to the C3/12
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carboxyl spacer blocking any polymerase activity and do not have a functional role in the RPA reaction

(fig. 2.12a).
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Figure 2.12. Shows the key stages of RPA reactions with modified forward and reverse primers.
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During the RPA reactions RecA recombinases form large macromolecular complexes, holding
a short ss-DNA strand (primers). This complex entropically denatures the ds-DNA. Unzipped areas of
ds-DNA around the complex are stabilised with single-stranded binding protein (SSBP). The RecA(6)-
ssDNA complex scans for an area of homology between ss-DNA in complex and the bound ds-DNA.
(Fig. 2.12b). Hybridisation between the primer and homologous area of ds-DNA denatures the RecA
complex, allowing the protein units to bind to a new piece of ss-DNA. (Fig. 2.12c). With the
hybridisation area stabilised with SSBP, DNA polymerase can begin ds-DNA construction as in PCR.
(Fig. 2.12d) After this cycle, two types of ds-DNA amplicons are produced, one with a capture probe
modified end and the other with a reporter probe modified end. (Fig. 2.12e) Chain reaction of these
first amplicons then produces amplicons with capture and reporter probe attached at each end of the

amplicon ready for downstream detection. (Fig. 2.12f).

As shown above modifying the forward and reverse primers in this way allows for the attached
short oligonucleotide sequence to remain single-stranded. This short single stranded oligonucleotide,
attached to the amplicon, is therefore ready for downstream capture and detection on the novel
NALFA. The physical construction of which is explored in chapter 7. Figure 2.13 shows how the novel
NALFA test line can only be reported if both the forward and reverse primers have been successfully

“stitched” together, by an RPA reaction.

Reporter Probe
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Oligonucliotide Traget
Capture Probe
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Control Capture Probe

O
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\(a) f 2
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Figure 2.13. Shows NALFA test line layups.
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Pre-run test and control areas of the NALFA are shown, the reverse complement of the unique
capture probe sequence; to be added to the amplicon, is presented on the membrane ready to capture
the amplicon or unreacted reverse primers. (Fig. 2.13a). A positively reported novel NALFA assay test
line layup is shown run with a successful RPA reaction sample in Figure 2.13b. Here it is clear to see
the reporter probes are captured at both the test and control areas of the membrane, due to the
successful “stitching” of the two primers by the RPA reaction. A negatively reported novel NALFA assay
test line layup is shown run with an unsuccessful RPA reaction sample in Figure 2.13c. Here reporter
probes can only be captured at the control line of the membrane, thus indicating a negative result

where the RPA reaction fails.

Real time monitoring mechanism:

The addition of the dR-FAM and BHQ-1 to the internal probe sequences, in combination with
the addition of formamidopyrimidine DNA glycosylase (fpg) to the RPA reactions allows for real-time
monitoring of amplicon production akin to real time PCR. The overall schematic for this process is
demonstrated in Figure 2.14. This is possible as just as shown in Figure 2.13, recA recombinases will
form large macromolecular complexes with any free ss-DNA in solution. In this case the complex is
formed with modified hybridisation probe. Following this the recA-oligonucleotide complexes
entropically denature the ds-DNA, and unzipped areas of ds-DNA around the complex are stabilised
with single-stranded binding protein (SSBP), the SSBP is not shown in figure 2.14 for clarity. The
complex “scans” for areas of homology along the amplicon sequence. (Fig 2.14a). Hybridisation
between the probe and a homologous area of ds-DNA denatures the RecA complex, releasing and
allowing the protein units to bind to a new piece of ss-DNA. (Fig 2.14b). With the hybridised area
stabilised with SSBP, formamidopyrimidine DNA glycosylase (fpg) scans the DNA-protein complex and
“recognises” the attached dR-FAM. Fpg enzymes are naturally found in E. Coli, its role is to repair DNA
where point mutations cause mismatched base pairs to “stick out” i.e., denature the secondary
structure of ds-DNA. In nature, fpg type enzymes repair these errors by cleaving only the base of the
nucleotide; leaving the glycophosphate backbone intact. In this configuration the fpg enzyme
recognises the attached dr-FAM as a “damaged” purine sicking out of the ds-DNA complex. This is
achieved via the reverse complement strand misalignment and thus forms a transition complex
between the hybridised amplicon probe complex and the fpg enzyme. (Fig 2.14c). Following this the
dR-FAM is catalytically cleaved by the N-glycosylase activity of fpg, leaving an aprotic site within the
probe and FAM free in solution. (Fig 2.14d). No longer chemically bound to the BHQ-1 quencher, the
FAM molecules can fluoresce, the intensity of which can be measured to monitor the RPA reaction.

(Fig 2.14e). To work correctly, dR-FAM must be substituted for an adenine or guanine residue with a
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four-residue gap to the 5’ attached quencher, this ensures fpg activity and also effective coupling
between the fluorophore and quencher. When the FAM molecule is excited by excitations photons it
is able to relax via covalent electron coupling to the BHQ molecule in lieu of releasing an emission
photon. As a result, we have an enzymatically regulated process whereby a proportional amount of
fluorescent probe can be selectively de-coupled from the quencher, as the reaction products
concentration increases. However, much like RT-PCR this system has its issues. Different entropies of
hybridisation between different probes and different amplicons alter the rate of hybridisation of the

transition complexes. Thus, making direct comparison between primer sets kinetics difficult.

M;*;tw
"
c @ K ¥ 4

Recombinase BHQ-1 fpg FAM C3

hv

Figure 2.14. lllustrates the process of FAM release from an amplicon that has formed a hybrid with
an RPA black hole quenched fluorescent probe. This release occurs within the context of an RPA
reaction combined with modified hybridization probe and the addition of fpg enzyme to the reaction
mixture.
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2.5 - NALFA multiplex capture probe development:

The sequences derived in this chapter are key to the flexibility of the reported system. To
accommodate any primer sequence required to target a desired gene, it is vital the proposed nucleic
acid capture sequences do not interact in any significant way with possible target nucleic acid
sequences. Furthermore, it is most important that the capture sequences perform their main function
of selectively capturing the attached amplicon. Therefore, they must interact strongly with their
reverse complements and ideally repel the other capture sequence that are not complementary. To
achieve this the capture sequences were iteratively designed to 5 main requirements; these were, in

order of priority:

e Capture sequences must have minimal cross-reactivity, AGhybridisation < -10 kcal mol™ at 0.5 uM.

e Capture and non-complementary reverse sequences must have minimal cross-reactivity,
AGhybridisation < -15 kcal mol™ at 0.5 puM.

e Capture and reverse complement sequences must have similar and high AGhybrigisation > -30 kcal
moltat 0.5 uM

e Capture and reverse complement sequences must have low AGjoop < -1 kcal mol™ at 0.5 uM 20
°C
e (Capture sequences must not complement any likely sample matrix or target genetic material.

Design requirements were achieved by manually generating initial sequences and calculating all -
AGhybrigisation. The theoretical performance (P) was assessed using a specificity ratio described by

equation 1.

_ YAG;
AGcs-r

AG; = intermolecualr interaction
AGcs_gc = Free energy of capture probe and reverse complement interaction

The undesired cross-reactivities of the poorest performing sequences were manually
assessed, and point modifications were made. The impact on specificity ratios was assessed by
recalculation of the -AGhybrigisation. POint modifications were repeated until little to no gain in the
specificity ratios of the sequence set was observed. Before accepting a capture sequence BLASTn
analysis was used to identify matches to targets or likely contaminated genetic material. If significant
interactions were found, a new sequence formulated, assessed, modified and reassessed. BLASTn
trees of the final presented capture sequences are available in appendix 3, listing known possible
interactions with other genetic materials of the final derived capture sequence which are presented

in table 2.12.
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Table 2.12. shows the library of capture sequences for NALFA

Name Capture sequence 5'-3'
MecA CP GGTTAATTGGCCTTCC
Ant(4') CP TAGCCGTTTTTAGCAA

BleO CP CCCCAAGTGGTTCAC

ermA CP TGGTCCATCGCTAGGTC
tetkK/iM CP CGCGCATGACTAGAGC

vanA CP TTATATAACGGCGATT
NorA/B CP CCTACTATGGAGCATAAGC
Ant(9) CP GCGTTATGCTATGCGT

For the final derived capture sequences, the Gibbs free energy of cross reactivity between
capture probe sequences and non-complement reverse complement was -5.12 + 0.13 kcal mol™. (Fig.

2.15, Green areas)

Capture Segences & Reverse Complement Cross Hybridisation AG kcal mol-1
-1.900

Ant(9) CP : -57 -6.75 -6.75 -599 -31.41

-8.220
vanA CP : -6.75 -32.27 -6.75

tetk/M CP -6.75 -32.27 -6.75 -6.57 -6.75 1454
ermA CP -6.37 -32.91 -6.75 -5.7
BleO CP -31.1 -6.37 2086
Ant(4') CP

-27.18
MecA CP
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Figure 2.15. Heatmap showing calculated -AGhypridisation between all capture and reverse complement

sequences.
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In comparison the average Gibbs free energy of cross reactivity between capture probe sequences

and their reverse complements was -32.07 + 0.28 kcal mol™. (Fig 2.15, red areas & Fig 2.16).

Max -AG Capture Segences - Reverse Complemets

-AG (kcal mol-1)

O ! ' 1 ' ! ' 1 ' | ' ! ' | ' ! ' !

MecA Ant(4') BleO ermA tetK/M vanA NorA/B Ant(9) Avg
Capture Sequence

Figure 2.16. Capture sequences complement -AGnypridisation €NErgy.

It is also essential that that capture sequences do not have highly negative Gibbs free energy of
hybridisation to other capture sequences, and conversely that their reverse complements do not
either. Consider two primers in solution with two different capture probe sequences. If the two
capture probes have highly negative Gibbs free energy of hybridisation to each other; they are likely
to form dimerised amplicons when the attached primers are used in a multiplex amplification reaction.
As such when run on the proposed NALFA the product will not be captured on the test line, thus
producing a false negative result. Furthermore, this holds true if a single capture sequence is
complementary to itself in reverse. As such these vital interactions were calculated and are shown in

figure 2.17.
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Capture Seqgences Cross Hybridisation AG kcal mol-1
-1.900

RUIEINO I -3.14| -7.65 -6.75 |-3.43 | -9.33 -11.07 -3.61

NorA/B CP —erleZaciy 7] -8.07 |-3.43 -4.38 -4.39 -11.07

-4.150

vanA CP 9.8 -6.75

tetk/M CP -6.75 -10.36

-6.400

ermA CP _ -5.02 -6.75
BleO CP -5.02 -3.53 -3.29 -8.650
Ant(4') CP : -3.61 -13.11

MecA CP 314 -6.21 1090

-13.15

MecA CP
Ant(4') CP
BleO CP
ermA CP
tetk/IM CP
vanA CP
NorA/B CP
Ant(9) CP

Figure 2.17. Heatmap showing calculated cross -AGhysridgisation between primer attached capture

sequences.

More negative results indicate that the capture sequence may produce unwanted dimerised
amplicons if multiplexed in that given pairing. For example pairing the capture sequence allocated to
NorA/B and Ant(9). However, it is important to note that these free energy values are calculated
without taking into consideration the steric hindrance afforded by significantly larger amplicon linked
to the probe. Therefore, when considering three-dimensional structure containing the approximately
200bp amplicon attached to the capture sequence these values are likely significant overestimates.
To test this hypothesis the capture sequence which exhibited the largest self-complementary was
assigned to the MecA gene. This was done to assess this effect in later experiments which

demonstrated it did not cause a significant issue.

Further non-desired intramolecular interactions were considered and calculated using the
UNAFold algorithm. These interactions are when within the capture sequence itself, and its reverse
complements. Secondary structures may form by looping or folding thus stopping the capture
sequence from being captured effectively. As such these vital interactions were calculated and are

shown in table 2.13.
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Table 2.13. Most stable capture sequence secondary structures thermodynamically calculated via

UNAFold.
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Table 2.13. Cont. Most stable capture sequence secondary structures thermodynamically calculated

via UNAFold.
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Using equation 1 with the presented free energies off all the possible interactions the
specific ratio of each capture sequence was defined. (Fig. 2.18). It is important that this ratio be as

close as possible across the set of capture sequences. If there were large variations in these ratios
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effectively optimising primer concentrations in multiplexed RPA reactions; as well as blotting

concentrations for the coupled NALFA would prove difficult.

Optimised Capture Sequence Specifity Ratios

N
|

Specifity Ratio

w
|

/

| ' | ! 1 ! 1 ' | ! 1 ! 1 ! 1 '
MecA Ant(4') BleO ermA tetK/IM vanA NorA/B Ant(9)
Capture Sequence

Figure 2.18. Capture sequences specificity ratios with SD’s calculated from the -AGcross nybridisation.

In conclusion, the capture sequences presented here have demonstrated their robustness in
silico, suggesting their potential for strong performance in multiplexed reactions. These sequences
closely align with one another across all parameters, and it's essential to note that the process of
designing, iterating, and optimizing sequences for this purpose becomes increasingly complex with
the addition of each new sequence. This complexity arises from the need for close alignment in
performance, and as each sequence is added, the number of possible interactions grows
exponentially, following a function of 4n2. It may also be possible to discover more compatible better
performing sets by utilising HP-compute but as present the limit is 8 using the presented method.
Shown in table 2.14 is the capture sequences and modifications integrated into the primers sequences

derived in section 2.2 that will used to further develop the proposed system.
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Table 2.14. Shows the library RT-RPA primers and probes with NALFA modifications for the
development of amplification and NALFA detection of the mecA gene. A complete table of all modified
primers and probes is available in appendix 4.

Name Sequence 5’-3’
MecA F1 C12 GGAAGGCCAATTAACC TTGTAGTTGTCGGGTTTGGTATATATTTTTATG
MecA F1 C3 GGAAGGCCAATTAACC- (C3) - TTGTAGTTGTCGGGTTTGGTATATATTTTTATG
MecA R1 Bio (Biotin) -CGCCTAAACTATTATATATTTTTATCGGACGTT
MecA F2 C12 GGAAGGCCAATTAACC TTGTTCCACTTATTTTAATAGTTGTAGTTGTCG
MecA F2 C3 GGAAGGCCAATTAACC- (C3) - TTGTTCCACTTATTTTAATAGTTGTAGTTGTCG
MecA R2 Bio (Biotin) -ATATATTTTTATCGGACGTTCAGTCATTTCTAC
MecA F3 C12 GGAAGGCCAATTAACC TGTAGTTGTCGGGTTTGGTATATATTTTTATG
MecA F3 C3 GGAAGGCCAATTAACC- (C3) - TGTAGTTGTCGGGTTTGGTATATATTTTTATG
MecA R3 (Biotin) - TATATATTTTTATCGGACGTTCAGTCATTTCT
MecA F4 C12 GGAAGGCCAATTAACC TGTTCCACTTATTTTAATAGTTGTAGTTGTCG
MecA F4 C3 GGAAGGCCAATTAACC- (C3) - TGTTCCACTTATTTTAATAGTTGTAGTTGTCG
MecA R4 (Biotin) -ACTATTATATATTTTTATCGGACGTTCAGTCA
MecA F5 C12 GGAAGGCCAATTAACC ATTGTTCCACTTATTTTAATAGTTGTAGTTGT
MecA F5 C3 GGAAGGCCAATTAACC- (C3) ~ATTGTTCCACTTATTTTAATAGTTGTAGTTGT
MecA R5 (Biotin) - TATATTTTTATCGGACGTTCAGTCATTTCTAC
MecA F6 C12 GGAAGGCCAATTAACC CTTATTTTAATAGTTGTAGTTGTCGGGTTTG
MecA F6 C3 GGAAGGCCAATTAACC- (C3) ~-CTTATTTTAATAGTTGTAGTTGTCGGGTTTG
MecA R6 (Biotin) - TTATATATTTTTATCGGACGTTCAGTCATTTC
MecA F7 C12 GGAAGGCCAATTAACC GTATGCAACAAGTCGTAAATAAAACACATAAAG
MecA F7 C3 GGAAGGCCAATTAACC- (C3) ~-GTATGCAACAAGTCGTAAATAAAACACATAAAG
MecA R7 (Biotin) -CTTGTACATCTTTAACATTAATAGCCATCATCA
MecA F8 C12 GGAAGGCCAATTAACC TATAGATCTTATGCAAACTTAATTGGCAAATCC
MecA F8 C3 GGAAGGCCAATTAACC- (C3) - TATAGATCTTATGCAAACTTAATTGGCAAATCC
MecA R8 (Biotin) -ATATAGCTCATCATACACTTTACCTGAGATTTT
MecA F9 C12 GGAAGGCCAATTAACC AACAAGTCGTAAATAAAACACATAAAGAAGAT
MecA F9 C3 GGAAGGCCAATTAACC- (C3) ~AACAAGTCGTAAATAAAACACATAAAGAAGAT
MecA R9 (Biotin) -ATATAGCTCATCATACACTTTACCTGAGATTTT
MecA F10 C12 GGAAGGCCAATTAACC ATAGATCTTATGCAAACTTAATTGGCAAATCC
MecA F10 C3 GGAAGGCCAATTAACC- (C3) ~ATAGATCTTATGCAAACTTAATTGGCAAATCC
MecA R10 Biotin-TTTTATTACCGTTCTCATATAGCTCATCATAC
MecA F11 C12 GGAAGGCCAATTAACC ACAAGTCGTAAATAAAACACATAAAGAAGATA
MecA F11 C3 GGAAGGCCAATTAACC- (C3) ~ACAAGTCGTAAATAAAACACATAAAGAAGATA
MecA R11 (Biotin) - TATAGCTCATCATACACTTTACCTGAGATTTT
MecA F12 C12 GGAAGGCCAATTAACC AAAATATCAATCTATTAACTGATGGTATGCAA
MecA F12 C3 GGAAGGCCAATTAACC- (C3) ~AAAATATCAATCTATTAACTGATGGTATGCAA
MecA R12 (Biotin) -CTAGCCATTCCTTTATCTTGTACATCTTTAAC

MecA Int1-6 FAM
MecA Int7-12 FAM

(BHQ1) -ATTG
(BHQ1) - TGGC

TGCAATTGAAGATAAAAATTTCAAACAAGTT- (C3)
GACAAATTGGGTGGTTTATATCATATGATAA- (C3)
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Chapter 3

Methicillin-Resistant Staphylococcus Aureus Reference Materials.

I always look after my bacteria, It’s the only culture | know about:

Cat 2 Biological culture can be a hot and smelly mess,
We work in the heat, we can barely confess,
The stench can be vile, it can be hard to take,
But we must endure, for goodness sake.

We toil and sweat, our pipetting nerves fray,
As we try to get our cultures to grow and stay.
We measure and mix, we pipette and pour,
We sterilize, but somehow everything ends up on the floor?

The double glove squelch is a sound we know well,
It's a sign of the work, it's a sign of the strain,
But we soldier on, through the heat and the pain.
Our hands are raw, our backs are sore,
But still we must carry on, ‘cause that's what we're here for.

We work through the day, we work through the night,
We're barely getting by, it's not a pleasant sight,
We're always tired, we're always stressed,

But somehow the results are never the best.

So if you think you can handle the heat,
And you're willing to put in the time in the seat,
Then come join us, don't be a fool,
We'll make sure you're a Cat 2 Biological culture mule.”

66



3.1 Introduction:

A reference MRSA isolate was obtained from the American Type Culture Collection,
Staphylococcus Aureus Rosenbach ATCC 43300. Collected from a clinical sample in Kansas (USA), this
reference isolate is well characterised by Ridom and Kreiswirth'>! spa typing and has several high-
quality annotated whole-genome sequences available. ATCC 43300 is a pv/ negative, SCCmec type |

latent colonising strain and carries target genes of interest. Figure 3.1.

tetk vanA norA NorB ant(9)
4 ) 4 b4 v )4

mecA Ant(4") BleO ermA tetM
4 v v v b4

Figure 3.1. AMR genes of interest found in ATTC 43300 MRSA isolate, WGS genome ID: 1280.16403

3.2 MRSA Rosenbach ATTC 43300 Reference Culture:

A reference Staphylococcus Aureus Rosenbach ATCC 43300 freeze-dried pellet was
reconstituted in 5mL of brain heart infusion (BHI) broth with 50 pg L™ kanamycin (250 mL ddH,0, 9.25
g BHI, 250 pL 50 mg L kanamycin sulphate). The dormant inoculant was activated by temperature
gradient incubation over 30 min at 1°C per minute, shaking at 50 rpm. The contents of the vial were
removed using a sterile needle and syringe. 675 pl of sterile DMSO was added to 4.5 mL of inoculant
and stored at -80 °C. A BHI agar plate with 50 ug L'* kanamycin (250 mL ddH,0, 13 g BHI agar, 250 uL
50 mg L kanamycin sulphate) was inoculated with 100 pl of activated S. Aureus ATCC 43300 by
spreading and incubated at 37 °Cfor 16 Hr. Shiny gold pigmented colonies were obtained, and several

colonies were streaked on a BHI agar plate with 50 pg L™t kanamycin for isolation. Figure 3.2.

Metbhicillin resistance of the isolated colonies was then confirmed; several were collected by
loop and dispersed into 1mL phosphate-buffered saline (PBS) (900mL ddH,0, 100mL 10X PBS) by 3
min vigorous vortexing. Inoculant was diluted to match a 0.5 McFarland standard (5 pl 1%, BaCl,,
995 pl 1% H204) with PBS. 10 ul of inoculant was transferred onto the surface of a Mueller-Hinton
Agar plate with 2 % NaCl (MHA-salt) (1 L ddH,0, 38 g MHA, 20 g NaCl), an MHA-salt plate with 2 pg
mL?* oxacillin (1 L ddH,0, 38 g MHA, 20 g NaCl, 500 pl 4 mg plt sodium oxacillin) and an MHA-salt plate
with 4 pg mL? oxacillin (1 L ddH,0, 38 g MHA, 20 g NaCl, 1000 pl 4 mg pl? sodium oxacillin) and

incubated for 24 hr at 35 °C. Shiny gold pigmented colonies were obtained on all three plates,
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indicating the isolates likely desired were pure ATCC 43300 MRSA colonies and not contamination.
Colonies were re-plated from the MHA-salt plate with 4 ug/mL oxacillin to a BHI agar plate with 50 pg

L't kanamycin by streaking.

Figure 3.2. Isolated colonies of S. Aureus ATCC 43300 on BHI agar with 50ug L™ kanamycin. Red areas

of collected colonies for susceptibility testing.

Methicillin minimum inhibitory concentration (MIC) of the isolated colonies was then
confirmed; colonies were collected by loop and dispersed into 1 mL PBS by 3 min vigorous vortexing.
Inoculant was diluted to match the optical density of a 0.5 McFarland standard with PBS. The emulsion
was allowed to settle for 3 mins, and excess PBS was removed using a sterile cotton bud. The
remaining emulsion was spread onto three quantitative MHA-salt plates (4 mm % 0.5 mm, 26 cm3
medium at 70 °C on 90 mm plates) using a cotton bud in 4 layers, each streaking at a 90° angle to the
previous, ensuring complete coverage of the agar surface, with each layer drying under a sterile
filtered airstream for 3 mins. An Oxoid oxacillin minimum inhibitory concentration evaluator strip was
applied to each plate and incubated for 24 hrs at 35 °C. All three plates displayed a typical MIC pattern,

and an oxacillin MIC of 64-48 ug mL*was determined.
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3.3 MRSA Rosenbach ATTC 43300 Reference gDNA Extraction:

25 mL of BHI broth with 50 pg L kanamycin (250 mL ddH,0, 9.25 g BHI, 250 pL 50 mg L?
kanamycin sulphate) was inoculated with a single colony of MIC confirmed ATCC 43300 MRSA from a
BHI agar plate with 50 pg L't kanamycin (250 mL ddH,0, 13 g BHI agar, 250 pL 50 mg L kanamycin
sulphate). The inoculated broth was grown in aerobic conditions, at 36 °C for 32 hrs, with vigorous
shaking at 250 rpm in a dimpled 50 mL conical flask capped with a gas diffusion membrane. The culture
medium was chilled on ice for 10mins, and cultured ATCC 43300 cells were collected by centrifugation
at 1000 RCF for 15 mins. The cellular pellet was washed thrice with 15 mL PBS with 0.025%w/v sodium
azide (900 mL ddH,0, 10 0OmL 10X PBS, 38.5 uL 10mM NaNs) by vortexing for 3 mins and centrifugation
at 1000 RCF for 15 mins. The cellular pellet was reconstituted in 3.75 mL of PBS with 0.025%w/v
sodium azide at pH 7.5. 100 pl 5mg L* MetaPolyzyme multilytic enzyme mix (5 mg enzyme mix, 1 mL
PBS, pH 7.5) was added and incubated for 6 hr at 35 °C with shaking at 75 rpm. 1.8 mL of cellular lysis
solution (60 g guanidium thiocyanate, 20 mL 0.5 M EDTA, 80 mL ddH,0, 0.5 g of sodium lauryl
sarcosinate) was added, and the solution was incubated for 10 mins at 30 °C, then cooled on ice for
10 mins. 1 mL of 7.5 M ammonium acetate (5.78 g ammonium acetate, 10 mL ddH,0) was added and
held on ice for 10 mins. The mixture was washed thrice using 1.8 mL chloroform:pentan-2-ol (24:1)
with vigorous mixing for 3 mins, followed by centrifugation at 19000 RCF for 10 mins; subsequently,

the aqueous supernatant was removed using a wide bore pipette.

The solution was chilled on ice for 10 mins, 3 mL -18 °C propan-2-ol was added, and the
mixture was inverted for 60 s. The precipitated gDNA was collected by centrifugation at 6500 RCF for
60 s. The supernatant was then removed, and the gDNA pellet was washed with -18 °C 70 % ethanol
and dried under sterile air for 2 mins. The gDNA pellet was reconstituted in 1 mL of tris-EDTA (TE)
buffer (0.8 g tris hydrochloride, 145 mg of EDTA, 500 mL nuclease-free ddH0, pH 8) and reprecipitated
thrice with 500 pl -18 °C propan-2-ol and 250 pl 7.5M ammonium acetate, with centrifugation at 6500
RCF for 60 s and washed with 70 % ethanol. gDNA was dissolved in 200 pl TE buffer and incubated at
30 °C for 30 mins; 5 pl ribonuclease A 5 mg I was added, vortexed and incubated for 30 mins at 37
°C. gDNA was reprecipitated thrice with 500 pl -18 °C propan-2-ol and 250 pl 7.5 M ammonium
acetate, with centrifugation at 6500 RCF for 60 s and washed with 70 % ethanol. The gDNA was
dissolved in 500 ul TE buffer, and purity and quality were assessed via UV-vis spectroscopy and agarose
gel electrophoresis figure 3.3. Pre-stained ethidium bromide (EtBr) 0.6 % agarose gels (0.6 g agarose,
100 mL 1X TBE, 5 pl 5 mg mL? ethidium bromide) were run at 3°C, 1V cm?, in 1X Tris-borate-EDTA
(TBE) buffer (5.4 g Tris base, 2.75 g boric acid 2 mL of 0.5 pH 8.0 EDTA) for 4 hrs. UV-vis spectra

indicated an Abs260 nm: Abs280 nm ratio of 1.9 with no impurities visible passed 300 nm.

69



- DNA size

100000 Fitted Y of DNA size
95% Confidence Band of DNA size
95% Prediction Band of DNA size
y = Alexp(-x/t1) + A2*exp(-x/t2) + yO
80000 DNA size
! Reduced Chi-Sqr 108957.14805
Adj. R-Square 0.99993
¥o 727.03148 £ 0.54827
—_ Al 20706.1042 + 7.08417
Q t1 49.90811 + 0.0131
L8 60000 A2 2952436.24662 + 2834.87292
o) 2 7.35135 £ 0.00145
o ,
x/t
< 400001 \ y=yo+_ Al
&) N i=1
\\\
20000 + \x_\
0 T T
32 64

Average Travel (px)

L 3

ATCC 43300 gDNA

Figure 3.3. High-quality gDNA extracted and purified from Isolated colonies of S. Aureus ATCC 43300.

gDNA fragments with an average minimum length of approx. 69 kbp.

gDNA concentration was determined via an EtBr fluorometric assay. A serial dilution of salmon

sperm DNA (0.1 pg ul) was made using nuclease-free ddH.,0 in triplicate. 1 pl of DNA standards and

1 pl 1000x dilution of ATCC 43300 gDNA were added to 5 pl EtBr-fluorometric solution (15 pl 5 mg mL°

L ethidium bromide, 50 mL 1X saline sodium citrate buffer (SCC) (4.41 g sodium citrate, 8.77 g sodium,

100 mL nuclease-free ddH;0, pH 7.2)) in a 96 dimpled well plate. The solution was excited with 360

nm light, and emission was measured at 610 nm, figure 3.4. The 1000 x dilution of ATCC 43300 [gDNA]

was calculated as 3.3+0.04 ng pL?, giving a total yield of 1.65 mg gDNA extracted and a working

concentration of 3.3 pg uL™.
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Figure 3.4 [gDNA] determined by EtBr fluorometric assay.
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3.4 Reference MecA gene PCR and purification from ATCC 43300 gDNA

Whole gene mecA template primers were generated to create a control target for RPA
amplification (table. 3.1) using the BLASTprimer search tool. Standard PCR primer design parameters
were used unless stated. The mecA consensus sequence was used as a target, GC % was bracketed to
40% +/- 10%, and a minimum product size of 1900 was set. Ensuring the amplicon was large enough

to be compatible with the RPA amplification sequences in presented in table 2.14 (Page 65).

Table 3.1. MecA control target PCR primers.

Primer Template  Amplicon

Y o o
Name >'-3'Sequence strand Length Tm*C GC%
MecA Fa ATAGTTGTAGTTGTCGGGTTTGGT + 60.2 41.67
MecARa  ATTACCGTTCTCATATAGCTCATCA - 1950 57.53 36
MecA Fb AATAGTTGTAGTTGTCGGGTTTGG + 59.24 41.67
MecARb  TTACCGTTCTCATATAGCTCATCA - 1950 57.11 375
MecAFc  TAATAGTTGTAGTTGTCGGGTTTGG + 59.07 40
MecARc  TTACCGTTCTCATATAGCTCATCAT - 1951 57.53 36
MecAFd  TTAATAGTTGTAGTTGTCGGGTTTG + 57.58 36
MecA Rd ACCGTTCTCATATAGCTCATCAT - 1950 57.01 39.13

A low molecular weight mecA reference gene was produced using an ultra-high-fidelity PCR
system (>100X Tag) from purified ATCC 43300 gDNA using primers described in section 2.2.3. PCR was
carried out at 50 pL total volume with 105°C heated lids. Reaction mixtures composed of 2.5 uL 10 uM
forward and reverse primers, 10 uL 5X SuperFi buffer (Invitrogen), 1 uL 10 mM free dNTPs, 0.5 pL
Platinum SuperFi DNA polymerase (2 U pL?! Invitrogen), 1uL 3.3 ng uL™ gDNA and 32.5 pL nuclease-
free ddH,O were heated to 98°C for 120 s. Thermocycling was performed 35 times at 95 °C for 10 s,
68.3°Cfor 10 s, 68°C for 60 s, then held for a final extension at 72 °C for 5 mins and then held at 5°C.
According to the manufacturer's instructions, mixtures were purified using Monarch® 5 pg PCR & DNA
clean-up columns. Cleaned PCR samples were run on pre-stained ethidium bromide (EtBr) 1% agarose
gels (1 g agarose, 100 mL 1X TBE, 5 pl 5 mg mL* ethidium bromide) run at 3°C, 3.5V cm™, in 1X TBE
buffer for 2 hrs and visualised using transmissive UV light. (Fig. 3.5) Primer set mecA F/Rb produced
excellent results with an observed amplicon length of 194912 bp vs its theoretical 1950 bp product
size. PCR using primers B was repeated at 150 ulL total volume using identical reaction conditions.
According to the manufacturer's instructions, Reaction mixtures were first purified using Monarch® 5

pg PCR & DNA clean-up columns.
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Figure 3.5 MecA PCR primer screen using S. Aureus ATCC 43300 gDNA. A-C mecA F/Rq.q

The resulting products were purified by 1 % agarose gel electrophoresis using ultra-low melting
temperature agarose (1 g LMT-agarose, 100 mL 1X TBE, 1 pl 5 mg mL? ethidium bromide) and a
monarch® DNA gel extraction kit according to the manufacturer’s instructions. Purification was done
thrice to ensure the purity of the assembled mecA gene and eluted into a final volume of 500 uL TE
buffer. Products were reassessed by 1 % agarose gel electrophoresis (fig. 3.6). UV-vis indicated an
Abs260 nm: Abs280 nm ratio of 1.78 with no impurities visible passed 300 nm. Product concentration
was quantified by EtBr fluorometric assay via an identical procedure as [gDNA] quantification using a
serial dilution of 2 kb concentration standards (0.1 pg ul™). A concentration of 100x dilution purified
PCR product was measured as 1.27+0.04 ng uL?, giving a total yield of 63.6 pg mecA at a working
concentration of 127 ng uL™. (Fig 3.6).
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Figure 3.6. DNA-Page gel of PCR products, and [mecA] determined by EtBr fluorometric assay.
72



Low copy count PCR was used to assess the quality of the reference mecA gene. A serial
dilution of mecA gene standards from 500 million (approx. 1.05 ng) to 50 genetic copies was made in
TE buffer. PCR was carried out at 50 plL total volume with 105 °C heated lids. Reaction mixtures
composed of 7.5 uL 10 pM MecA F/Ry primers, 10 pL 5X SuperFi buffer (Invitrogen), 1 uL 10 mM free
dNTP’s, 0.5 plL Platinum SuperFi DNA polymerase (2 U pL! Invitrogen), 1 uL each MecA reference
template and 22.5 L nuclease-free ddH,O were heated to 98 °C for 120s. Thermocycling was carried
out 15 times at 95°C for 10 s, 68.3°C for 10 s, 68 °C for 60 s, then held for a final extension at 72 °C for
2 mins and then held at 5 °C. According to the manufacturer's instructions, mixtures were purified
using Monarch® 5 pug PCR & DNA clean-up columns. Cleaned PCR samples were eluted onto pre-
stained ethidium bromide (EtBr) 1% agarose gels (1 g agarose, 100 mL 1X TBE, 5 ul 5 mg mL™ ethidium

bromide) run at 3°C, 3.5V cm?, in 1X TBE buffer for 2 hrs and visualised using transmissive UV light.

(Fig. 3.7).
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Figure 3.7. Low copy count PCR of MecA reference gene using primers mecA F/Rp.

The serial diluted mecA reference gene templates amplified under PCR conditions resulted in
the expected bands on agarose gels. The reactions yielded clearly defined bands at the expected 1950
bp weight down to 50 copies of mecA reference template. Importantly, no spurious high molecular

weight products were observed. Thus highlighting the stringent fidelity of the produced template and

well optimised PCR conditions.
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3.5 Concluding remarks:

The above work resulted in three different levels of sample targets for RPA-coupled NALFA
testing and the optimisation work discussed in later chapters. This ranged from working with the most
complex and "contaminated" raw bacterial cells to the simplest targets, which were purified target

genes produced via PCR.

Additionally, reported is a DNA quantification method that is not only quick and cost-effective
but also highly efficient. While it may not be as sensitive as some commercially available solutions, the
required reagents are readily available in any molecular biology laboratory. Moreover, the stained
products can be easily recovered from the EtBr intercalating agent, if necessary, using standard spin

column purification.

Furthermore, the presented methods resulted in exceptionally high-quality genomic DNA
(gDNA) with minimal shearing demonstrated during the extraction and purification processes. This is
particularly crucial for simulating in-situ lysed bacterial cells in when dealing with very low template

copy RPA counts in later chapters.
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Chapter 4

RT-RPA Kinetic Model.

“This was deriving me mad.”

Deriving these complex equations had derivin' me completely mad,
I just couldn't seem to get them right, it was so very sad.
| spent weeks in matlab, trying to decipher,
But all | got was a headache and called a no-lifer.

The derivatives and integrals had derivin' me to despair,
I couldn't seem to find the right solutions anywhere.
My head was constantly spinning, my brain felt completely fried,
All  wanted was to be done and lay down on my backside.

But | knew | had to persevere and push on through,
For showing my workings was the key to success, that much | knew was true.
So I kept on trying and trying, and tried not to bluff,
Until I think | almost mastered this rather complex stuff.

But oh how | still long for the day I can say,
"I've finally mastered derivation and integrals, hurray!"
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4.1-Introduction:

In order to select the best performing primer sets. end point analysis alone via electrophoresis
is not most appropriate for producing the device sought. One of the key elements of an ASSURED PoC
device is the speed at which a result is presented to the user. Therefore, the amount of amplicon
produced at a defined 40 min endpoint is significantly less important than the speed at which a
detectable amount of amplicon can be produced. Presented in the proceeding chapters the initial RPA
primers with and without modifications are kinetically assessed to eliminate the worst performers.
With the best performing primers taken forward, attempts to optimise and catalyse the modified RPA
reactions to meet the ASSURED criteria for the final device were made. To evaluate the performance
of the initial RPA primer sequences, the impact of modifications to the RPA reaction conditions, and
the catalysis of the reactions, a kinetic model must be established. While the raw data from RT-RPA
appears similar to that of qPCR there are key differences that make the already well establish gPCR

kinetic models unsuitable.

4.2 — Proposed RT-RPA kinetic model:

As RT-RPA is a continuous, isothermal reaction, conventional profile fitting, and analysis
methods used in the analogous process of gPCR are not applicable. Typically, a four-parameter logistic
function is used to fit such data. However, reliance on cycle number dependencies and the high degree
of asymmetry in curves found in RT-RPA reactions significantly reduces the goodness of fit for such a
four-parameter logistic function. Consequently, novel fitting and analysis models for real-time RPA

reactions are proposed.

4.2.1: Fitting Function:

A modified five-parameter logistic function, equation 2, was selected as the most appropriate

fitting function for the obtained RT-RPA data explored in chapter 5.

Pm — ¥;
Pt) = — lf+<ﬁi (2)

@) = Fluorescence = [DNA] ¢; = Fluorescence ;—y ¢, = Max Fluorescence t = Time
f = Asymmetry Factor K,, = Time of Max Rate h = hill slope
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To demonstrate how this function works, Figure 4.1(a)-(e) shows the effects of varying each parameter

in equation 2, while other parameters remain constant as a function of time.
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Figure 4.1. (A)-(F) Shows the effect of varying parameters of the proposed logistic function.

A) @i=0,0204 0608 1. ¢u=>5h=>5 =1 kn=1000.B) ¢: = 0. pm = 4.5,4.75, 5, 5.25, 5.5, 5.75. h = 5. f=1.
kn=1000. C) @i = 0. opm="5.h=0.5,1,2,5 10,25 f=1. kn=1000. D) i =0.pu=5h=5/=06,081 1.2
1.4, 1.8, km=1000. E) @i = 0. om = 5. h = 5. f = 1kn=300, 450, 575, 750, 875, 1000. F) Log10 . i = 0. pm=5.h =

5 f=06081 12 14 1.8 kn=1000.
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4.2.2: Regression conditioning issues:

Although five-parameter logistic functions provide superior accuracy in representing the fitted data,

they are significantly more challenging to fit than the four-parameter counterparts, mainly due to the

high likelihood of the regression problem becoming ill-conditioned. With five-parameter functions

such as this, ill-conditioning at starting integrations is likely due to interdependencies between

reaction constants’, namely f, h and km. In figure 4.2a, the relationship between f and kn can be clearly

seen to mimic that of a changing hill slope, while the hill slope remained constant (h=5). In figure

4.2b, the relationship between f and h can be seen to mimic a changing kn, despite k, remaining

constant (kn=1000 s). In figure 4.2c, the relationship between kn and h can be clearly seen to nullify

the implicit rate increase expected from and increasing hill slope; while also introducing an asymmetry

inversely proportional to that of a changing value of f, despite f remaining constant (f=1).
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Figure 5.2. (A)-(C) Shows how f, h and k., have functional interdependencies.

A) @i=0. om=5h=5 =125 17555 1.75 0.65 kn=300,450, 575, 750, 875, 1000. B) @i = 0. pm = 5. h =5, 5.8,
6472888 f=06081 12 14 1.8 kn=1000. C) i =0. pm=5.h=3,354 56, 7. f= 1 kn=300, 450, 575,
750, 875, 1000.

78



Consequently, a five-parameter regression problem of equation 1 can have an almost infinite
number of local minima when solved to reduce the sum of squares due to error (SSE). Unlike a four-
parameter regression with an order of magnitude less, and single parameter linear regressions only
have one global minimum. Therefore, fitting data with equation 1 by solving an ill-conditioned
regression problem with standard numerical fitting algorithms; which have limited precision; can

result in vastly different function plots that fit the data equally well. (Fig 4.3)
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Figure 4.3. Shows the same RT-RPA raw data fitted 4 times using equation 1. Fit has been manually
conditioned whereas fits b-d have been automatically solved. Global fit o; = 0.043. pm = 4.829. h =
4.955. f=1.774. kyn=773s. Local min A. p; = 0.083. 9 =4.986. h = 3.595. f=1503 kn=107 s.
Local min B. ¢; = 0.026 o =4.86 h = 4.233. f=3.916. kn= s. Local min C. @; = 0.083. om =
4.99h =3.596. f=940. kn =122 s.

In figure 4.3, the global fit used pre- calculated approximate function parameters and shows a fit using
the global minimum solution. Fits A-C however were solved with no initially approximated function
parameters, leading to a fit using local minima solutions. As a result, fits A-C are ill-conditioned

solutions and lead to almost identical functions with excellent R2within the fit time range but incorrect
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numerical reaction constants. Furthermore, the ill fitted functions are only approximately identical

within the given data’s time range; such solutions sit in local minima and may be drastically far from

the desired global minima of the regression. Nevertheless, as each solution fits the data set well within

the given time range, it is impossible to distinguish between these and the desired global minimum

using numerical fitting algorithms. (fig. 4.4).
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Figure 4.4. A) Shows individual residual plots of fits in figure 4.3. B) Shows the percentage difference

between average residuals of local minima vs the global minimum solution. Despite the vast

difference in the fit parameters, the % difference between the fits SSE is < 0.1%. Highlighting the high

probability of direct fitting using equation 1 to become ill-conditioned.
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4.3: Regression preconditioning solver algorithm:

Itis crucial when fitting RT-RPA data using equation 1 that the global minimum solution is used
to obtain accurate numerical data from the fit. Therefore, to ensure the accuracy of numerical kinetic
data obtained from RT-RPA reactions, curves and reaction constants were first approximated by

equations 2-4.

©; + kit t <t Pia = @i + kit;
Py = § Pia T kalt — 1) t; <t <ty ,where Yaq = Pia + kaltsg— i) (2)
Cad TRt —tg) t >ty ©m = Pad + kqltm — tg)
tg — 1
km~t,+ —— =1 (3)

2

100+ X
Umaz R Ko /2 — SohT A+ f_l = log kat, (4)
0

@) = Fluorescence = [DNA] @; = Fluorescence (o ¢, = Max Fluorescencet = Time
k., = Time of Max Rate k; = Initation Rate k, = Amplification Rate k; = Depletion Rate
t; = Initation Time t; = Depletion Time @,4 = Fluorescence at t
@qi = Fluorescence at t; f = Asymmetry Factor h = hill slope

Fitting RT-RPA data using equations 2-4 provides a surprisingly good closeness of fit., it is
possible to obtain close estimates of parameters used to fit equation 1 from these approximations.
Thus, by introducing solver constraints via bracketing parameters around these estimated values, the
probability of the regression problem becoming ill-conditioned is significantly reduced. Furthermore,
to reduce the probability of the regression problem becoming ill-conditioned, the solving of equation
1 was performed stepwise. By doing so, the degrees of freedom of the regression problem are reduced
significantly for each step, and the fit can be iteratively converged following a simple method to
prioritise the non-unitless parameters ¢ and km. However, it cannot accurately represent the areas of
exponential growth or depletion, i.e., the areas crucial for accurately defining the kinetics of the
reactions. Figure 4.5 shows the same experimental data used in figure 4.3 fitted using the

approximation functions shown in equations 2-4.
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Figure 4.5. Shows a single run sample of RT-RPA data fitted using equation 2-4. Inner red band
represents the 95% interval range. Outer red band represents the 95% prediction range. The
confidence band encloses the area that its 95% likely to contain the true curve, whereas the outer
prediction range shows the area that 95% of the expected future data points will fall.

4.4: First and second derivative fitting functions:

Once the experimental data is successfully fitted to equation 1, the rate of reaction at any
time can be defined by the first derivate of the fit, equation 5. The maximum achieved rate and Km
can be obtained by determining the maxima's time and amplitude of equation 5 through fitting with

an asymmetric double sigmoidal peak function, equation 6. Figure 4.6.
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Figure 4.6. Shows equation 5 (solid grey line) and 6 (dotted blue line) calculated from an RT-RPA fit

with equation 1 (solid red line).

By taking the second derivate of equation 1, we can then clearly define the acceleration of the rate at
any time, equation 7. The time to initiation and time to depletion can then be defined as the time of
maximum / minimum rate acceleration/deceleration, equation 8. A Gaussian amplitude de-
convolution function is used to accurately define these parameters, equation 9, figure 4.7. The

derivations for equations 5 and 8 can be found in appendix 5.

fh-(om — @) ((h—f—l)- (%m)h—fh_f_l)

e ) (@)

t; = time where v — mazimum

- d2 2 ©m — i

t) = d#2 : f
(w * 1)

tq = time where v — minimum

(t—t;)2 (t—t )2
- > | = ~ ot " )
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Figure 4.7. Shows equation 6 (Purple solid line) and 8 (dotted red line) calculated from an RT-RPA fit
with equation 1 (solid red line). Green dashed lines show each exponent of the de-convolution,

equation 8.

4.5: Concluding Remarks:

By applying the discussed functions to the raw kinetic data from RPA reactions, we can extract
essential insights into the performance of the amplification reaction. It's important to note that while
this experimental method doesn't allow for the deconvolution of full kinetic parameters, such as true
rates, due to the lack of calibrated fluorescence output and its variability across primer and probe sets,
we can still derive valuable information. In the context of the ASSURED criteria mentioned earlier, it's
crucial to emphasize that the speed at which a detectable amplicon becomes present holds greater
significance than the total amplicon yield. Therefore, the times of initiation, depletion, and the time
of maximum rate — as defined by the first and second derivatives — provide adequate information for
effectively optimizing RPA reactions for the intended system. This becomes especially pertinent when
considering that the total amplicon yield can be managed by adjusting the total concentration of

primers in the reaction mixtures.
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Chapter 5

Primer Sequence Screening (RT-RPA).

“The Pipette Tip Chronicles”

We pipette and pipette, from morning till night,
Our hands are so tired, we could use a good fright,
But we keep on going, for the science we strive
We'll use every last pipette tip, till we're practically not alive.

But oh, the distractions, they never seemed to end,
There's always someone talking to you, that annoying colleague friend."
You lose your count and where you are, which solution did you squirt out last?
Well shit, looks like that time again, time to restart the task!

But hold your tongue, do not even grimace,
Or tell your postdoc, to mind his own F'n business.
For tho his mouth is as massive, as a horses rear,
saying so to their face, will ruin the rest of your academic year.

Just keep on pipetting, with a smile on your lap,
Just mutter inside your head, please shut your trap.
Just keep using those pipette tips, and leave for them the tip-bin brimming.
and hopefully your collected data, will leave you grinning.

So here's to the pipette tips, the bane of my life.
We'll wash and we'll dry them, then rack, stack and sterilise them.
But soon enough, it's back to work we'll go,
We'll pipette and pipette, till our hands have no feeling, owe dear, owe no.
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5.1 Introduction:

In this chapter, we delve into the methodology employed to assess primer sets for their
compatibility with the proposed NALFA-coupled amplification system. To illustrate this process, we
focus on the mecA gene as our target of interest. While it would have been advantageous to screen
multiple primer sets for various targets, practical constraints dictated that under single persons efforts
that was not feasible. Therefore, we turn our attention to the MecA primer sets introduced in Chapter
Two. The subsequent chapters lay out the best practices for experimentally screening primer
sequences tailored to our system. Within each section of this chapter, a hierarchy of validation steps
for the primer sequence library is outlined. This hierarchy progresses from rapid, cost-effective, and
easily interpretable evaluations to more intricate and resource-intensive analyses.

The overarching objective here is to narrow down the extensive pool of primer sequences to
a select few, the "golden sequences." Any primer sequences that do not yield satisfactory results
during the screening phase are excluded from further testing. This decision is driven by the constraints
of time and resources, ensuring our efforts are focused on the most promising candidates.

Simultaneously, this chapter delves into an additional line of investigation, exploring the
impact of two key variables within the modified RPA amplification system. The first variable under
scrutiny is the size of the sample material's DNA molecules. To assess this, we conduct parallel RPA
screening tests using the MecA reference template (2 kbp) and gDNA (with an average fragment size
of <69 kbp) as templates. Our second area of investigation pertains to the influence of spacer size
inserted between the capture probe sequence and the active amplification sequence of the modified
primer sets. In order to evaluate this, we perform screening tests using two different spacer lengths,
C3 and C12, positioned between the capture probe sequence and the active amplification sequence
of the modified primer sets. This approach allows us to make comparisons between the reaction
endpoint purities and kinetic parameters across reactions with the different template sizes and

internal probes.

5.2 PCR screen of unmodified RPA mecA primer sequences:

The performance of the mecA primer sequences was first assessed by standard PCR using the
unmodified primer sequences described in table 2.2, page 48. Standard PCR serves as a valuable tool
for uncovering fundamental issues with primer sequences that may not have been apparent during
the in-silico design process. When dealing with longer primer sequences, as advised for RPA, the

likelihood of missing intra and intermolecular interactions during in silico analysis increases. Hence, if
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the initial sequences fail to yield any viable amplicon product under optimized PCR conditions, it is not

advisable to invest further time in that specific sequence.

5.2.1: Experimental Method:

Five million (approx. 10 pg) copies of the mecA reference gene were used as the PCR template.
PCR was carried out at 25 pL total volume with 105°C heated lids. Reaction mixtures composed of 2.5
pL 10 uM forward and reverse primers, 5 pL 5X SuperFi buffer (Invitrogen), 1 uL 10mM free dNTPs,
0.25 pL Platinum SuperFi DNA polymerase (2 U pL Invitrogen), 0.5 pL 10M copies pL ™! mecA reference
gene template and 16.25 uL nuclease-free ddH,O were heated to 98°C for 120 s. Thermocycling was
performed 35 times at 95 °C for 10s, melting temperature for 10s, 68 °C for 60s, then held for a final
extension at 72°C for 5mins and then held at 5°C. Melting temperatures were adjusted for each primer
set. Sets with similar Tr, were grouped to an average T Sets three-six, nine and ten used 63.9°C; sets
two, seven and eight used 65.2 °C; sets 11 and 12 used 63.4 °C. According to the manufacturer's
instructions, mixtures were purified using Monarch® 5ug PCR & DNA clean-up columns. Cleaned PCR
samples were evaluated using 20 % non-denaturing TBE-DNA polyacrylamide gels (1.6 ml 10X TBE, 56
pL 10%w, ammonium persulphate, 6.5 mL 40% w, bis-acrylamide, 4.75 ml nuclease-free ddH,0, set
with 2.8 pL Tetramethylethylenediamine (TEMED)) run at 3°C, 5V cm, in 1.25X TBE buffer for 2 hrs.
Gels were stained by soaking in EtBr stain (0.5 ug mI*EtBr in 1X TBE) for 5mins, rinsed and visualised
using transmissive UV light. (Fig. 5.1). Product yield and concentration was determined via an EtBr

fluorometric assay described on page 70. (Fig. 5.2).

5.2.2: Experimental Results:
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Figure 5.1. PCR products using the original mecA primer sequences. Black vertical lines indicate a join
between gel images, and a black horizontal line indicates gel alignment reference position. Gels were

collated for clarity, post-processed holistically, and background variation is due to post-run staining.
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Figure 5.2. DNA migration calibration curve for gels in figure 5.1.

Table 5.1. PCR amplicon properties derived from figure 5.1.

Observed
. Upper average Lower Amplicon Expected Difference A.pprox.
Primerset Band am!ollcon Band BandSD  Size (bp)  (bp) yield
(bp)  weight (bp) (ng)

(bp)
mecA; 452 385 327 29.50 186 141 N/A
mecA; 201 200 200 0.16 194 6 97
mecAs; 180 179 178 0.28 173 5 60
mecAs 203 201 198 1.18 199 -1 .
mecAs 201 200 199 0.48 194 5 107
mecAg 192 191 190 0.46 188 2 90
mecA; 202 198 195 1.66 192 3 59
mecAs 212 212 212 0.17 210 2 282
mecAg 250 249 248 0.60 245 3 154
mecAio 235 234 232 0.65 225 7 186
mecA11 254 252 250 0.90 243 7 81
mecAi, 246 240 233 3.13 232 1 389

5.2.3: Concluding Remarks & Outcomes:

In general, the mecA primer sequences performed well directly from in silico, showing little to
no spurious amplification material with acceptable yields. Of particular note was primer sets 8, 9, 10
and 12 which produced exceptional amplicons yields, in the expected bp weight and exhibited little to

no spurious materials. However, there was the exception of primer sets one and four. (table 5.1).

88



Before excluding from further screening, the PCR procedure was repeated to verify the poor

performance of these sets. (Fig. 5.3).
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Figure 5.3. Gels showing the results of repeated PCR amplification of primer sets mecA; and mecAa,.

Failure of mecA; and mecA; highlighted the importance of producing a library of primer sequences.
mecA; was the top theoretical primer sequence generated by the Primer3-BLAST algorithm and yet
failed under ideal conditions. These primer sequences were therefore excluded from further screening

or development.

5.3 RPA screen of PCR pre-screened mecA primer sequences:

The performance of the remaining unmodified mecA RPA primer sequences described in table
2.2, page 48 was further investigated by standard RPA. This time however the previously excluded
primer sequences mecA; and mecA; were excluded from the screening. Again, as previously state
should sequences fail yield any viable amplicon product under optimized PCR conditions, it is not

advisable to invest further time in that specific sequence.

5.3.1: Experimental Method:

Standard RPA for the remaining unmodified primer sequences was performed under the
following conditions. Five million (approx. 10pg) copies of the mecA reference gene were used as the
RPA template. According to the manufacturer's instructions, standard RPA reactions were carried out
at 25 plL total volume at 37 °C for 20 mins using a Twistdx RPA basic liquid kit. According to the
manufacturer's instructions, mixtures were purified using Monarch® 5 pg PCR & DNA clean-up

columns. Cleaned RPA amplicons were evaluated using 20% non-denaturing TBE-DNA polyacrylamide
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gels run at 3°C, 5V cm?, in 1.25X TBE buffer for 2 hrs. Gels were stained by soaking in EtBr stain for

5mins, rinsed and visualised using transmissive UV light. (Fig. 5.4). Product yield and concentration

was determined via an EtBr fluorometric assay described on page 70. (Fig. 5.5).

5.3.2: Experimental Results:
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Figure 5.4. RPA products using the original mecA primer sequences. Black vertical lines indicate a join

between gel images, and a black horizontal line indicates gel alignment reference position. Gels were

collated for clarity, post-processed holistically, and background variation is due to post-run staining.
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Figure 5.5. DNA migration calibration curve for gels in figure 5.4.
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Table 5.2. RPA amplicon properties observed from figure 5.4.

Observed
Primer Upper avera_ge Lower Amplicon Expected Difference l-\.pprox.
Set Band ampllcon Band BandSD  Size (bp) (bp) yield

(bp)  weight (bp) (ng)

(bp)
mecA; 202 201 200 0.58 194 6 99
mecAs; 183 181 179 0.85 173 6 104
mecAs 199 197 196 0.57 194 2 ]
mecAs 195 192 189 1.20 188 1 130
mecA; 194 193 192 0.42 192 0 70
mecAs 212 211 209 0.80 210 -1 117
mecAsq 250 248 246 0.87 245 1 105
mecAio 233 230 228 1.02 225 3 110
mecAi; 252 251 250 0.66 243 7 77
mecAi; 240 239 238 0.40 232 6 130

5.3.3: Concluding Remarks & Outcomes:

In general, the MecA primer sequences performed well directly from in silico to RPA, and most showed
little to no spurious amplification material with acceptable yields. Of particular note was primer sets
3, 8,9, 10 and 12 which produced excellent amplicon yields. However, primer set five produced low
amplicon yields repeatably using the RPA basic kit. (Table 5.2). As a result, mecAs was excluded from

further screening or development.

5.4 RT-RPA screen of PCR/RPA pre-screened unmodified mecA primer sequences:

The real-time amplification performance of the remaining unmodified primer sets was then
evaluated. The data to be collected and scrutinized here is firstly a kinetic base line to compare how
the addition of the modifications to the primer’s structures effect their performance. Secondly if any
observed performance difference between large and small targets was visible by comparing the
reaction run using the MecA Reference template versus the MRSA gDNA reference template. Thirdly
which primers are compatible with RT-RPA under ideal unmodified conditions. Although not essential
for the end use of the primers in the PoC diagnostic, the primer sets must be functional with their
designed internal hybridisation probes; to ensure the RPA reaction kinetics can be evaluated for
objectives 1 and 2 above. Furthermore, allowing for the impact of modifications made to the
amplification system in later chapters to be appraised. If sequences fail yield any viable amplicon
product under these test conditions, or if the internal hybridisation probe is unable to report the

production in the, it is not advisable to invest further time in that specific sequence. Unless all of the
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primer sets do not report effectively. In that case modifications internal hybridisation probe should be
made by moving the sequence %3 bp in each direction and re-evaluation to ensure that the internal

probe is functional.

5.4.1: High Throughput RT-RPA Experimental Method:

Real-time amplification reactions were run in triplicate using negative controls, constituting
an identical mixture with no target DNA. Negative control curves were used to baseline background
kinetic curves and verify no primer-probe interactions. Triplicates were averaged and denoised using
a 3-point moving average; standard deviations for the triplicate populations were used in curve fitting

as per the scheme set out in chapter 4. (Fig. 5.6-5.16)

Real-time liquid RPA reactions were carried out using TwistAmp® fpg freeze-dried enzyme
pellets on black-walled PMMA; spheroidal clear bottomed 96 welled plates at total reaction volumes
of 12.5 pL. Reaction mixtures composed of 0.5 pL 10 uM forward and reverse primers, 0.5 uL 2.5 uM
modified internal hybridisation probe, 7.5 L fpg RPA master mix (10 reaction pellets dissolved in 295
uL fpg rehydration buffer), 1 uL 1M copies pL'* mecA reference gene template or 1M copies ULt ATCC
43300 MRSA gDNA. Mixtures were prepared in advance on a -80°C chilled sponge soaked in 70%
isopropyl alcohol. Prepared plates were wrapped in aluminium foil and frozen at -80°C between two
70% isopropyl alcohol-soaked sponges in a sealed container. Plates were then defrosted between the
soaked sponges and removed when a control well filled with 100 pL ddH,0, monitored with a glass-
coated micro-K-type thermocouple, reached 3°C. The mixtures were incubated at 45 °C until 39°C was
reached in the control well. Reaction constituents were mixed five times via drawing through a multi-
channel pipette with wide bore 15 pL tips. Reactions were then initiated with the addition of 2.5 uL
70 mM magnesium acetate and further mixed five more times. Bubbles were removed from the
reaction mixtures by bath sonication at 38 °C for 10s; mixtures were covered using a round slide of
0.2mm acrylic by floating on the liquid surface. Mixtures were sonicated for a further 10 s to level the
covers to reduce reflections during fluorescence measurement. Plates were immediately transferred
to a 38°C pre-heated ThermoScientific™ Varioskan™ LUX multimode microplate reader. Fluorescence
measurements were taken every 60 s using a 1 s integral measuring time, 5152 nm excitation light

was used, and fluorescence was measured at 4855 nm.

A representative sample for each reaction was taken following RT-RPA and immediately
purified using Monarch® 5 pug PCR & DNA clean-up columns. The effect of hybridisation probe
integration on amplicon quality was evaluated using 20% non-denaturing TBE-DNA polyacrylamide
gels run at 3°C, 5V cm™, in 1.25X TBE buffer for 2hrs. Gels were stained by soaking in EtBr stain for 5
mins, rinsed and then visualised using transmissive UV light. (Fig. 5.6b-5.16b & Fig. 5.17).
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5.4.2: Experimental Results:
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Figure 5.6. A) Processed RT-RPA fluorescence curve of primer set mecA:; with 10M copies mecA
reference gene template fitted using equation 1. R?=0.998, &; = 0.0840.01, om = 4.8940.012, h =
4.13+0.078, f= 5.22, x, =564.45+3.755s. B) TBE-DNA polyacrylamide gel of combined replicates
primer set mecAi,. C) First derivate rate curve for primer set mecAiz Vimaxy = 8.2x103+1.4 x106 RFU
s, kn =77045s. D) Second derivate rate acceleration curve for primer set mecAi. Vg = 3.86 x10-

541.38 X106, By = -1.66 x10545.96 x107, t; = 610455, ts = 965455,
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Unmodified primer set MecA;; with gDNA template:
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Figure 5.7. A) Processed RT-RPA fluorescence curve of primer set mecA:; with 10M ATCC 43300
MRSA gDNA template fitted using equation 1. R’ = 0.999, ®@; = 0.065+0.006, @, = 4.924+0.019, h =
5.4040.185, f= 0.625740.036, x,=947.5+7.6s. B) TBE-DNA polyacrylamide gel of combined
replicates primer set mecAi,. C) First derivate rate curve for primer set mecAi;. Vinaxy = 6.6x10341.07
x107 RFU s1, k, =790 +55s. D) Second derivate rate acceleration curve for primer set mecAiz. Vpmax=

1.54x10543.5 x107, Vi = -1.32 x10°43.24 x107, t; = 535455, ts= 1025+55.
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Unmodified primer MecA 11 with synthetic template:
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Figure 5.8. Failed RT-RPA reaction. A) Processed RT-RPA fluorescence curve of primer set mecAi; with
10M copies mecA reference gene template fitted using equation 1. R?=0.992, &; = 0.034+0.012, ¢,
= 04040097, h =7.21+0.785 f= 0.167+0.036, x, =803+27.6s. B) TBE-DNA polyacrylamide gel
of combined replicates of primer set mecA11.C) First derivate rate curve for primer set mecAiz. Vimax =
6.22x1044+5.16 x10° RFU s, k., =600 £55s. D) Second derivate rate acceleration curve for primer
set mecAir. Upgy=7.7X10:64+4.4 x107, Vi = -1.26 x106+3.74 x107, t; = 100455, ts= 770+5s.
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Unmodified primer MecA 11 with gDNA template:
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Figure 5.9. A) Processed RT-RPA fluorescence curve of primer set mecA1; with 10M copies ATCC
43300 MRSA gDNA template fitted using equation 1. R?=0.997, &; = -0.0540.035, om =
7.2440.021, h = 4.14+0.016, f= 0.777+0.086, x, =735+2.6s. B) TBE-DNA polyacrylamide gel of
combined replicates of primer set mecAi1.C) First derivate rate curve for primer set mecAi1. Vimax =
1.08x10244 x107 RFU s, k, =600 +5s. D) Second derivate rate acceleration curve for primer set
mecAir Vg = 1.54x10542.2 x10°8, Vi = -1.32 x10°42.83 x10°8, t; = 535455, t;= 1025+55.
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Unmodified primer MecA 10 with synthetic template:
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Figure 5.10. A) Processed RT-RPA fluorescence curve of primer set mecAio with 10M copies mecA

reference gene template fitted using equation 1. R?=0.998, &@; = 0.074+0.005, ¢, = 4.424+0.011, h

=5.7240.09, f=2.77+0.052, x, =696+5s. B) TBE-DNA polyacrylamide gel of combined replicates

of primer set mecAi;. C) First derivate rate curve for primer set mecAio. Vinay = 9.20x103+1.2 x107

RFU s1, k,, =830 +55s. D) Second derivate rate acceleration curve for primer set mecAso. Upgx = 3.85

x10-54+4.54 X107, Uypin = -2.56 x10-54+5.3 x107, t; = 675455, ts= 980+5s
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Unmodified primer MecA 10 with gDNA template:
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Figure 5.11. A) Processed RT-RPA fluorescence curve of primer set mecA1o with 10M copies ATCC
43300 MRSA gDNA template fitted using equation 1. R?= 0.998, &; = 0.063+0.006, ¢, =
4.40+0.01, h = 6.524+0.22, f= 1.41610.095, x, =817+1.96s. B) TBE-DNA polyacrylamide gel of
combined replicates of primer set mecAio.C) First derivate rate curve for primer set mecAio. Vinax =
9.53 x103+4 x107 RFU 51, ki, =800£55. D) Second derivate rate acceleration curve for primer set
mecAio. Vg = 484 x10544.35 x107, Vi = -2.58 x10-°46.3 x10°8, t; = 655455, ti = 945455
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Unmodified primer MecA 9 with gDNA template:
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Figure 5.12. A) Processed RT-RPA fluorescence curve of primer set mecAs with 10M copies ATCC

43300 MRSA gDNA template fitted using equation 1. R?=0.997, &; = -0.0240.011, gom =

5724013 h=198+0.14, f=3.59+1.25 x,=531+12.615s. B) TBE-DNA polyacrylamide gel of

combined replicates of primer set mecAq C) First derivate rate curve for primer set mecAs, Viax =

4.23x103+6.12 x107 RFU s1, k,, =765 +5s. D) Second derivate rate acceleration curve for primer

set mecAs, Uy = 1.22 x10°44.04 x10°, Ui = -3.76 x10643.63 x10°8, t; = 420455, t;=

1100+5s
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Unmodified primer MecA 8 with synthetic template:
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Figure 5.13. A) Processed RT-RPA fluorescence curve of primer set mecAswith 10M copies mecA
reference gene template fitted using equation 1. R?=0.998, &; = 0.037+0.009, ¢, = 5.084+0.013, h
=3.9340.15, f = 3.43+0.52, x, =619+5.8s. B) TBE-DNA polyacrylamide gel of combined replicates

of primer set mecAg C) First derivate rate curve for primer set mecAs. Vipax = 7.85 x103+3.6 x107
RFU s1, k., =785 +55. D) Second derivate rate acceleration curve for primer set mecAs. Upgx= 3.25

x10543.24 x107, Uy = -1.47 x10°42.6 x10%, t; = 590155, t; = 975455
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Unmodified primer MecA 8 with gDNA template:
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Figure 5.14. A) Processed RT-RPA fluorescence curve of primer set mecAswith 10M ATCC 43300
MRSA gDNA template fitted using equation 1. R?=0.997, ®; = 0.007+0.013, ¢, = 6.044+0.016, h =
4.81+0.14, f= 1.03+0.09, x, =848+2.1s. B) TBE-DNA polyacrylamide gel of combined replicates of
primer set mecAs C) First derivate rate curve for primer set mecAg. Vimay = 8.94 x103+8.3 x10¢ RFU

s1, k, =78045s. D) Second derivate rate acceleration curve for primer set mecAs. Upygx = 2.6 Xx10-°

42.54 X107, Byin = -1.75 x1054-3.34 x10%, t; = 555455, ts = 995455
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Unmodified primer MecA 7 with synthetic template:
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Figure 5.15. A) Processed RT-RPA fluorescence curve of primer set mecA;with 10M copies mecA
reference gene template fitted using equation 1. R?=0.999, &; = 0.054+0.014, ¢, = 5.664+0.049, h
=284+0.13, f=1.45+0.21, x, =823+5.7s. B) TBE-DNA polyacrylamide gel of combined replicates
of primer set mecA; C) First derivate rate curve for primer set mecA; Vipax = 5.22 x103+2.28 x107
RFU s1, k»,, =765 +55. D) Second derivate rate acceleration curve for primer set mecA;, Vg = 1.31

X10° +3.78 x107, Byyin = -5.97 x10643.82 X106, t; = 440455, ts= 1080455
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Unmodified primer MecA 7 with gDNA template:
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Figure 5.16. A) Processed RT-RPA fluorescence curve of primer set mecA;with 10M ATCC 43300
MRSA gDNA template fitted using equation 1. R?=0.998, ®@; = 0.0540.015, om = 6.2740.057, h =
1.86+0.078, f=4.55+0.55, x, =308+7.6s. B) TBE-DNA polyacrylamide gel of combined replicates
of primer set mecA; C) First derivate rate curve for primer set mecA; Vipay = 6.47 x103+1.79 x10¢
RFU s, kn,, =520 +55. D) Second derivate rate acceleration curve for primer set mecA;, Uy g = 2.81

x10% 42.11 x107, Byin = -8.13 x1064+3.82 X106, t; = 280455, ty= 750455
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Failed RT-RPA reactions
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Figure 5.17. Unprocessed RT-RPA fluorescence curves of primer sets which failed under RT-RPA

conditions.
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Figure 5.18. Combined TBE-DNA polyacrylamide gels of combined replicates of primer sets which
failed under RT-RPA conditions. Black vertical lines indicate a join between gel images, and a black
horizontal line indicates gel alignment reference position. Gels were collated for clarity, post-

processed holistically, background variation is due to post-run staining.
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Figure 5.19. Combined processed fits of successful primer sets under RT-RPA conditions.
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5.4.3: Concluding Remarks & Outcomes:

In general, the initial RT-RPA screening experiments with the unmodified mecA primers
sequences produced mixed results. (Fig. 5.19). To begin with only 3 primer sequence sets produced
the expected RT-RPA kinetic curves with both templates while maintaining relatively clean endpoint

DNA-PAGE gels. (Fig. 5.6-5.7, Fig. 5.10-5.11 & Fig. 5.13-5.14).

Of note, successful primer sets exhibited some spurious endpoint material when amplified
under RT-RPA conditions. The spurious bands were typically higher in molecular weight by
approximately 150-200bp. It appeared this band was more prevalent in amplification mixtures were
the short MecA reference gene was used as a template. It is likely given this band is present in the
successful reactions that this is amplicon probe complex following fluorophore release remaining
hybridised. While this was unexpected it is also showing the probe is working as intended.
Furthermore, this should considered a desired effect as it prevents probes with cleaved fluorophores
being rehybridized with amplicons. If it was possible to prove and ensure each amplicon when
hybridised with a probe remained hybridised throughout the measurement, then the kinetic curves
could be considered quantitative by standardising against known FAM concentrations. This could

prove an interesting project to investigate in itself.

Another observation to be made was RT-monitoring was significantly more likely to function
when ran using gDNA template. Take primer sets 11 and 7, in both cases a successful RT-RPA curve
was obtained accompanied by clean endpoint DNA-PAGE gels, with no unexpected bands; but only
when ran using the MRSA gDNA template. However, when ran using the MecA reference gene set 11
produced no product were as set 9 produced fantastically clean amplicons but they were not

functional with the hybridisation probe. The reasons behind this remain unclear.

From the data presented in figure 5.18, it is clear to see that the designed hybridisation probe
for sequences 1-6 was not functioning correctly. Figure 5.19 clearly shows the end point DNA-Page
gels for the primer sequence 2, 3 and 6. Each of which produced acceptable amplicons in terms of
purity and expected molecular weight, this was especially the case for mecAs. However, no RT RPA
curve could be obtained for any of these primer sets. Fortunately sets within the sequence library

produced the desired results, saving redefining new probe sequences and repeating this experiment.

As stated previously these results provide a first glimpse into how the system behaves with
templates is of varying size. Table 5.3 highlights the key reaction parameters obtained from the 15t and
2nd derivate plots of the RT-RPA fits of the 3 successful primer sets. In general, a small but measurable

difference was observed in the time to initiation of the reactions. Were by the gDNA template
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reactions were on average 6.9 % faster to initiate versus the MecA reference gene reactions. Initially
result was counter intuitive, however it points to an interesting observation about the kinetics.
Referring back to figure 2.12, page 54; whereby the initial rate limiting step is formation of RecA-
primer-template complex’s rather than location of the complementary zone of the template. Given
the gDNA has significantly more total mass of DNA per MecA copy this formation of initial complex’s

is accelerated.

Table 5.3 Average key kinetic reaction constants of unmodified primers.

Primer Template In.itiation Time to Max Tim(.a to
Name Time (s) Sudo-Rate (s) Depletion (s)
MecA Ref 610 770 965
MecA;,  MRSA gDNA 535 790 1025
% Diff 12.3 2.6 -6.2
MecA 675 830 980
MecAip gDNA 655 800 945
% Diff 3.0 3.6 3.6
MecA 590 785 975
MecAs gDNA 555 780 995
% Diff 5.9 0.6 -2.1
MecA Avg 625 795 973
Average  gDNA Avg 582 790 988
% Diff 6.9 0.6 -1.5

Taken forward for full analysis onto the next line of primer screening was MecAi,, MecAy,
MecAs and MecA;. While MecA; did not function well using the MecA template it did have desirable
kinetic characteristics and work with gDNA which will be the actual target of interest. Primer sets 2,
3, 6,9, and 11 advanced to the subsequent phase of primer screening to confirm their unsuitability
shown thus far. However, they were not subjected to triplicate analysis without enabling fluorescence
normalization. For sets 2 to 6, a fresh internal probe was synthesized by a different supplier to

eliminate any potential manufacturing errors associated with the initial probe.
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5.5 RT-RPA of pre-screened modified variants of the mecA primer sequences:

The real-time amplification performance of the 4 selected primer sequences was then
evaluated with their incorporated modifications described in chapter 2. As in section 5.4 the data to
be collected and scrutinized here is firstly how the addition of the modifications has altered and
compares to the base line kinetic performance. Secondly further observed any performance difference
between large and small targets now the primers have been modified. Thirdly which modified primers
are compatible with RT-RPA reaction conditions to allow for reaction development in later chapters.
And lastly to assess the difference if any the varying spacer length has upon the reaction product

quality and kinetics of the amplification reactions.

5.5.1: High Throughput RT-RPA Experimental Method:

Real-time amplification reactions were run in triplicate using negative controls, constituting
an identical mixture with no target DNA. Negative control curves were used to baseline background
kinetic curves and verify no primer-probe interactions. Triplicates were averaged and denoised using
a 3-point moving average; standard deviations for the triplicate populations were used in curve fitting

as per the scheme set out in chapter 4.

Real-time liquid RPA reactions were carried out the same procedure outlined in section 5.4.2
however using the C3 and C12 fully modified variants of the modified primer sequences shown in table
2.14, page 65. Again, both templates were used to assess the primer sequences performance across
target size. Processed kinetic curves for successfully amplified C3 variants of the modified primers are
shown in Figures 5.20-5.27, followed by C12 variants in Figures 5.31-5.38. Failed RT-RPA raw data
curves for the C3 and C12 modified variants are shown collated on in Figures 5.28 and 5.39

respectively.

A representative sample for each reaction was taken following RT-RPA and immediately
purified using Monarch® 5 pug PCR & DNA clean-up columns. The effect of hybridisation probe
integration on amplicon quality was evaluated using 20 % non-denaturing TBE-DNA polyacrylamide
gelsrun at 3 °C, 5V cm?, in 1.25X TBE buffer for 2 hrs. Gels were stained by soaking in EtBr stain for
5mins, rinsed and then visualised using transmissive UV light. Gels showing C3 variant of the modified
primers are shown in Figures 5.20b-5.27b & Figure 5.29. Gels showing C12 variant of the modified
primers are shown in Figures 5.31b-5.38b & Figure 5.40.
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5.5.2: C3 Modified RT-RPA Experimental Results

Modified primer MecA12-C3 with synthetic template:
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Figure 5.20. A) Processed RT-RPA fluorescence curve of primer set mecAi; with 10M copies mecA

reference gene template fitted using equation 1. R?=0.999, &; = 0.0154+0.009, ¢, = 4.374+0.005, h

=416+0.18 f=1.73+0.33, x,=1053+5.7s. B) TBE-DNA polyacrylamide gel of combined

replicates primer set mecAi,. C) First derivate rate curve for primer set mecAiz. Vinax = 4.4x10°46.6

x10°¢ RFU s1, kn, =1100+55s. D) Second derivate rate acceleration curve for primer set mecAs..

Bnax= 1.1 X10542.94 x107, By = -5.9 x10649.06 x10°, t; = 800455, ts= 1395+5.
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Modified primer set MecA,-C3 with gDNA template:

A MecA 12-C3 gDNA B
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Figure 5.21. A) Processed RT-RPA fluorescence curve of primer set mecA:; with 10M ATCC 43300
MRSA gDNA template fitted using equation 1. R>=0.998, ®@; = 0.140.007, = 2.9140.007, h =
5.938+0.24, f= 1.57+0.25, x, =76212.8s. B) TBE-DNA polyacrylamide gel of combined replicates
primer set mecAi,. C) First derivate rate curve for primer set mecAiz. Vinax = 5.8x10-34+3.5 x107 RFU
s, kn =785 +55. D) Second derivate rate acceleration curve for primer set mecAi. Vg = 2.26 x10-

543.5 %107, Byyin = -1.46 x1054+3.24 X107, t; = 620455, ts= 945+55.
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Modified primer set MecA,-C3 with synthetic template:
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Figure 5.22. A) Processed RT-RPA fluorescence curve of primer set mecA1o-C3 with 10M copies mecA
reference gene template fitted using equation 1. R?=0.994, ®; = -0.0061+0.016, om = 2.54+0.016, h
=3.3440.19, f= 6.612+0.43, x,=405+11.7s. B) TBE-DNA polyacrylamide gel of combined
replicates primer set mecA10-C3.C) First derivate rate curve for primer set mecAio-C3. Vimax = 4.26x10"
349.24 x107 RFU s, k,, =635 +55. D) Second derivate rate acceleration curve for primer set
mecA10-C3. Vg = 2.21 x10548.8 x10°8, Vi = -8.61 x10¢42.8 x107, t; = 465455, t; = 8001 55.
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Modified primer set MecA1o-C3 with gDNA template:
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Figure 5.23. A) Processed RT-RPA fluorescence curve of primer set mecA10-C3 with 10M ATCC 43300
MRSA gDNA template fitted using equation 1. R?=0.994, &; = -0.00610.016, o = 2.54+0.016, h =
3.3440.19, f= 6.612+0.43, x, =405+ 11.7s. B) TBE-DNA polyacrylamide gel of combined replicates

primer set mecA10-C3.C) First derivate rate curve for primer set mecAio-C3. Vimax = 4.26x103+9.24

x107 RFU s, kn, =635 #+55. D) Second derivate rate acceleration curve for primer set mecA1o-C3.

Bmax = 2.21 x10548.8 x105, By = -8.61 x106+2.8 X107, t; = 465455, ts = 800+5.
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Modified primer set MecAs-C3 with synthetic template:
A _ MecA 8-C3 B

=l

300bp |

31 {L | 200bp \ J
- ¥ - J
2 j
150b
1 , J
14 /f
| 100bp

Fluoresence (RFU)
N
|

75bp
_1 I 4 I i 1 i I ' 1 i 1
0 500 1000 1500 2000 2500
Time (s)
C D
0.01 MecA 8-C3 Rate 3x10° - MecA 8-C3 Acceleration

:‘f —

s §, 2x10° 1
=)
[T
o 4

(2] 7 s :

2 4 S 1x10°
¥ 0.001 4 / 5
-~ (7]
Q P —
© / 3

4 / < 0
O
®
14

; -1x10°° 4

1E-4 L . . . ) ; ; : —
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Time (s) Time (s)

Figure 5.24. A) Processed RT-RPA fluorescence curve of primer set mecAs-C3 with 10M copies mecA
reference gene template fitted using equation 1. R?=0.994, &; = 0.005+0.009, ¢, = 7.784+0.036, h
=3534+0.12, f=347+0.23 x,=767+3.1s. B) TBE-DNA polyacrylamide gel of combined replicates
primer set mecAs-C3.C) First derivate rate curve for primer set mecAs-C3. Vipax = 8.5x103141.9 x10%

RFU s, kn,, =995 +55. D) Second derivate rate acceleration curve for primer set mecAs-C3. Vg =

2.6 x10544.55x107, By = -1.12 x10541.8 x105, t; = 720455, ts = 1260455,
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Modified primer set MecAs-C3 with gDNA template:

A _ MecA 8-C3 gDNA B
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Figure 5.25. A) Processed RT-RPA fluorescence curve of primer set mecAs-C3 with 10M ATCC 43300
MRSA gDNA template fitted using equation 1. R?=0.994, &; = -0.00240.0012, ¢, = 8.024+0.015, h
=6.69+0.27, f=0.59+0.27 x,=1101+2.4s. B) TBE-DNA polyacrylamide gel of combined
replicates primer set mecAs-C3.C) First derivate rate curve for primer set mecAg-C3. Vimax = 1.13x10"
241.9x10% RFU s, k,,, =995 +55. D) Second derivate rate acceleration curve for primer set mecAs-

C3. Doy = 2.5 X10544.58 x107, Dy = -1.12 x10541.8 x10%, t; = 7154105, ta= 1185+5s.
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Modified primer set MecA;-C3 with synthetic template:
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Figure 5.26. A) Processed RT-RPA fluorescence curve of primer set mecA;-C3 with 10M copies mecA

reference gene template fitted using equation 1. R?=0.999, &; = 0.025+40.01, ¢, = 4.24+0.025, h

=6.174+0.32, f= 0.74+0.09, x, =1287+3.2s. B) TBE-DNA polyacrylamide gel of combined

replicates primer set mecA7-C3.C) First derivate rate curve for primer set mecA7-C3. Viax = 4.9x10

442,18 x107 RFU s, ki, =1150£5s. D) Second derivate rate acceleration curve for primer set

MecArC3. By = 9.84 x10541.53 x10, By = -8.24 x10547.8 x10°%, t; = 865455, t= 1425+5.
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Figure 5.27. A) Processed RT-RPA fluorescence curve of primer set mecA,-C3 with 10M ATCC 43300

MRSA gDNA template fitted using equation 1. R?=0.999, ®@; = -0.017+0.017, pm = 3.2640.016, h

=3.9240.21, f= 0.7240.09, x, =742+3.2s. B) TBE-DNA polyacrylamide gel of combined replicates

primer set mecA,-C3.C) First derivate rate curve for primer set mecA;-C3. Vipaxy = 4.7x1044+1.78 x10%8

RFU s, k, =575 15s. D) Second derivate rate acceleration curve for primer set mecA,-C3. Upygx =

1.25x10541.53 X107, Uypin = -8.44 x10:6+2.8 x107, t; = 320455, ts= 805+5s.
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Failed C3 Modified Primer Sets:

9- Failed C3 Modified RT-RPA Reactions
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Figure 5.28. Unprocessed RT-RPA fluorescence curves of C3 modified primer sets which failed under

RT-RPA conditions.
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Figure 5.29. Combined TBE-DNA polyacrylamide gels of combined replicates of C3 modified primer
sets which failed under RT-RPA conditions. Black vertical lines indicate a join between gel images,
black horizontal line indicates gel alignment reference position. Gels were collated for clarity, post-

processed holistically, background variation is due to post-run stainin.
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Figure 5.30. Combined processed fits of successful C3 primer sets under RT-RPA conditions.
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5.5.3: C12 Modified RT-RPA Experimental Results:

Modified primer mecA;,-C12 with synthetic template:
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Figure 5.31. A) Processed RT-RPA fluorescence curve of primer set mecA1,-C12 with 10M copies mecA

reference gene template fitted using equation 1. R?=0.999, &; = 0.054+0.007, ¢, = 2.8740.006, h

=8.84+0.35, f = 0.95+0.08, x, =947+ 1.3s. B) TBE-DNA polyacrylamide gel of combined replicates
primer set mecA1,-C12.C) First derivate rate curve for primer set mecA;-C12. Vipay = 6.6x103+1.7
x10¢ RFU s, k, =915 +55. D) Second derivate rate acceleration curve for primer set mecA1»-C12.

Bonax=2.64x10543.62 X107, By = -2.19 x10-5+3.9x10, t; = 775455, ts= 1055+5s.
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Figure 5.32. A) Processed RT-RPA fluorescence curve of primer set mecA1,-C12 with 10M ATCC 43300
MRSA gDNA template fitted using equation 1. R’ = 0.999, ®@; = 0.007+0.005, ¢, = 2.5540.008, h =
4.34+0.23, f=1.97+0.29, x, =66313.2s. B) TBE-DNA polyacrylamide gel of combined replicates

primer set mecA12-C12 .C) First derivate rate curve for primer set mecA-C12 . Viaxy = 4.33x103+

x106 RFU s, k,, =720 +5s. D) Second derivate rate acceleration curve for primer set mecA;,-C12.

Umax=1.74x10°42.1 x107, Uiy, = -9.15x1064+4.77 x10°8, t; = 535455, t; = 9001 55.
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Figure 5.33. A) Processed RT-RPA fluorescence curve of primer set mecA1o-C12 with 10M copies mecA

reference gene template fitted using equation 1. R?=0.994, &; = 0.028+0.005, ¢, = 3.134+0.005, h
=4.610.12 f=1.19+0.09, x, =778+1.9s. B) TBE-DNA polyacrylamide gel of combined replicates

primer set mecA10-C12.C) First derivate rate curve for primer set mecAio-C12 Viyay = 4.85x10314.8

x10? RFU s1, k, =740 +55s. D) Second derivate rate acceleration curve for primer set mecA;o-C12.

Bnax = 2.21 x10548.8 x105, By = -8.61 x1064+2.8 X107, t; = 465455, ts = 800+55.
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Modified primer set mecAio-C12 with gDNA template:
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Figure 5.34. A) Processed RT-RPA fluorescence curve of primer set mecA10-C12 with 10M ATCC 43300
MRSA gDNA template fitted using equation 1. R?=0.996, ®@; = 0.0054+0.015, ¢, = 3.840.012, h =
3.724+0.11, f= 2.3840.44, x, =539+3.55. B) TBE-DNA polyacrylamide gel of combined replicates
primer set mecA10-C12.C) First derivate rate curve for primer set mecAo-C12 Vipay = 6.62x103+1.93
x107 RFU s, kn, =620 +55s. D) Second derivate rate acceleration curve for primer set mecA1o-C12.
Umax = 2.98 x10°44.6 X108, Uiy, = -1.41 x10°43.2 x107, t; = 445455, ty = 79045s.
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Modified primer set mecAs-C12 with synthetic template:

A _ MecA 8-C12 B
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Figure 5.35. A) Processed RT-RPA fluorescence curve of primer set mecAs-C12 with 10M copies mecA
reference gene template fitted using equation 1. R?=0.999, &; = -0.01740.02, m = 9.5540.05,
h=6.33+0.34, f=0.93+0.16, x,=1166+4.9s. B) TBE-DNA polyacrylamide gel of combined
replicates primer set mecAs-C12. C) First derivate rate curve for primer set mecAs-C12 Viyax =
1.32x10244.3 x107 RFU s, k,, =1095+5s. D) Second derivate rate acceleration curve for primer
set mecAg-C12. Uy = 3.25x10:541.54 x107, Vi = -2.5 x10-54+1.3 x10°%, t; = 850155, ts=
1325+5s.
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Modified primer set mecAs-C12 with gDNA template:

A _ MecA 8-C12 gDNA B
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Figure 5.36. A) Processed RT-RPA fluorescence curve of primer set mecAs-C12 10M ATCC 43300 MRSA
gDNA template fitted using equation 1. R?=0.999, &; = 0.0340.001, ¢, = 10.084+0.0034, h =
6.791+0.43, f= 0.779+0.12 x, =1086+4.2s. B) TBE-DNA polyacrylamide gel of combined replicates
primer set mecAs-C12 C) First derivate rate curve for primer set mecAs-C12. Vipax = 1.53x10244.76
x107 RFU s, k,, =995 +55. D) Second derivate rate acceleration curve for primer set mecAs-C12.
Umax =395 x10°4+3.62 x107, Uypin = -3.34 x10°4+2.38 x10°8, t; = 775+10s, t;= 1205+5s.
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Modified primer set mecA;-C12 with synthetic template:
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Figure 5.37. A) Processed RT-RPA fluorescence curve of primer set mecA;-C3 with 10M copies mecA
reference gene template fitted using equation 1. R?=0.999, &; = 0.085+0.01, ¢, = 14.024+0.33, h
=2.39+0.18, f=2.9+0.7, x, =743+11.9s. B) TBE-DNA polyacrylamide gel of combined replicates
primer set mecA;-C3.C) First derivate rate curve for primer set mecA-C3. Vinay = 1.0x102+1.16 x10¢
RFU s, kn,, =940 +55. D) Second derivate rate acceleration curve for primer set mecA7C3. Vg =

2.34 x10542.64 X107, By = -8.74x10641.4 X105, t; = 560455, ts = 131045s.
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Modified primer set mecA;-C12 with gDNA template:
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Figure 5.38. A) Processed RT-RPA fluorescence curve of primer set mecA;-C12with 10M ATCC 43300
MRSA gDNA template fitted using equation 1. . R?=0.999, &; = 0.078+0.019, ¢ = 4.84+0.022, h
=3.99+0.015, f= 1.29+0.18, x, =784+3.8s B) TBE-DNA polyacrylamide gel of combined
replicates primer set mecA,-C12 C) First derivate rate curve for primer set mecA,-C12. Vipax =
6.46x1031+8.87 x108 RFU s, ki, =750 +£55s. D) Second derivate rate acceleration curve for primer
set mecA7-C12 Vg = 1.94x1054+1.65x107, Vi =-1.11 x10°4+2.6 x10°8, t; = 510455, t; =
975+5s.

126



Failed C12 Modified Primer Sets:

Failed C12 Modified RT-RPA Reactions
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Figure 5.39. Unprocessed RT-RPA fluorescence curves of C12 modified primer sets, which failed under

RT-RPA conditions.
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Figure 5.40. Combined TBE-DNA polyacrylamide gels with combined replicates of modified primer

sets which failed under RT-RPA conditions. Black vertical lines indicate a join between gel images,
black horizontal line indicates gel alignment reference position. Gels were collated for clarity, post-

processed holistically, background variation is due to post-run staining.
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Figure 5.41. Combined processed fits of successful C12 primer sets under RT-RPA condition.
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5.5.4: Final Concluding Remarks & Outcomes:

In general, the RT-RPA screening experiments with the pre-screened fully modified mecA
primer sequences produced excellent results. (Fig. 5.20-5.27, Fig. 5.30-5.38 & Fig. 5.41). Each primer
set produced the expected curves that fitted the kinetic model enabling the extraction of the

reaction’s key kinetic constants. (Table. 5.4).

Table 5.4. Key reaction constants from fully functioning primer sets. MecA; unmodified using the

mecA template is exclude from average calculations due to poor endpoint performance.

Primer Template Modification In.itiation Time to Max Timc'e to
Name type Time (s) Sudo-Rate (s) Depletion (s)
None 535 790 1025
gDNA Cc3 620 785 945
C12 535 720 900
MecA1,
None 610 770 965
mecA c3 800 1100 1395
C12 775 915 1055
None 655 800 945
gDNA c3 540 725 910
C12 445 620 790
MecAio
None 675 830 980
mecA c3 465 635 800
C12 465 740 800
None 555 780 995
gDNA Cc3 715 995 1185
C12 775 995 1205
MecAg
None 590 785 975
mecA C3 720 995 1260
C12 850 1095 1325
None 280 520 750
gDNA c3 320 575 805
C12 510 750 975
MecA None 440 765 1080
mecA c3 865 1150 1425
C12 560 940 1310
Average (s) w/(SD) 596 (31) 824 (33) 1033 (40)

As expected, the previously excluded primer sequences failed in a variety of ways under RT-
RPA conditions with modifications in place but are included for completeness. (Fig. 5.28 & Fig. 5.39).
Unfortunately, sequence sets MecA 2, 3, and 6 still failed to produce kinetic curves using new internal

hybridisation probes despite producing excellent modified endpoint products. (Fig. 5.29 & Fig. 5. 40).
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A general observation to be made when comparing the endpoint analysis of the modified
primers was the higher likelihood the spurious amplification material being produced in the C12
modified primers. Of particular note in this regard was MecAs-C12 which produced large amounts of
spurious material regardless of template used versus MecAs-C3 did not. There was a measurable
performance deficit when using the C3 spacer versus the C12 spacer. However, this difference was
only 3.3 % in the C12 spacers favour. (Fig. 5.42) Therefore at this point was not possible to determine
which spacer length was best, consequently both spacers’ lengths were included in further

investigations.
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Figure 5.42. Average key kinetic reaction constants derived modified RT-RPA of the modified primer

sequence MecA 12, 10, 8 and 7’s. Highlighting the overall effect spacer length on reaction efficiency.

Again, in these experiments it was noted that the smaller mecA reference template used in
reactions was more likely to produce spurious material at endpoint analysis using the modified primer
sequences. This is something to note if a target gene of internet is carried on small plasmids®>? or the
method of DNA extraction results in small fragment sizes. When comparing the kinetic performance
between target material fragment length only a small difference in kinetic performance was observed.
When assessed across the entire population set of modified and unmodified RT-RPA reactions this

equated to a 3% difference in favour of MRSA gDNA. (Fig. 5.43).
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Figure 5.43. Average key kinetic reaction constants derived modified RT-RPA of the modified and
unmodified primer sequence MecA 12, 10, 8 and 7’s. Highlighting the overall effect template

fragment size had on reaction efficiency.
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Figure 5.44. Average key kinetic reaction constants derived modified RT-RPA of the modified and
unmodified primer sequence MecA 12, 10, 8 and 7’s. Highlighting the overall effect the NALFA

modification had on reaction efficiency.
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To conclude, as expected the addition of the modification to the primer sequences produced
a significant drop in amplification efficiency when compared to the performance using the same
unmodified primer sequences. Given the level of medication however this was not as severe as
originally thought it would be. On average when comparing the key rection constants from the
unmodified primer sequences to the modified ones an 11.3 % reduction in performance was observed.
(Fig. 5.44). It's worth noting MecAs,, regardless of the reaction conditions, consistently demonstrated
commendable performance. While it may not have been the fastest in producing amplicons in any
particular evaluation, its remarkable consistency across different conditions makes it the leading

candidate for integration with the lateral flow assay (LFA) at this stage.

132



Chapter 6

Real Time Solid Phase RPA.

“DIY Doctor: A Chemistry PhD's Unplanned
Adventures in Engineering”

There once was a chemistry PhD,
Whose work never went as planned you see,
He needed some vital equipment, no doubt,
But procurement was watching, there was no way out.

He thinks and he thinks, what can he do?
His research is strained, his hopes are askew,
Then he has a terrible idea, oh so clever,
and says, "screw it I'll build it myself whatever!",
Then foolishly Sets out to learn electronics,
Dabbles his hand in photonics and robotics!

He jumps to the googler, studied day and night,
He worked and he worked, with all his might,
He learns about circuits, MOSFETS and wires,
He investigates the photonics and starts a small fire!

He struggles and struggles, it's not easy, no sir,
But he won't give up, not until he's a blur,

Of hard work and determination, he'll see it through,
Our hero the chemistry PhD, he'll make it true,

And when it comes to CAD, he becomes a pro,
He will try and design anything with folly, don't you
know, With his new skills, he tackles his work,
But alas, it's still not going as planned, it's quite a
quirk.

He solders micropackages, with the fumes in his eyes!
Codes microcontrollers, it's quite a surprise,
He 3D prints parts, but nothing seems to work,
But he won't give up, even if he goes berserk!

So if you're stuck and feeling blue, Just remember, it
means there's something new for you to do.
Don't give up, no matter what others say,

You never know what you're capable of, not until you
try and play
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6.1 Introduction:

In chapter six, we will investigate the use of "solid phase" RPA reactions as a means of directly
integrating RPA reactions into the proposed NALFA in order to meet the WHO ASSURED criteria for
the PoC diagnostics. A lab-made, ultra-low noise, high dynamic range solid state fluorometer was
developed and built to study the effect on amplification kinetics caused by moving the reaction within
a solid matrix, where reagent diffusion will be significantly affected. Our experiments also sought to
modify RPA conditions to enhance the amplification performance within a solid matrix and facilitate

detection on the proposed NALFA without further processing.

6.2 Solid State Fluorometer:

A solid state fluorometer was designed using a similar principle to a fluorescence microscope.
Filtering of the excitation and emitted light was performed using MF475-35 & MF530-43 band pass
filters with a MD499 Dichroic filter to reject passed IR and UV light to designated beam dumps. A Bi-
convex condenser objective was used to both disperse the collimated polarised excitation light and

focus the emitted fluorescence onto the detector. (Fig. 6.1).

To achieve the desired performance, it was vital incident light intensity was highly regulated.
Firstly, the laser used, L462P (Thorlabs), which had excellent output characteristics (appendix 6), was
very powerful. A good thing for increasing the sensitivity of the device, however it was also capable of
photobleaching most fluorophores over an extended exposure period. To negate this the laser was
driven in PWM mode at 250kHz using a custom-made driving circuit. By altering the on time of the
laser it was possible to reduce the optical output power to a more balanced level, without impacting
the optical output characteristics; as the excitation voltage remains constant across the diode at all

power levels.

To further reduce this bleaching effect, it was desired to only irradiate the samples for a short
period of time at specific intervals, for example 10-50ms every 1-5 seconds. This could be done by
simply disabling the laser, however as the laser is turned off for a significant amount of time it will
thermally cycle, effecting the optical output characteristics and putting undue thermal strain on the
expensive laser diode. Therefore, to achieve this an electromechanically actuated diaphragm optical
beam shutter was used (SHBO25T, Thorlabs). (Fig. 6.1). This was used to break the beam when
measurements are not being taken, then open for a precisely controlled short amount of time via TTL

signalling.
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Figure 6.1. A) Functional diagram of the built fluorometer. B) Image of Fluorometer during development.
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Secondly, the optical power must remain consistent over a prolonged period of time, as it is
not possible to use a reference light path to compare the fluorescence measurement. It is possible to
achieve this by running the laser in a constant input power mode using a constant current is less
consistent as the efficiency of the laser changes with temperature and less than ideal for pulsed lasers.
This was achieved by running the laser in constant out power mode, a compact beam splitter
arrangement composing of two non-polarizing beam splitter cubes (BS034, Thorlabs) in V
configuration were used to tap a control beam. This was then sent to a photodetector connected to a
custom-made trans-impedance amplifier to measure the actual optical power. This signal was filtered
then injected into the feedback loop of the laser driver circuit to modulate the on time of the PWM
signal driving the laser thus compensating for any in fluctuations optical power output. Figure 6.2
shows the functional block diagram of the laser regulation and driver circuitry. Following from this

figure 6.3 then shows the full schematic of the control board used to modulate the laser output.

Laser Driving Circuit and Block Diagram:

Interlock

TEC TEC Voltage
Differential Controlled Pulse
Amplifier Width Modulator

Over-
Temperature
Current Voltage
Protection

TEC cooler

Photodiode

Trans- PD TEC Voltage

Impedance Differential Controlled Pulse
Amplifier Amplifier Width Modulator

Figure 6.2. Laser driver block diagram.
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Both the laser diode and detector photodiode were cooled, and temperature controlled using
thermoelectric coolers (TECs), also known as Peltier coolers. These operate on the Peltier effect, which
states that when a current is passed through two conductive materials with different electromotive
forces, a temperature difference is created at the junction of the materials. This temperature
difference can be used to transfer heat from one side of the TEC to the other. TECs consist of multiple
thermocouple junctions connected in parallel and sandwiched between two ceramic plates. When a
current is passed through the junctions, it creates an induced temperature gradient across the
junctions, resulting in a hot side and a cold side of the TEC. The hot side can be used to dissipate heat,
while the cold side can be used to cool an object or environment. In order to achieve the desired
cooling effect, TECs must be carefully designed to effectively dissipate the heat generated on the hot
side. For the laser cooler two 2x2x0.3 cm TEC elements were used to cool the laser and maintain 20°C
during operation, this was achieved in combination with a 20W °C? heat sink with a 50mm fan and

the TEC elements controlled using a custom-made driver board. (Fig. 6.4).
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Figure 6.4. TEC control board schematic.
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The custom-made photodetector featured a Hamamatsu S3477-03 Si photodiode with an integrated
2 stage thermoelectric cooler. The detector diode housing was water cooled using milled single
channel aluminium water block used in conjunction with a sub-ambient chiller to cool the hot side of
the TEC. The detector temperature was then controlled using the same TEC control circuit as the laser.
The TEC was current limited to 1.5A as per the manufacturer’s recommendation. Cooling performance
was assessed using the maximum cooler current at -18 °C coolant temperature, the detector substrate
reached and equilibrium of -68.2 °C. Detector noise and temperature stability was assessed by
measuring the temperature and dark current with a Rhode & Schwarz HM01002 100MHz oscilloscope
and a Metrohm Autolab PGSTAT 30 potentiometer. Temperature stability -50 °C was +0.04 °C over a
20 min period after reaching thermal equilibrium. Dark current was measured at 116+1.26 fA with no
long-term drift evident. The detector was paired with custom made dual channel, ultra-low offset,
high bandwidth transimpedance amplifier in a cascade arrangement. The TIA was designed using 4
best-in-class femtoampere input bias current electrometer amplifiers, ADA4530’s for Analogue
Devices (Appendix 7), in a two-stage configuration. Channels were matched by manual trim calibration
in low gain mode using a DC-20kHz square wave at 10fA using a dual channel function generator and

an oscilloscope. (Fig. 6.5-6.6)
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Figure 6.5. Prototyped Dual-Channel TIA prior to PCB manufacturing.
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To hold RPA reaction matrix during measurements a heated a sample holder was machined out of

Delrin-POM and copper. (Fig. 6.7).
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Figure 6.7. CAD drawing of the SP-RPA reaction holder. (Top) Cross sectional view of real time SP-RPA
reaction holder showing sample access ports and internal dimensions. (Bottom) All units are in mm

scale.
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To heat the RPA reactions during real time solid phase RPA monolithic proportionally
controlled heater was used (DN515-1228, Themoptics). Unlike a PID controlled heaters these
proportionally controlled heaters have virtually no hysteresis once thermal equilibrium is achieved.
Setting the desired temperature can be done via a microcontroller using a voltage controlled linear

voltage regulator or a simple potentiometer.

The LoD of the fluorometer was assessed using serial dilutions of fluorescein prepared in
0.01M NaOH. Samples were prepared using a glass fibre conjugate material by punching a 1cm?
squares from stock sheets and adhering the bottom of the reheated (37 °C) sample cell. 20 uL
fluorescein dilution was added by pipette onto the centre of the pad and covered with a 1x1 cm glass
cover slip. Samples were help for held at 37 °C for 30 s then Irradiated with excitation light for 20 ms.
Signal integration was taken 5ms after shutter opening and stopped 1ms before shutter closed to
ensure the shutter was full open during signal integration. Dilutions were run in triplicate at 50 %

stabilised excitation power. (Fig 6.8).
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Figure 6.8. Graph showing the developed solid matrix fluorometer’s LoD for fluorescein bases

fluorescent molecules, and background Raman scattering of incident light on sample matrix.
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6.3 Reaction Matrix Blocking Optimisation:

Blocking titrations using each blocking system were carried out with varying concentrations
of blocking agents to determine optimum conditions to block RPA reaction matrixes. Blocking
performance was assessed by quantitative fluorometric measurements to determine the DNA and
protein adsorptivity of treated matrix. DNA and protein adsorptivity measurements were run in

triplicate and conducted at the bottom of 96 well plates.

gDNA solution for adsorptivity measurements was prepared using freshly extracted MRSA
reference gDNA. Reference DNA was sonochemical sheered by sonicating 500 pL 10 ng uL? solution
at 10 W cm? cm3 using a 0.4mm titanium probe for 60 seconds. Fragment distribution was assessed

by agarose gel electrophoresis using pre-stained 0.6 % agarose gel run at 3°C, 1V cm, in 1X TBE for

4hrs. (Fig. 6.9).
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Figure 6.9. Shows purified and sonochemical sheared gDNA fragments.

Fluorescent labelled BSA was made by first dissolving 400 mg lyophilised BSA powder in 5 ml
sterile 6X SSC buffer, pH adjusted to 7.2, then filtered using a 0.8 um cellulose acetate membrane. 1
ml 1mM FITC was added, and the solution pH was adjusted to 8.2 with 0.05 M NaOH, then sonicated

at 37°C for 6 hours. The solution was loaded onto a PD10 desalting column and eluted in 500 pl
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aliquots of protease-free HPLC grade H,O. Fluorescence using 515+20 nm excitation light and
fluorescence measured at 485+5 nm was used to identify the aliquots containing the FTIC-BSA. These
aliquots were combined into a pre-weighed centrifuge tube, flash frozen in LN; and freeze-dried for
24 hr in a light-free chamber. 1 uM FTIC-BSA solution, was made by dissolving 335 mg lyophilised FTIC-
BSA in 15 ml 6X SCC buffer.

Blocking solutions were made by diluting stock solutions to the appropriate concentration.
BSA stock blocking solution was made by dissolving 0.4 g lyophilised BSA powder in 20 ml sterile 1X
PBS, pH adjusted to 7.2, then filtered using a 0.8 um cellulose acetate membrane. Casein stock
blocking solution was made by adding 0.4 g to 8 ml ddH,0 and 500 pL 0.1M NaOH and sonicated for
1 hour at 50 degrees. 10 ml 2X PBS buffer was added, the solution pH adjusted to 7.8 and made up to

20 ml with ddH,0, then filtered using a 0.8 um cellulose acetate membrane.

Glass fibre reaction matrix’s were first crosslinked and functionalised using of 5 ml 5 mM
MPTMS:TEOS solution in EtOH : 10 % w/v NH;OH 10:1. Reaction pads were heated to 30 °C and
incubated for 6 hrs then irradiated with UV light for 60 s using a gel transilluminator. Pads were then
washed thrice with ddH,0 and dried at 30 °C. 200 pL of blocking solution was added to the respective
well using 20-2 mg mL* dilutions. Plates were sealed and incubated with gentle shaking for 4 hr at 40
°C then washed 3x with 200 uL ddH,O. DNA adsorptivity measurements were obtained by adding 15
pL 1 ng uLt sonochemical sheered g-DNA fragments, incubating for 1hr at 37 °C. Each well was washed
3x with 200uL 6X SCC buffer, 25 ul EtBr-fluorometric assay solution was added, plates incubate for
120 s and washes with 200 pL ddH;0. Plates were immediately transferred to a ThermoScientific™
Varioskan™ LUX multimode microplate reader. Fluorescence measurements were taken usinga 1s
integral measuring time, with 620£2 nm excitation light and fluorescence measured at 360+5 nm. Ss-
DNA adsorptivity fluorescence was calibrated using internal standards for each membrane. Protein
adsorptivity measurements were then obtained by adding 15 uL fluorescent labelled BSA stain to each
well, incubating for 1 hr at 37°C. Each well was washed 3x with 200 uL 6X SCC buffer and then refilled
with 50 uL fresh 6X SCC buffer. Plates were immediately transferred to a 38 °C pre-heated
ThermoScientific™ Varioskan™ LUX multimode microplate reader. Fluorescence measurements were
taken using a 1 s integral measuring time, with 5152 nm excitation light and fluorescence measured
at 4855 nm. Protein adsorptivity fluorescence was calibrated using internal standards for each

membrane. Yielding DNA absorptivity plots shown in figure 6.10.
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Figure 6.10. ss-DNA/protein membrane adsorptivity single reagent blocking titrations

The SS-DNA and protein adsorptivity curves were fitted using a standard 4-parameter Boltzmann

regression function, Equation 9.
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pi; = Reagent Concentration k,, = Centre Point Y = hill slope
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Therefore, the ideal concentration of each blocking reagent for a given material can be
determined by finding the maxima of the second derivate of the adsorptivity curve, equation 10-11.
The concentration of blocking reagent at the given maxima of the second derivative of this function is
where the vector rate of negative change in adsorptivity slows relative to the increase in reagent
concentration. (Fig. 6.11) This is due to the reduced number of blocked sites available and can

therefore be considered the most effective blocking concentration.
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Figure 6.11. DNA/protein RPA matrix blocking efficiency velocity showing the ideal concentration of

each blocking regent.

Using the determined reagent concentrations shown in table 6.1, blocking solution can be
formulate which can effectively block unwanted molecules from adhering to the material surface,
while reducing the probability of aggregation of the blocking materials within the membrane pore
structure. This is especially true for membranes with the smallest pore sizes with the largest blocking

molecules, which is discussed further in Chapter 8.

Table 6.1. Optimal determine blocking agents’ concentration from fig. 6.11.

. . Optimal
Rejected molecule Blocking reagent concentration (g L)

Casien 0.73

DNA BSA 0.82
PVP-10 1.29

Casien 0.51

Protein BSA 0.63
PVP-10 1.87

Casien 0.62

Average BSA 0.72
PVP-10 1.58
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6.4- Initial SP-RPA Investigation:

Solid phase RPA was first investigated using the standard reaction conditions and validated
primers sets. Reactions were run using fresh reagents added to the reaction matrix and also by freeze

drying the RPA reagents in situ ready for then rehydration, as would be the case in the coupled NALFA.

1 mm thick glass fibre conjugate strips were activated and prepared by submersion in 5mM
MPTMS:TEOS solution prepared in EtOH : H,O : NH310:1:0.1. Strips were sealed in an airtight container
and heated to 30 °Cfor 6 hrs, removed and irradiated with UV light for 60 s using a gel transilluminator.

Strips were then washed thrice with ddH,0 and dried using a fine jet of N,.

Strips were then submersed in RPA matrix blocking solution formulated in section 6.2, (0.6 g
L' Casein, 0.7 g L1 BSA, 1.5 g L1 PVP-10, in 1X PBS/SCC) and incubated with gentle shaking for 4 hr at
40°C, washed thrice with ddH,0 then dried using a fine jet of N,. 0.5x3 cm strips were cut using a razor
blade and a glass edge, strips were rolled lengthwise and inserted into a retaining ring. Rings were
made using 200 pL pipette tips cut 1cm above the tip taper with a 3D printed 4x4 mm polypropylene

retaining cross pressed into the taper and top to hold the rolled matrix.

For in situ reactions, 45uL RPA liquid master mix (250 pL Reaction buffer, 92 uL 10 mM dNTP’s,
50 uL E-Mix, 25 uL Core enzyme mix) was pipetted on to the reaction matrix. These were then placed
in a zip-lock bag and flash frozen in liquid N;. The bag was the pierced in several location with a wide
bore needle, the prepared reaction matrixes were then freeze dried for 16 hrs. In situ initiation
solutions were prepared using 10 pL of each 10 uM forward and reverse primers, 4uL 210 pg / 1M
copies pL! reference MRSA gDNA, 10 puL MgOAc and 166 pL ddH,0. Standard initiation solutions
prepared using 10 pL of 10uM forward and reverse primers, 4 pL 2.1 pg/10k copies pL? reference
MRSA gDNA, 10 uL MgOAc and 10 pL ddH;O0.

All reaction materials and constituents were equilibrated to 38 °C inside an aluminium heat
block, in a 40°C incubator for 15 mins. Standard reactions were initiated by mixing 45 uL of RPA liquid
master and 5 uL dry initiation solutions in a separate Eppendorf then added to the blank blocked
matrixes directly. In situ initiation was performed by adding 50 ul initiation solutions to the pre-
loaded reaction matrices. Reactions were run for 40mins; liquor removed by centrifugation at 1000
RCF for 60 s and immediately purified using Monarch® 5 pug PCR & DNA clean-up columns and analysed
by non-denaturing TBE-DNA 20 % polyacrylamide gels run at 3°C, 5 V. cm™, in 1.25X TBE buffer for 2
hrs. (Fig. 6.12-6.13).
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Figure 6.12. Successful SP-RPA amplicons with spurious amplification products.
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Figure 6.13. Unsuccessful SP-RPA reaction products

The use of standard RPA reaction mixtures within a solid matrix resulted in variable outcomes,
with only half of the validated primer sets yielding the desired amplicon. Moreover, the reactions that
did proceed exhibited poor quality. The lyophilization of the reaction components onto the matrix

seemed to negatively affect the amplification quality in comparison to identical reactions which were
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not lyophilised. It was hypothesized that the cause of the poor performance was due to changes in

intramolecular interactions between the reaction components, the matrix, and the crowding reagent.

A key element in the process of RPA, and often neglected, is the vital role the crowding reagent
plays in the amplification process. RPA at its most basic functional principle is using a series of
recombinases that original functions were in reading, altering, and repairing nucleic acids freely
distributed within prokaryotic cells. Within the cell the reaction environment consists of a plethora of
intramolecular interactions between large macromolecules, the recombinases, and the nucleic acids.
This has the effect of reducing the amount of “free space” within the reaction matrix. This in turn helps
to keep the enzymes and nucleic acids in close proximity. Therefore, in a lab setting, to mimic this
phenomenon a crowding reagent is used. In the case of the standard RPA reaction mixture this is

achieved using approximately 5 % PEG-40.

When developing an RPA reaction, a balance is required when choosing crowding reagents
and their concentration. It is possible to totally inhibit amplification if intermolecular interactions are
too strong and or frequent. In such cases DNA-recombinase complexes may be unable to dissociate,
as thermodynamic conditions make the complexes more stable than their dissociated or transition
states. Additionally, the probability of finding new substrates such as primers, templates, and
cofactors may be significantly reduced under such conditions. In the context of amplification products,
moderately over-crowded reaction conditions will likely result in spurious amplification material being
produced. As amplicons become increasingly crowded around high concentrations of primers, for
example during the initial phase of exponential amplification (Ti); and recombinases, the probability
of dimer products forming and unwanted run-away amplification occurring becomes markedly

increased.

By constraining the reaction mixtures within the internal structure of the matrix, which is
already coated with large macromolecules for blocking; and stock RPA reaction mixtures having been
optimised for bulk solution, the reaction mixture is likely highly overcrowded. These conditions
coupled with the reduced bulk diffusion of reagents, due to increased surface tension between the
liquid and the solid matrix, has a highly detrimental effect on amplification efficacy and efficiency. The
manufactures of RPA kits do not allow for the easy optimisation of crowding reagents as they are
always mixed with protein master mixes. Additionally, 5 % PEG-40M solutions are not compatible with
most lateral flow membranes, as the large linear polymer blocks the internal pore structure;
significantly reducing the flow of larger molecules i.e., amplicons and nanoparticle-based reporter

probes.
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6.5 SP-RPA Optimisation:

Reagent titrations using MecA1,-C3 were performed to optimise the RPA reaction mixtures to
be compatible with the solid matrix and its blocking system. To achieve this liquid RPA enzyme master
mix was purified using salt-induced phase separation to allow for more controlled RPA conditions. 125
pL 3M K;HPO4and 125 pl 3M KH,PO, was added 250 Ul core reaction mix (Liquid RPA Basic Kit, Abbott
Twistdx) heated to 35 °C and vortexed for 3 mins. The mixture was then centrifuges at 50 kRCF at 3°C
for 20 mins. The top PEG containing layer was discarded and the protein mixture desalted using a PD-
10 column, fractions were eluted using 50 mM tris and 100 M KOAc buffer at pH 8. Protein containing
fractions were combined and 100 mg trehalose added then diluted to 1 mL in 50 mM tris and 100 M

KOAc buffer at pH 8.4 to give a 5X enzyme mix and the mixture analysed by SDS-PAGE. (Fig 6.14).

70kDa | Bsu DNA Polymerase

4 yvsX Recombinase + Cytosine Kinase

gp32 Recombinase

. T4 uvsY Recombinase
15kDa o

Figure 6.14. Denaturing SDS-PAGE of purified RPA enzymes mixture.

A crowding system more compatible with the proposed NALFA developed in chapter 6 was made using
5 %wn PVP-10, 10 % HSA, and 20 %.,, and Ficoll 400 yielding a 1000X crowding mix stock solution.
Titrations using 0-160X final crowding reagent were made to optimise the crowding regent working
concentration. Crowding regent concentrations higher than 200X had negative effect on membrane

flow rates.

Reaction matrices were activated, blocked, and prepared as before. A 5X reaction buffer was, 2.5 mg
DTT, 10 mg ATP, 18 mg phosphocreatine and 50 mg potassium acetate were dissolved in 1000 pL 1M
Tris. 45 pL SP-RPA master mix (100 uL modified reaction buffer, 100 uL 9.2 mM dNTP’s, 100 uL purified
enzyme mix, 200 puL ddH,0) was pipetted on to the reaction matrix. These were then placed in a zip-
lock bag and flash frozen in liquid N,. The bag was the pierced in several location with a wide bore

needle, the prepared reaction matrixes were then freeze dried for 16 hrs. Initiation solutions were

150



prepared using 10 pL of each 10 uM forward and reverse primers, 8 uL 21 pg/100k copies pL™
reference MRSA gDNA, 10 pL MgOAc and 166 pL diluted crowding reagent solution. All reaction
materials and constituents were equilibrated to 38 °C inside an aluminium heat block, in a 40 °C
incubator for 15 mins. 50 uL Initiation solutions were added to the pre-loaded reaction matrices.
Reactions were run for 40 mins; liquor removed by centrifugation at 1000RCF for 60 s and immediately
purified using Monarch® 5 ug PCR & DNA clean-up columns and analysed by non-denaturing TBE-DNA
20 % polyacrylamide gels run at 3°C, 5V cm™, in 1.25X TBE buffer for 2 hrs. (Fig. 6.15).
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Figure 6.15. SP-RPA crowding reagent titrations clearly showing under-crowded though to

moderately over-crowded beginning to cause spurious high molecular weight avalanche amplicons.

Crowding regents’ concentrations of between 150X-170X appeared to be most ideal for this
reaction medium. It was not possible to eliminate all specious amplification product, but it was

significantly improved, especially given the high template concentrations used.

To further improve the amplification quality further titrations using varying amounts of
formamide were performed using an identical procedure. SP-RPA master mix comprised of 100 pL
modified reaction buffer, 100 pL 9.2 mM dNTP’s, 100 pL purified enzyme mix, 200 pL 320X crowding
solution. Initiation solutions were prepared using 10 uL of each 10 uM forward and reverse primers,

8uL 0.21 pg/1k copies pL? reference MRSA gDNA, 10 puL MgOAc and 166 pL formamide : ddH,0O

solution. (Fig 6.16).
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Figure 6.16. SP-RPA formamide titrations showing the increasing the limit of detection by reducing
unwanted primer interactions with low template conditions. The yield tapers off as the highest

formamide concentration begins to denature the amplification enzymes.

Formamide addition between 2.4-2.8 % to SP-RPA reaction mixture significantly improved
both the amplification quality and efficiency. The low template concentration used clearly
demonstrates that limit of detection before the addition of higher concentration of formamide was
well above the 1k due unwanted primer interactions. In combination the reformulations of the RPA

reaction mixtures significantly Improved the amplification stringency and efficiency.

6.6 Real Time SP-RPA Kinetic Evaluation:

To assess the effect of running the reactions within the solid matrix RT-SP-RPA was carried out
using the custom made fluorometer and the addition formamidopyrimidine DNA glycosylase (fpg, NEB
Labs) to the purified protein master mix at 570 ng uL?. Reaction pads were prepared by cutting 1 cm?
from activated and blocked glass conjugate strips using a die and punch. RT-SP-RPA master mix
comprised of 100 uL modified reaction buffer, 100 uL 9.2 mM dNTP’s, 100 pL RT-SP-enzyme mix and
200 pL 320X crowding solution in 2.5%,, formamide. 25 plL ice cold RT-SP-RPA master mix was
pipetted on to the reaction pads. Pads were flash frozen on liquid N, and freeze dried for 16 hrs.
Initiation solutions were prepared using 10 puL of each 10 uM forward and reverse primers, 2 pL 10
UM internal probe, 4 uL 210 pg/1M copies puL? reference MRSA gDNA, 10 uL. MgOAc and 166 pL ddH,0.
The reaction pad was placed into the sample holder and pre-heated to 37 °C. Reactions were started
by adding 25 L the initiation solution via the sample access point. Reactions were run in triplicate.
Incident light power was set at 50 %, with stabilised laser temperature of 35 °C maintained, incident
light irradiation time was 20 ms and a detector temperature of -50 °C. Measurements were taken

every 90 s over 2 hours giving a total exposure time of 1.6 s.
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6.6.1 RT-SP-RPA Set mecA7-C3:
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Figure 6.17. A) Processed RT-SP-RPA fluorescence curve of primer set mecA7-C3 with 1M 43300 MRSA
gDNA. R?=0.999, &@; = 9.9x1054+0.82 x10%, = 9.9x10°4+0.8x10% h =4740.03, f= 1.4+0.11 x,
=1411+37s. C) First derivate rate curve for primer set mecA7-C3. Vinax= 63924+0.06 counts s, kn,
=1410+5s. D) Second derivate rate acceleration curve for primer set mecA-C3. Vo= 7.36 +

0.06counts s2, Uy = -2.867 0.0115 counts s2,t;= 630455, ti= 1605+55.
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6.6.2 RT-SP-RPA Set mecAs-C3:
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Figure 6.18. A) Processed RT-SP-RPA fluorescence curve of primer set mecAs-C3 with 1M 43300 MRSA
gDNA. R?=0.999, ®; = 10.2 x10647.6 x10%, oy = 8.23 x1064+2.8 x104 h =4.340.04, f=
0.8140.02 x,=1946+21s. C) First derivate rate curve for primer set mecAg-C3. Vmax= 4162+0.004
counts s, kn =163545s. D) Second derivate rate acceleration curve for primer set mecAs-C3.

Umax= 4.65 1 0.01 counts s2, Vp,j, = -3.24 0.06 counts s, t; = 1050455, t; = 2190+5s.
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6.6.3 RT-SP-RPA Set mecA;0-C3:

A ] RT-SP-RPA MecA,,-C3

8.0x10° - /
z
S 6.0x10°
(@]
9 =
3
S 4.0x10° -
(2]
o
o
T8

2.0x10°

IE&I
0.0

i I ! I T I i I T I T I T I
0 1000 2000 3000 4000 5000 6000 7000
Time (s)

B RT-SP-RPA MecA,,-C3 Rate RT-SP-RPA MecA,,-C3 Rate Acceleration ¢

1000 o

100

Rate (Counts s')
)
Il

Rate Acceleration (Counts s2)

100 000 100 8000
Time (s) Time (s)

Figure 6.19. A) Processed RT-SP-RPA fluorescence curve of primer set mecAio-C3 with 1M 43300
MRSA gDNA.R?=0.999, &; = 9.99x10°4+1.6 x103, pm = 8.2 x1064+3.2 x10% h =3.44+0.04, f =
1.48+0.08 x, =1680+38s. B) First derivate rate curve for primer set mecA10-C3. Vimax= 3931+0.05
counts s, k,, =163545s. C) Second derivate rate acceleration curve for primer set mecAio-C3.

Umax= 3.06 1 0.12 counts s2, Uy = -1.24 0.15 counts s, ti= 960+5s, ty= 2475+5s.
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6.6.4 RT-SP-RPA Set mecA;,-C3:
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Figure 6.20. A) Processed RT-SP-RPA fluorescence curve of primer set mecAi,-C3 with 1M 43300
MRSA gDNA. R?=0.999, &; = 8.2 x10°40.23 x10%, pm = 10.5x1064+0.155x105, h = 3.8640.11, f =
1.10+0.04 x,=1076+23.9s. C) First derivate rate curve for primer set mecA7-C3. Vimax= 6698+0.09
counts s, k., =870+5s. D) Second derivate rate acceleration curve for primer set mecA7C3. Vg =

12.9 +6.35 x107 counts s2, Uiy = -7.9914 9.45 x107 counts s, t; = 495+5s, ty;= 1215+55.
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6.6.5 RT-SP-RPA Set mecA;-C12:
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Figure 6.21. A) Processed RT-SP-RPA fluorescence curve of primer set mecA>-C12 with 1M 43300
MRSA gDNA. R?=0.999, ®@; = 9.5x10°40.81 x10#, o = 8.25x10°40.8 x10%, h =4.51+0.04, f =
1.31+0.12 x,=2122+24s. B) First derivate rate curve for primer set mecA;-C12. Vo= 4114+1.2
counts s, k, =2070+5s. C) Second derivate rate acceleration curve for primer set mecA,-C12.

Umax= 4.94 1 0.03counts s2, Ui, = -2.98+ 0.0115 counts s, t;= 1500455, t; = 2625+5s.
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6.6.6 RT-SP-RPA Set mecAs-C12:
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Figure 6.22. A) Processed RT-SP-RPA fluorescence curve of primer set mecAs-C12 with 1M 43300
MRSA gDNA. R?=0.999, ®@; = 1.02x10¢40.76 x10%, @, = 8.23x10640.28 x10% h =4.3540.06, f =
0.724+0.02 x, =2745+24s. B) First derivate rate curve for primer set mecAg-C12. V= 2942+1.2
counts s, k, =2220+5s. C) Second derivate rate acceleration curve for primer set mecAs-C12.

Umax = 2.24 £ 0.06 counts s2, Oy, = -1.62 + 0.032 counts s, t; = 1365+5s, t;= 3000+5s.
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6.6.7 RT-SP-RPA Set mecA;0-C12:
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Figure 6.23. A) Processed RT-SP-RPA fluorescence curve of primer set mecA,-C12 with 1M 43300
MRSA gDNA. R?=0.999, &; = 1.02x106+1.59 x10%, @, = 8.26x1064+0.03 x10%, h =5.1140.042, f=
0.7440.11 x, =3193+36s. B) First derivate rate curve for primer set mecA10-C12. Viax= 2909+0.02

counts s, k, =2730+5s. C) Second derivate rate acceleration curve for primer set mecA;,-C12,

Umax = 2.08 £ 0.046 counts s?2, Vi = -1.64 + 0.014 counts s2,t;= 1890155, t; = 3540+5s.
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6.6.8 RT-SP-RPA Set mecA;,-C12:
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Figure 6.24. A) Processed RT-SP-RPA fluorescence curve of primer set mecA>-C12 with 1M 43300
MRSA gDNA. R?=0.999, ®; = 9.5x1054+8.59 x103, @m= 8.19x106+8.1 x103, h =4.31+0.031,f =
1.3440.13 x,=1933+38s. B) First derivate rate curve for primer set mecA12-C12 Vmax=
428940.02 counts s'1, kn =1890+5s. C) Second derivate rate acceleration curve for primer set
mecA1-C12 Vo= 5.544 0.075 counts s2, Vi, = -3.24 + 0.064 counts s-2,t;= 1350+5s, ta=
2415+45s.
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6.6.9 Discussion and concluding remarks:

The presented results clearly illustrate the impact of customising reaction mixtures for a given

set of primers and conditions. Even when conducted in solid-phase format, each of the modified

primer sets exhibited outstanding performance, yielding the anticipated kinetic curves and almost

pristine endpoint products. (Fig. 6.17-6.24). However, it's important to note that, while the

performance significantly improved compared to the use of modified primers in standard reaction

mixtures, there was still some evidence of sporadic material production when employing the C12

modified primers. Evaluation of the combined kinetic curves reveals a significant variation in

performance among the different primer sequences under these conditions. (Fig. 6.25). In contrast to

the liquid-phase amplification, where the efficiencies remained relatively consistent across primer

sets. (Table. 6.1).
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Figure 6.25. cont. Combined RT-SP-RPA C3 and C12 fits for comparison of primer sets kinetic profiles.
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Figure 6.25. cont. Combined RT-SP-RPA C3 and C12 fits for comparison of primer sets kinetic profiles.

Table 6.1. Key reaction constants from fully functioning primer sets.

Primer Phase Modification Initiation Time to Max Time to
Name type Time (s) Sudo-Rate (s) Depletion (s)
Liquid C3 620 785 945
g c12 535 720 900
MeCAlz
) C3 595 870 1215
Solid
C12 1350 1890 2415
Liauid c3 540 725 910
iqui
g c12 445 620 790
MecAio
) C3 960 1635 2475
Solid
C12 1365 2220 3000
Liquid C3 715 995 1185
g c12 775 995 1205
MecAs
) C3 1050 1635 2190
Solid
C12 1500 2070 2625
o C3 320 575 805
Liquid
C12 510 750 975
MecA;
. C3 630 1410 1605
Solid
C12 1890 2730 3540
Average performance loss 48.3% 42.6% 40.5%

The data presented above reveals several discernible patterns. Firstly, there is a clear and, on
average, significant drop in performance when transitioning from liquid phase to solid phase, with an
average reduction in amplification efficiency of 56.2 %. However, it's worth noting that MecA1,-C3
stands as an exceptional outlier in this overall trend. Although there was some reduction in
performance, it was relatively marginal at 16 %, and its initiation performance remained on par with

the liquid-phase reaction. Unlike when the modified primers were assessed in liquid phase, from these
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experiments there a large performance discrepancy between the C3 and C12 modified primer sets

under solid phase optimised conditions. Secondly unlike in the liquid phase reaction with the standard

reaction conditions there was a significant difference in performance between C3 and C12

modifications used. (Fig. 6.26).
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Figure 6.26. Cont. Combined RT-SP-RPA C3 and C12 measured kinetic profiles parameters.
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On average the amplification efficiencies were reduced by 66 % when comparing the C12 modified

primer sequence to the C3 modified primer sequence. (Fig. 6.27).

RT-SP-RPA C3 vs C12 modified NALFA Primers
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Figure 6.27. SP-RPA Kinetic performance delta between C3 and C12 modified primers.

This result was quite unexpected, but it can be partially explained by the methodology used
to optimize the solid-phase reaction conditions. During the optimisation process, the best-performing
primer from the liquid-phase screening was selected, as it offered the highest likelihood of achieving
a successful amplification reaction in the solid phase. This decision was warranted, considering the
initial poor performance of the primers in the solid phase matrix with standard reaction mixtures and
conditions. However, this choice might indicate that the SP-RT-RPA screening is highly tailored to that
specific primer and modification, and given the exceptional performance observed with that specific
primer it may be the case. Therefore, it might be advantageous to revisit the optimization procedures
and individually fine-tune the conditions for each primer set, striving to find a middle ground that
works more consistently with the entire range of available primers. Nevertheless, for detecting the
mecA gene from MRSA isolates primer set MecAi,-C3 provides the best choice of primer to take

forward onto the LFA development.
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Chapter 7

Gyromagnetically Enhanced SP-RPA.

“You spin me right round baby, right round!”

165



7.1 Introduction:

Chapter seven will examine the synthesis and magnetic excitation of iron oxide nanoparticles
as a kinetic enhancement to SP-RPA. As seen in chapter 6 it was possible to get RPA functioning with
our available primers for MecA detection within a solid matrix. However, it was at the cost of
meaningful reduction in the amplification efficiency versus liquid reactions. Thus, increasing the total
time to detection when using the proposed SP-RPA NALF assay. It was hypothesised that the main
cause for the reduction in amplification efficiency was due to the constrained, fluid dynamic conditions
of the system, thus reducing the reagent diffusion rate within the reaction. This has the effect of
significantly delaying the initial amplification cycles from progressing. This is especially true for very
low copy count amplifications. In liquid phase when using low copy counts, it is often necessary to
homogenize the reaction mixture after a few minutes of incubation. This is to avoid "hot spotting,"
where the initial template is amplified disproportionately based on template distribution. As the
template may only be present as a single molecule and therefore the solution cannot be initially
homogeneous. The poor flow characteristics of the high viscosity crowding reagent, which is needed
to promote strand displacement between the recombinase enzymes, impedes produced amplicons
from reaching areas of the reaction liquor were no initial template was available. This is why adding
overcrowding reactions can in effect completely inhibit low copy count amplifications, while
promoting excellent rates of amplification with higher template amounts. Therefore, to overcome this
problem, "mixing" of the solution within the solid matrix is required. It was proposed that magnetic
nanoparticles excited using an external alternating magnetic field could achieve this. Excitation within
a rotational resonance frequency range (1-50 kHz) could locally homogenate reactions via the large
shearing forces induced by the particle rotation and the surrounding crowding reagents. Furthermore,
it may also be possible to promote mass diffusion using low frequency fields to macro-migrate
particles through solution. Such a system could be cheap and efficient and could be on an in-ear
headphone driver with no core, driven by a Blob-Onboard class D amplifier and tone generator,
ubiquitous with cheap children's toys. Such a system would be relatively simple and therefore
inexpensive when compared other LFA's on the market, such as Clearblue's digital readout system for

example.

7.2 - FesO4 Nanoflower Synthesis:

7.2.1 - Methodology:

Extra dry degassed NMDEA was prepared in a round bottom flask using 1/8 flask volume of
super active 4A super active molecular sieves and 2/3 flask volume of fresh NMDEA. This was stirred

under ultra-high vacuum for 1hr, exchanged with argon 5 times followed by vigorous stirring 1hr on
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ultra-high vacuum. The mixture was heated to 85 °C using and oil bath and stirred with normal vacuum

applied overnight and left for 6 hrs before use to allow molecular sieves to settle.

Fes0, nanoflowers were synthesised using an adapted method described by Caruntu et al*>3
and further by Hemery et al*** via NMDEA mediated hydrolysis. 200 mg (0.1 mmol) FeCl,.4H,0 and
540 mg FeCl5.6H,0 (0.2 mmol) were weighed into an oven dried 100 ml Schlenk flask and protected
under argon. 40 g extra dry N-methyl diethanolamine was transferred onto the metal chlorides using
Schleck technique and stirred with gentle convection heating until dissolved yielding a light brown
solution. In a separate round bottom flask 320 mg (1.6 mmol) ultra-pure dry NaOH was protected
under argon and dissolved in 40 g extra dry N-methyl diethanolamine with 100 uL HPLC water under
argon using Schleck technique. The metal chloride solution was transferred into the refluxing flask of
the reaction vessel and the NaOH solution transferred to the separator funnel using a double-sided

needle. (Fig. 7.1).

Figure 7.1. Metal chloride solution being transferred into the high temperature mechanically stirred

argon protected reflux set up.

Then heated to 150 °C at 6.7 °C per minute with mechanical stirring at 350 RPM. The NaOH solution
was added dropwise while the temperature was increase to 225 °C. The mixture turned dark emerald

green and was refluxed for 14 hrs then cooled to RT period yielding a black solution.
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Once cooled the reaction liqguor was diluted 1:1 in MeOH and probe sonicated at 0.1 W ml*!

for 10 mins then centrifuged at 1 kRCF for 10 mins and the pellet discarded. (Fig. 7.2).

Figure 7.2. TEM of discarded aggregated FesO,crystals separated by initial centrifugation at 1k RCF.

The liquor was then centrifuged at 37 kRCF for 1hr and the pellet was washed 3x with MeOH and
centrifuging at 50 kRCF at 3°C. The collected pellet was redispersed in 40ml EtOAc then vigorously
shook for 16 hrs at 40°C. The solution was then sonicated at 0.1 W ml? for 15mins, magnetic
nanoparticles were then collected by magnetic separation and wash 3x with hexane. Solids were then
redispersed in 20ml ddH,0 by probe sonication at 0.2 W ml* at 12 °C for 30 mins. 35 ml 20 % HNO;
was added into the cavitation zone under probe rapidly. The solution was sonicated for a further 90
mins at 0.2 W ml? at 12 °C. Magnetic nanoparticles were then collected by magnetic separation and
wash 3x EtOH and 3x with hexane. Solids were then redispersed in 49ml ddH,0 by probe sonication
at 0.2 W ml? at 12 °C for 30 mins. 1ml conc. NHs solution was then added into the cavitation zone
under probe rapidly at 0.73 W ml ™. The solution was sonicated for 1 hr at 70 °C yielding an ultra-stable

black colloidal suspension of NMDEA coated Fe304nano-particles at 1.64 mg ml2. (Fig. 7.3).
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Figure 7.3. Temperature controlled sonochemical reactor showing the argon bubbler, injection

needle, sonic horn, and the cavitation zone.

The colloidal solution was then diluted to 1mg ml? and further purified by gradient
centrifugation by adding 1.5 g PVP-10 to the solution and sonicating at 0.1 W ml™. The solution was
the centrifuged at 100 RCF 4 hr, 500 RCF 2 hr, 1 kRCF 20 mins, 5 kRCF 20 mins, 10 kRCF 20 mins, 20
kRCF 5 mins, 40 kRCF 5mins, 50 kRCF 1min. Between each centrifugation any sediment was removed
gently using a needle without disturbing the forming density gradient. The purified nanoparticle
solution was then diluted with 50ml EtOH and centrifuged at 100 kRCF for 10mins at 50 °C, washed 3
times with EtOH and redistributed in in 49 ml ddH,0 by probe sonication at 0.2W ml? at 12 °C for 30
mins. 1 ml conc. NH3 solution was then added into the cavitation zone under probe rapidly at 0.73W
mlL. The solution was sonicated for 1 hr at 70°C yielding a yellow colloidal solution, figure 7.4; with a

concentration of 0.78mg ml?.
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7.2.2 — Results and discussion:
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Figure 7.4. Deconvoluted UV-Vis spectra of the colloidal Fe;O4(right) SPR peak = 317.7nm

Particle crystal domain size was estimated using the Scherrer equation via powder XRD on a
Si (111) single crystal. This the powder diffractogram was achieved by dispersing concentrated
colloidal solution on to the surface of a Si (111) single crystal until a powder layer was formed. (Fig.

7.5, Table 7.1). Particles were analysed by High resolution TEM. (Fig.7.6 - 7.8).

Table 7.1. Fes04 XRD peak and Sherrer crystal size estimation data.

Crystal d-Spacing Measured Peak Crystalline
plane (A Pos (2Theta) size
311 0.263 35.467 16.1 nm
440 0.148 62.624 30.6 nm
511 0.161 57.014 22.6 nm
400 0.209 47.295 18.9 nm
220 0.296 30.119 16.4 nm
511 0.161 53.48 26.1 nm
Average 21.7+2.2 nm
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XRD of Fe;O, Nanoflowers
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Figure 7.5. Power XRD diffraction pattern of FesO,nanoflowers.

The XRD diffraction pattern of the obtained nanoparticle powder demonstrated extremely
sharp peaks consistent with a highly crystalline material. Furthermore, the diffraction pattern also
confirmed the nanoparticles to be of pure oxidation state. There were no traces of Fe;0s peaks in the

diffractogram, as there is no visible [1 0 4] expected from Fe,0s at approximately 27 degrees 26.

Figure 7.6. TEM of monodisperse colloidal Fe;0,nanoflowers.

171



d spacing
0.2878 nm

Figure 7.8. TEM of monodisperse superparamagnetic FesO4nanoflowers highlighting d-spacing of

highly crystalline nanoparticles L image showing [220] R showing [311].

The TEM analysis revealed the synthesised nanoparticles exhibited the desired nanoflower
morphology. Particles had generally symmetrical spherical shapes with nobbled surfaces. This
morphology was desired for later coating modifications to the nanoparticles as the rutted surface
provides extra surface area for the coatings to adhere too. (Fig 7.6). Additionally, when examined
under high magnification the particles were highly crystalline. The atomic Miller planes were clearly
visible running end to end of the particles. Particles exhibited primarily [220] and [311] crystal habits

desired for the later magnetic properties explored.
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Upon examination, the average particle diameter was measured at 19.71 nm £ 2.82 nm (see
Fig. 7.7). These produced particles displayed remarkable monodispersity, with minimal aggregated
impurities remaining following centrifugal separation. Achieving such uniformity is notably challenging
with sub-100 nm superparamagnetic nanocrystals. This challenge arises from the fact that these
nanocrystals can align their crystal lattices when exposed to magnetic fields, leading to bonding at
elevated temperatures, akin to the annealing process in bulk metals. This effect is particularly
pronounced during synthesis and when subjecting the particles to high static magnetic fields for

purification.

A practical approach to assess this effect before conducting TEM analysis involves using a
strong static magnet. When dispersed particles encounter an exceptionally strong magnetic field, they
quickly separate from the colloidal solution and often form needle-like spikes adjacent to the magnetic
source. In this state, they effectively exhibit ferromagnetic behaviour. While it is possible to redisperse
the particles from this state through vigorous horn sonication, if left undispersed, they will tend to
anneal by merging their crystal lattices into larger particles, even at room temperature forming
aggregated particles. This is one of the key advantages to using this synthetic approach at high
temperatures the solvent is catalytically polymerised around the formed nanoparticles protecting
them from crystalline aggregations. The required sonicated in strong ammonia solution yielding a
colloid in an aqueous solution removed this protective layer of polymerised solvent. It is also possible
to remove this layer without cavitation refluxing in 30% nitric acid, but it is difficult to perform without

over oxidising though to the particles changing them to Fe;0s,

7.3 - FesO4 Nanoflower SiO, Coating:

7.3.1 - Methodology:

The synthesised nanoparticles were first sonochemically coated in a SiO; using the same
sonochemical reactor shown in figure7.3. 20 ml (0.33 mg ml) FesO4nanoflower colloidal solution was
pH adjusted with ammonia to pH 11 then transferred to a sonochemical reactor. The solution was
sonicated at 15 W and 10 ml EtOH was added into the cavitation zone at 0.3 ml min™. Next, 8.3 mg
PVP-10 (3.3 umols) in 5 ml EtOH was added into the cavitation zone at 0.083 mI min at 30 W, followed
by 15 mg CTAB in 5 ml EtOH in 1 aliquot and sonicated for a further 15 mins. 30 uL TEOS in 5 ml EtOH
was the injected into the cavitation zone at 0.05 ml min™. The reaction liquor was then centrifuged at
12.5 kRCF then washed 3X with EtOH at 2 kRCF. The pellet was then redispersed in 20 ml MeOH by
sonicating for 30 mins at 1.75 W ml?, then magnetically separated for 16 hrs and washed 3X with

MeOH pH adjusted with ammonia and redispersed at 2 W ml* for 60 s yielding a yellow colloidal with
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mild of white turbidity in direct light. The colloidal nanoparticle solution was purified by gradient

centrifugation using the same method as previously in MeOH. (Fig. 7.9)

7.3.2 — Results and discussion:

Figure 7.9. TEM of monodisperse 21 nm#+1.2 nm superparamagnetic SiO, coated Fes0,nanoflowers.

Bottom image clearly shows the approx. 1.6 nm layer of deposited SiO;.

TEM analysis unveiled that the synthesized nanoparticles were effectively coated with SiO,.
The TEM images consistently demonstrated that the particles maintained their monodisperse nature
without aggregation. On average, a 1.6 nm layer of SiO, was successfully deposited on the surface of
the iron oxide nanoflowers, resulting in monodisperse particles with an average diameter of 21.3 nm
1+ 1.21 nm. The SiO; coating not only provided a chemically modifiable layer but also substantially

enhanced the sphericity of the particle surface, further refining the size distribution of the particles.
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7.4 — SiO, Coated Fe304 Nanoflower S-H Functionalisation and Protein
immobilisation.

7.4.1 - Methodology:

The nanoparticle solution was returned to the sonochemical reaction chamber sonicated for
90 mins at 0.5 W ml*with 8.3 ul MPTMS. The reaction liquor was then centrifuged at 12.5 kRCF then
washed 3X with EtOH at 2 kRCF. The pellet was then redispersed in 20 m| MeOH by sonicating for 30
mins at 1.75 W ml?, then magnetically separated for 16 hrs and washed 3X with 10 mM NaCit with
0.01 % PVP-10 and redispersed in 20 ml 10 mM NaCit with 0.01 % PVP-10 with a particle concentration
of 0.19 mg ml%. To this solution 5eq HSA protein was added with 100 pL tetraethyl amine, the solution
was bath sonicated at 30 °C for 4 hrs to conjugate the protein to the nanoparticle surface. Solutions
was then then magnetically separated for 36 hrs at 3 °C and 1X SP-RPA crowding reagent to a final

concentration 300 pg pL™.

7.4.2 — Results and discussion:

Figure 7.10. TEM of monodisperse 21nm+1.2nm superparamagnetic BSA-S-S- SiO; coated Fes;0,
(right). Non-denaturing PAGE gel of BSA coating nanoparticles after synthesis then 4 weeks later.
(left).

TEM confirmed particles remained monodisperse after MPTMS functionalisation and protein
conjugation. The colloid remained stable in solution for up to 4 weeks at 3 °C, after 4 weeks the colloid
was able to be recovered by gentle bath sonication, non-denaturing PAGE showed only mild protein

degradation after 4 weeks. (Fig. 7.10).
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7.5 Micro-Helmholtz Alternating Magnetic Field Generator:

7.5.1 - Introduction

To generate a controlled and uniform magnetic field to assess the effect the synthesised functionalized
nanoflower a pair of miniature Helmholtz coils were designed and built into the RT-SP-Fluorometer to
monitor the effect using real time amplification data. Helmholtz coils are solenoid devices which when
positioned correctly relative to each other can produce a region of almost uniform magnetic field.
They are typically used to cancel out the earth’s magnetic field or to generate large static fields for
experiments. They consist of pairs of two identical solenoidal coils spaced by exactly the radius of the
coils, in doing so they produce a field of almost uniform strength within the central space between

the coils. (Fig. 7.11).

Figure 7.11. a) Schematic of a pair of Helmholtz coils Contours showing the magnitude of the
magnetic field near a coil pair, with one coil at top and the other at bottom. Inside the central
"octopus”, the field is within 1% of its central value BO. The eight contours are for field magnitudes of
0.5 B0, 0.8 BO, 0.9 BO, 0.95 B0, 0.99 B0, 1.01 B0, 1.05 BO, and 1.1 B0.**

The amplitude of the magnetic field generated by the pair of coils in the central region By can be

accurately calculated by equation 12, obtained via a Tayler series expansion of the Biot-Savart law.®

3
4NZ ponl
) Ho (12)

Hi_\ = <—
x=0
Uo = Magentic Permibilty (m A™Y)  n = number of turns

I = Current (A) R = Radius (m)
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Such coils can also be modelled relatively simply and can be considered as an inductor and a resistor
in series, for static fields the voltage required to drive such coils at /=x can be derived from ohms’ law

by considering the overall inductance and parasitic resistance of the coils, equation 13.

Ve=12(1+r) (13)

However, when generating high frequency alternating magnetic fields the inductance of the coils
becomes a function of the input AC frequency. This is known as reactive inductance; the effect occurs
due to the proportionally increasing self-induced electromagnetic field within the coil. The expression

for the overall reactive impedance of the coils is given by equation 14.

w=21TV
v = AC imput frequecy (Hz)
l;, = DC coil inductance (v = 0) (Heneres)
R, , = Coils parasetic resistance

w = angular frequecy (radians)

This therefore creates issues driving coils at high frequencies with meaningful currents as for even
relatively small inductance coils, at high kHz frequencies kV driver are required to drive 1 A of current.
This is possible in the laboratory but not practical but is almost impossible on a portable handheld

device. To overcome this issue Helmholtz coils can be run in series resonant mode. (Fig. 7.12).

Coils

Vi Cc1

8 " L1 R1 L2 R2

Figure 7.12. Simplified schematic of a pair of LC resonant coils.
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In this configuration, when the capacitance matches the coils inductance the overall effect is the
reactive impedance is reduced to only the parasitic resistance of the coils as the current across the
capacitors and coils are exactly 180° out of phase. Enabling meaningful current to be driven at
reasonable voltage ranges, however the bandwidth of the resonant frequency is small. The

capacitance required to resonate the coils at a specific frequency is given by equation 15.

1
Cs = (15)
S
w? (I, + 1)
The voltage across the resonant element of the circuit is given by equation 16.
1
(16)

S

B 2T \/(ll + lz) CS

7.5.2 - Micro-Helmholtz Coil integration in the RT-SP-RPA Fluorometer:

To test the hypothesis, that the amplification reactions could be enhanced by magnetically exciting
the synthesised particles, a pair of Helmholtz coils were integrated into the sample holder of the ss-
fluorometer. Coils were wound using Type 1 34 AWG 5/40AWG Litz (OSCO defence division), were
wound by hand and stabilised using epoxy resin and had approx. 5000 turns each. (Fig. 7.13).

10.5

12.55
1

7.5

4.5

Figure 7.13. Rendered view of how the coils integrated with the ss-fluorometer sample holder with a

dimensional sketch of the machined unwound coil body. All units in mm.
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Coils were characterised as having an ohmic resistance of 47.6 ohms using a 4-wire measurement. Coil
inductance was measured using an excitation square wave of 10kHz with 0.1nF (0.01%) resonance
capacitor and coupling capacitors. A resonance frequency was measured at 359.126 kHz giving a coil

inductance of 1.962 mH per coil in air.

7.5.3 Driver Circuitry:

To drive the coils a custom make driver board was made, the board was designed to allow over the air
feedback of the coils resonance frequency via an antenna. Thus, allowing for the excitation/driving
frequency to be continually adjusted, as small variations in temperature and the magnetic
permeability of the surroundings of the coil can drastically alter resonance frequency of the coils. (Fig.
7.15). The top signal path shown is the coil exciter and the bottom in the receiver and output driver.
Each excitation cycles the coils are initially excited using a frequency sweep via the top signal path to
allow the bottom signal path to detect the current resonance frequency of the coils, once detected a
microcontroller switches the feedback driver outputs to the power output stage all with in this all

happens within 1 us. (Fig. 7.14-7.15).
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Figure 7.14. AC Micro-Helmholtz coil high bandwidth class D output amplifier
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7.6 Real Time SP-RPA Gyromagnetically Enhanced Kinetic Evaluation:

7.6.1 - Introduction

To assess the effect of the excited BSA-S-SiO, coated Fes04 nanoparticles on the kinetics of
RPA reactions, RT-SP-RPA was carried out using the most performant primer set, MecA;,-C3 and
altering the magnetic excitation frequency. Resonant series capacitors were used for frequencies 1
kHz and up, series capacitors were not required as the real ohmic is the largest contributors to the
impedance of the coils below 1 kHz. Coils were initially energised with a 30 V., square wave, then ran
at the true coil resonance frequency using the compositor signal path. Frequency’s tested were
dictated by the availability of capacitors with low ESR having corresponding capacitance to resonate
the coils at a frequency of interest, 100 kHz and below. Namely 1 nF, 10 nF, 100 nF, 1 uF and 10 uF;
for approximately 80 kHz, 20 kHz, 8 kHz, 2.5 kHz resonance frequencies. Coils produced approximately

18 W peak reactive power at resonance frequencies.

7.6.2 — Methodology:

Formamidopyrimidine DNA glycosylase (fpg, NEB Labs) was added to the purified protein
master mix at 570 ng pL? allowing the reaction to be monitored in real time on the solid state
fluorometer. Reaction pads were prepared by cutting 1 cm? from activated and blocked glass
conjugate strips using a die and punch. RT-SP-RPA master mix comprised of 100 puL modified reaction
buffer, 100 pL 9.2 mM dNTP’s, 100 pL RT-SP-enzyme mix and 200 puL 320X crowding solution in 2.5
%,y formamide. 25 uL ice cold RT-SP-RPA master mix was pipetted on to the reaction pads. Pads were
flash frozen on liquid N, and freeze dried for 16hrs. 25 pL freshly prepared 22nm Fe;0,@SiO,@BSA
nanoflowers at 330 pg puL? was pipetted on to the reaction pads. Pads flash frozen on liquid N, and
freeze dried for 16hrs. Initiation solutions were prepared using 10 pL of each 10 pM MecA1,-C3 F/R
primers, 2 uL 10 uM internal probe, 4 pL 210pg/1M copies pL! reference MRSA gDNA, 10 pL MgOAc
and 166 pL ddH,0.

The reaction pad was placed into the sample holder and pre-heated to 37 °C. Reactions were
started by adding 25 ulL the initiation solution via the sample access point. Reactions were run in
triplicate. Incident light power was set at 50 %, with stabilised laser temperature of 35 °C maintained,
incident light irradiation time was 20 ms and a detector temperature of -50 °C. Measurements were
taken every 90 s over 2 hours giving a total exposure time of 1.6 s. Magnetic excitation was performed
every 5 seconds with a total excitation time of 100 ms and interlocked when fluorescence

measurement were taken to avoid interference with the optical regulators and TIA’s. (Fig. 7.16-7.21)
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7.6.3 Results w/RT-SP-RPA of mecA1,-C3 under magnetic enhancement:
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Figure 7.16 A) Processed gyromagnetically enhanced RT-SP-RPA fluorescence curve of primer set

mecAi12-C3 with 10M copies gDNA and a 500Hz alternating magnetic field fitted using equation 1. R? =
0.996, &; =9.2x10°40.23 x105, om = 0.94x1064+0.2x10° h =4.14+0.16, f= 0,594+0.11 x,

=1219+3.9s. C) First derivate rate curve for primer set mecAz-C3. Vimax= 64147+0.09 counts s, ky,

=900+5s. D) Second derivate rate acceleration curve for primer set mecA,-C3. V= 10.18 46.95

x1072 counts s2, Vpyjn = -7.66+ 10.45 x107 counts s2,t;= 465+5s, ty= 1275+5s.
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1kHz Enhanced SP-RPA MecA,,-C3
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Figure 7.17. A) Processed gyromagnetically enhanced RT-SP-RPA fluorescence curve of primer set
mecAi12-C3 with 10M copies gDNA and a 1kHz alternating magnetic field fitted using equation 1. R? =
0.997, @; = 9.23x10°4+0.25 x105, o, = 0.92 x1064+0.17 x105, h = 3.94+0.07, f = 0.63+0.05 x,
=1117+3.5s. C) First derivate rate curve for primer set mecA;-C3. Vimaxr= 6414+0.4 counts s, k,,
=855+5s. D) Second derivate rate acceleration curve for primer set mecA,-C3. Uy = 11.58 +1.95
x107 counts s2, Vpyin = -7.954+ 9.25 x107 counts s2,t; = 450+5s, t;= 1215+5s.
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2.5kHz Enhanced SP-RPA MecA,,-C3
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Figure 7.18. A) Processed gyromagnetically enhanced RT-SP-RPA fluorescence curve of primer set

mecAi2-C3 with 10M copies gDNA and a 2.5kHz alternating magnetic field fitted using equation 1. R?
=0.996, &; =9.28x10°40.15 x105, om = 0.93x10640.18x10°, h = 3.9440.072, f= 0.63+0.062

X, =1114+3.1s. C) First derivate rate curve for primer set mecAi12-C3. Vinax= 6796+0.23 counts s,

kn =825+5s. D) Second derivate rate acceleration curve for primer set mecA12-C3. Vg = 11.96

+1.15x107 counts s2, Upyip = -8.4+ 6.15 x107 counts s2,t; = 420+5s, t;= 1185+5s.
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8kHz Enhanced SP-RPA MecA,,-C3
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Figure 7.19. A) Processed gyromagnetically enhanced RT-SP-RPA fluorescence curve of primer set
mecAi12-C3 with 10M copies gDNA and a 8kHz alternating magnetic field fitted using equation 1. R? =
0.998, @; =9.76 x10°4+0.3 x10°, = 0.83x106+0.15x10% h = 3.0640.062, f = 1.93+0.262 x,
=637+3.1s. C) First derivate rate curve for primer set mecA1-C3. Vinax= 8979+0.33 counts s, kn,

=690+5s. D) Second derivate rate acceleration curve for primer set mecA12-C3. Vg = 30.96

+4.65 x107 counts 52, Upyin = -13.5+ 6.15 x10 counts s2,t;= 360+5s, ty= 915+5s.
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20kHz Enhanced SP-RPA MecA,,-C3
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Figure 7.20. A) Processed gyromagnetically enhanced RT-SP-RPA fluorescence curve of primer set

mecAi2-C3 with 10M copies gDNA and a 20kHz alternating magnetic field fitted using equation 1. R?=
0.997, &; =9.57x10°4+0.56 x105, pn, = 0.82 x106+0.24 x10% h = 3.83+0.072, f= 0.754+0.162 x,

=1126+3.1s. C) First derivate rate curve for primer set mecA1-C3. Vinax= 6655+0.33 counts s, ki,

=885+5s. D) Second derivate rate acceleration curve for primer set mecA1-C3. Vg = 12.1641.65
x107 counts s2, Vi = -7.94 3.11 x107 counts s2,t; = 495+5s, ts= 1230+55.
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90kHz Enhanced SP-RPA MecA,,-C3
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Figure 7.21. A) Processed gyromagnetically enhanced RT-SP-RPA fluorescence curve of primer set
mecAi2-C3 with 10M copies gDNA and a 80kHz alternating magnetic field fitted using equation 1. R?=
0.992, @; =9.95x10°4+0.26 x105, pr = 0.83 x1064+0.23 x105, h = 3.64+0.082, f = 0.87+0.102 x,
=1069+3.1s. C) First derivate rate curve for primer set mecA1-C3. Vinax= 6667+0.19 counts s, ki,
=870+5s. D) Second derivate rate acceleration curve for primer set mecA:2-C3. Vg = 13.04+1.65

x107 counts s2, Vpyin = -7.84 1.31 x107 counts s2,t; = 495+5s, t= 1215+55.
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Combined Enhanced SP-RPA MecA,,-C3
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Figure 7.22. Combined processed fits of successful primer sets under RT-RPA condition (top). Key kinetic reaction constants vs coil frequency (bottom).
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7.6.4 —Discussion and concluding remarks:

The presented results clearly illustrate the catalytic effect produced by the excited rotating

nanoparticle have on the amplification reactions. (Fig. 7.16-7.22). Of the frequencies available to use with

the deigned AC-micro coils 8 kHz, produced the largest catalytic effect. Showing an average increase in

amplification efficiency of 26.7 %.

Table 7.2. Key reaction constants.

Frequency. Initiation Time to Max Time to
(kHz) Time (s) Sudo-Rate (s) Depletion (s)
No particles 595 870 1215
0.5 465 900 1275
1 450 855 1215
2.5 420 825 1185
8 360 690 915
20 495 885 1230
80 495 870 1215

Figure 7.23 sows the resonance frequency required to rotate the nanoparticles in this fluid matrix sits

between 7-12 kHz as this is the area of highest catalytic effect. This directly corresponds to the estimated

frequency range required to rotate a 22 nm particle is a fluid of this viscosity.'*®
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Figure 7.23. Combined processed fits of successful primer sets under RT-RPA condition.
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This outstanding result is the culmination of numerous optimisation and development
experiments, highlighting the immense potential of the overall system. Under the presented conditions,
the time required to potentially generate detectable amplicons for the coupled LFA can be as short as 6
minutes within a solid-phase matrix. This rapid initiation can be achieved even with a target sample
concentration as low as in the pM range. Furthermore, with amplification proven to work with all reaction
components situated in situ. Thus, a fully intreated device were amplification and detection is completed

in situ with no user interaction is one step closer.
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Chapter 8

Nucleic Acid Lateral Flow Assay Development.

“PLEASE DO NOT PEE ON THESE STICKS!”
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8.1 Introduction:

Chapter eight will examine the design, production, optimisation, and performance of the
proposed novel multiplexed nucleic acid lateral flow assay. As discussed in chapter 2, the proposed
system uses specifically designed short single-stranded oligonucleotide sequences as capture probes.
When genes are amplified using the modified RPA reactions demonstrated thus far, the attached
complementary capture sequence allows the capture of the amplified gene fragments in specific
locations on the lateral or vertical flow assay. Figure 2.13, reproduced from chapter 2, page 55 shows
how the novel NALFA test line can only be reported if both the forward and reverse primers have been

successfully “stitched” together, by an RPA reaction.

Reporter Probe
(S.Adivin-Nanoparticle)

e

Oligonucliotide Traget
Capture Probe

N\

Control Capture Probe

O

Membra\ie ; ;:2

Pre-Run Positive Result Negative Result

T C T C T C

Figure 8.1. Shows how the NALFA test line can only be reported if both the forward and reverse
primers have been successfully “stitched” together by an RPA reaction. Figure 2.13, reproduced from
chapter 2, page 55 for clarity

Chapter 1 discusses several important factors to consider when developing any lateral flow
assay, such as membrane material, pore size, and flow rate. Thus, to achieve the desired system set
out in Chapter 2, three possible construction/probe immobilisation systems were formulated to
produce the proposed multiplexed assay using the most commonly available membrane materials. An
essential element to consider for developing a nucleic acid lateral flow assay is the interaction
between probes - analytes and capture sequences with the surface of the test membrane. The nucleic

acid bases of probes must not adhere to the membrane surface or interact with any other surface
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treatment while remaining “accessible” to the flowed analytes for conjugation. All three shown

assembly methodologies utilising different membrane types achieve this in distinct ways.

Method 1 utilises nitrocellulose membranes, uses a stepwise process to ensure the capture
probe sequences are located correctly after the membrane is effectively blocked. Such a method
should be robust, and the number of analytes detected on a single strip scalable, within the natural
flow limits of the chosen membrane. However, manufacturing such a system on a small scale is
difficult, mainly due to the number of steps required and the precision needed to blot the biotinylated
probes within the correct location without bleed flow into other test areas of the strip. Conversely,
such a system would be achievable on a larger scale with the standard reel-to-reel manufacturing

methodologies already in place today. (Fig. 8.2).
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Figure 8.2. Shows the NALFA construction/probe immobilisation methodology utilising a

nitrocellulose membrane.
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Method 2 utilises positively charged nylon membranes, uses short polymeric guanine oligo-
nucleotides as “clips” and effectively replaces Streptavidin to hold the capture probe in location via a
polymeric cytosine tag. The membrane can be effectively blocked using only ds-DNA before precisely
blotting the tagged capture probes in their respective location. One significant advantage of this
approach is that the positively charged sides of the capture probe sequences and tags are repelled
from the membrane surface during blotting, yielding advantageous surface structure and uniformity.
Another advantage of such an approach is the lack of immunomolecular tags reducing the cost of
materials and higher QC. However, such an approach comes with significant drawbacks. Firstly, the
complexity of production using this stepwise manner as in method 1. Secondly, although robust, nylon
membranes are expensive and particularly challenging to work with on small scales due to their

charged nature. (Fig. 8.3).
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Figure 8.3. Shows the NALFA construction/probe immobilisation methodology utilising a charged

nylon membrane.
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Method 3 utilises a hydrophobic polyvinylidene fluoride membrane, uses C12 tagged capture
probes directly blotted to the test membrane, meaning unlike methods 1 and 2, the construction is
much similar to that of a traditional lateral flow device. Exploiting the hydrophilic nature of the
membrane to repel the charged oligonucleotide sequences from the surface, allowing blocking of the
membrane after all probe blotting. Another advantage to this approach is the lack of
immunomolecular tags, reducing the cost of materials like method 2. However, PVDF membranes are
particularly challenging to work with at any scale and require the use of organic solvents to blot or
block. Another issue with such membranes is the poor flow performance with hydrophilic solvent
mediums even when entirely blocked with a suitable reagent. Thus, such membranes would be
excellent for mass production but extremely difficult to develop, especially considering the wealth of
literature based on nitrocellulose membranes versus the limited extent of literature utilising such

hydrophobic membranes in lateral flow applications. (Fig. 8.4)
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Figure 8.4. Shows the NALFA construction/probe immobilisation methodology utilising a PVDF

membrane.
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8.2 Membrane Blocking optimisation:

8.2.1 — Introduction to membrane blocking solution formulation.

To develop an effective lateral flow assay, correctly blocking assay materials is crucial to
ensure desired surface interactions between analytes, reactants and probes with the materials used
in the assay, i.e. membranes and conjugate materials. With membranes, in both cases, under or over-

blocking can drastically degrade the overall performance of the system. (Fig. 8.5).
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Figure 8.5. Shows graphically how under or over-applying blocking reagents can have the effect of
allowing unwanted surface interactions, crowding/blocking active sites of probes or blocking

membrane pores, and reducing analyte flow.
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Therefore, before attempting any blotting or hybridisation experiments with any membrane,
it is essential to optimise the blocking of the material first. Each material will require different blocking
procedures to block the surface effectively, even within identical material types, namely the
nitrocellulose membranes, due to the variability in flow rate and, by extension, pore size and effective
surface area. To effectively optimise the blocking for each membrane used during the development
of the NALFA, four possible blocking systems and their combinations were explored. Namely blocking
using bovine serum albumen, casein, polyvinylpyrrolidone and UV-baked ds-DNA. For each
membrane, titrations using each blocking system were carried out with varying concentrations of
blocking agents to determine optimum conditions. Blocking performance was assessed by
guantitative fluorometric measurements to determine the ss-DNA and protein adsorptivity of the
blocked membrane. Additionally, the flow rate was checked using the industry standard procedure to

determine that blocking had no adverse effects on membrane flow.

8.2.2 — Blocking solution development: Analyte Adsorptivity Measurement Methodology:

SS-DNA and protein adsorptivity measurements were run in triplicate and conducted at the
bottom of 96 well plates. Membrane materials were backed with 0.1 mm PVC. Each well had a 6.5 mm
disc of membrane material adhered to the bottom using clear resin epoxy diluted in methanol as the
adhesive. Discs were cut using a 3D printed punch and die to drop the disc directly into the plate wells.
Once adhered, membrane plates were activated using 250 uL 6X SCC buffer for nitrocellulose and
nylon membranes or 70 % methanol for PVDF membranes, sealed, incubated with gentle shaking for
30 mins, washed twice with 250 puL ddH,0 and dried at 40 °C for 1 hour. Blocking solutions were made
by diluting stock solutions to the appropriate concentration. BSA stock blocking solution was made by
dissolving 0.4 g lyophilised BSA powder in 20 ml sterile 6X SSC buffer, pH adjusted to 7.2, then filtered
using a 0.8 um cellulose acetate membrane. Casein stock blocking solution was made by adding 0.4 g
to 8 ml ddH,0 and 500 pL 0.1 M NaOH and sonicated for 1 hour at 50 degrees. 10 ml 12X SCC buffer
was added, the solution pH adjusted to 7.8 and made up to 20ml with ddH-0, then filtered using a 0.8
um cellulose acetate membrane. PVP Blocking solution was made by dissolving 0.4 g PVP-10 20 ml 6X
SCC buffer and bath sonicated for 10mins at 40 degrees, pH adjusted to 7.2, then filtered using a 0.4
pum cellulose acetate membrane. ds-DNA stock blocking solution was made by diluting 50 uL 10 mg

mL™? salmon sperm DNA solution in 25 ml 6X SCC buffer.

Blocking using BSA, Casein and PVP was carried out on the same plate for each membrane;
200 pL of each solution was added to the respective well using dilutions of 20-2 mg mL?, plates sealed,
incubated with gentle shaking for 4 hr at 40 °C, washed 3x with 200 uL 6X SCC buffer, then rewashed
3x with 200 pL ddH,0. Blocking using ds-DNA was carried out on multiple membranes on a single plate.
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To each well, 200 pL ds-DNA solution was added using dilutions of 20-2 mg mL?, plates sealed and
incubated with gentle shaking for 4 hr at 40°C. The ds-DNA solution was removed by pipette, and 50
pL 6X SCC buffer was added. The plate was irradiated with UV light from the top for 60s using a gel
transilluminator. Each well was washed 3x with 200 pL 6X SCC buffer and 3x with 200 uL ddH,0.

ss-DNA adsorptivity measurements were obtained by adding 15 uL 0.5 uM MecA Int 1-6
qguencher-free fluorescent probe to each well, incubating for 1 hr at 37°C. Each well was washed 3x
with 200 pL 6X SCC buffer and then refilled with 50 L fresh 6X SCC buffer. Plates were immediately
transferred to a ThermoScientific™ Varioskan™ LUX multimode microplate reader. Fluorescence
measurements were taken using a 1s integral measuring time, with 515+2 nm excitation light and
fluorescence measured at 485+ 5nm. ss-DNA adsorptivity fluorescence was calibrated using internal
standards for each membrane. Internal standards were prepared by adding 15 L serial dilutions of
MecA Int 1-6 quencher-free fluorescent probe to membrane discs and allowed to dry for 24 hrs at 20
°C, and fluorescence measured identically to the test membranes. Protein adsorptivity measurements
were then obtained by adding 15 uL fluorescent labelled BSA stain to each well, incubating for 1 hr at
37 °C. Each well was washed 3x with 200 pL 6X SCC buffer and then refilled with 50 puL fresh 6X SCC
buffer. Plates were immediately transferred to a 38 °C pre-heated ThermoScientific™ Varioskan™ LUX
multimode microplate reader. Fluorescence measurements were taken using a 1 s integral measuring
time, with 5151£2 nm excitation light and fluorescence measured at 48515 nm. Protein adsorptivity
fluorescence was calibrated using internal standards for each membrane. Internal standards were
prepared by adding 15 pL serial dilutions of FTIC-BSA solution to membrane discs and allowed to dry
for 24 hrs at 20°C, and fluorescence was measured identically to the test membranes. Just an in the
previous chapter the SS-DNA and protein adsorptivity curves were fitted using a standard 4-parameter
Boltzmann regression function, equation 9 (page 143). (fig. 8.5). The ideal concentration of each
blocking reagent for a given membrane was then determined by finding the maxima of the second
derivate of the adsorptivity curve using equations 10-11 (page 143). (fig. 8.6).

Fluorescent labelled BSA was made by first dissolving 400 mg lyophilised BSA powder in 5 ml
sterile 6X SSC buffer, pH adjusted to 7.2, then filtered using a 0.8 um cellulose acetate membrane. 1
ml 1 mM FITC was added, and the solution pH was adjusted to 8.2 with 0.05 M NaOH, then sonicated
at 37 °C for 6 hours. The solution was loaded onto a PD10 desalting column and eluted in 500 pl
aliquots of protease-free HPLC grade H,0. Denaturing PAGE electrophoresis was used to identify the
aliquots containing stained protein, and these aliquots were combined into a pre-weighed centrifuge
tube, flash frozen in LN, and freeze-dried for 24 hr in a light-free chamber. 1 uM FTIC-BSA solution,
assuming an Mw 67 kDa, was made by dissolving 335 mg lyophilised FTIC-BSA in 15 ml 6X SCC buffer.
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8.2.3 Experimental Adsorptivity Results:
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Figure 8.6. ss-DNA/protein membrane adsorptivity single reagent blocking titrations, NC1 (Millipore

HF80+), NC2 (Millipore HF120+), NC3 (Millipore FF170 HP), Nylon (ThermoSci 0.45um Biodyne B),

PVDF (Millipore Immobilon -P 0.45 um PVDF).
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Figure 8.6. Continued ss-DNA/protein membrane adsorptivity single reagent blocking titrations, NC1

(Millipore HF80+), NC2 (Millipore HF120+), NC3 (Millipore FF170 HP), Nylon (ThermoSci 0.45 um

Biodyne B), PVDF (Millipore Immobilon -P 0.45 um PVDF).
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8.2.4 Experimental Adsorptivity Velocity Data — Ideal Blocking Reagent Concentrations:
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Figure 8.7. ss-DNA/protein membrane blocking efficiency velocity, NC1 (Millipore HF80+), NC2
(Millipore HF120+), NC3 (Millipore FF170 HP), Nylon (ThermoSci 0.45 um Biodyne B), PVDF (Millipore
Immobilon -P 0.45 um PVDF).
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Figure 8.7. Cont. ss-DNA/protein membrane blocking efficiency velocity, NC1 (Millipore HF80+), NC2
(Millipore HF120+), NC3 (Millipore FF170 HP), Nylon (ThermoSci 0.45 um Biodyne B), PVDF (Millipore
Immobilon -P 0.45 um PVDF).

8.2.4 Discussions and outcomes

The ideal concentration of each blocking reagent for a given membrane was then determined
by finding the maxima of the second derivate of the adsorptivity curve as described by equations 10-
11 (page 143). An average of the ideal concentrations of the derived DNA and protein data to
formulate the final blocking solution. (Fig. 8.6-8.7, Tables 8.1-8.4).
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Table 8.1. Optimal blocking agents’ concentration for NC1 from fig. 8.6.

Rejected molecule Blocking reagent Optimal concentration (g L?)
Casien 0.42
BSA 0.93
DNA ds-DNA 0.61
PVP-10 1.75
Casien 0.67
Protein BSA 0.83
ds-DNA 1.06
PVP-10 1.82
Casien 0.55
. BSA 0.88
NC 1 Formulation ds-DNA 0.84
PVP-10 1.78

Table 8.2. Optimal blocking agents’ concentration for NC2 from fig. 8.6.

Rejected molecule Blocking reagent Optimal concentration (g L)
Casien 0.62
BSA 1.21
DNA ds-DNA 0.86
PVP-10 1.9
Casien 0.91
Protein BSA 1.33
ds-DNA 1.32
PVP-10 2.27
Casien 0.77
. BSA 1.27
NC 2 Formulation ds-DNA 1.09
PVP-10 2.09

Table 8.3. Optimal blocking agents’ concentration for NC3 from fig. 8.6.

Rejected molecule Blocking reagent Optimal concentration (g L)
Casien 0.85
BSA 1.47
DNA ds-DNA 1.21
PVP-10 2.13
Casien 1.02
Protein BSA 1.5
ds-DNA 2.01
PVP-10 2.175
Casien 0.94
. BSA 1.49
NC 3 Formulation ds-DNA 161
PVP-10 2.15
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Table 8.4. Optimal blocking agents’ concentration for Nylon from fig. 8.6.

Rejected molecule Blocking reagent Optimal concentration (g L)
Casien 25
BSA 3.02
DNA ds-DNA 0.8
1.52
Casien 1.43
Protein BSA 1.18
ds-DNA 1.52
0.87
Casien 1.43
. BSA 1.18
Nylon Formulation ds-DNA 116
1.20

From the above data the following membrane blotting solutions were formulated and used

for any membrane blotting operations for that given membrane unless stated otherwise:

e NC1 (Millipore HF80+) 1X blocking solution composed of 0.55 g L Casein, 0.88 g L™ BSA, 0.84
g L1 ds-DNA, 1.78 g L' PVP-10.

e NC2 (Millipore HF120+) 1X blocking solution composed of 0.77 g L' Casein, 1.27 g L'* BSA, 1.09
gL' ds-DNA, 2.09 g L' PVP-10.

e NC3 (Millipore FF170 HP) 1X blocking solution composed of 0.94 g L'! Casein, 1.49 g L™ BSA,
1.61 gL' ds-DNA, 2.15g L™ PVP-10.

e Nylon (ThermoSci 0.45um Biodyne B) 1X blocking solution composed of 1.43 g L Casein, 1.18
g L1BSA, 1.16 g L'* ds-DNA, 1.2 g L PVP-10.

The Millipore Immobilon -P 0.45 um PVDF membrane proved challenging to work with and
was difficult to block effectively against ss-DNA adsorption. During absorptivity measurements PVDF
membranes when cut stretching or teared across the material. Furthermore, during drying steps, the
material tended to release from the adhesive and curl. Additionally, the PVDF membrane proved
significantly too adsorbent for a lateral flow application and required very high blocking reagent
concentrations and blocking time. As a result, this severely affected the membrane flow making it
unsuitable for lateral flowing large molecules. Furthermore, even when heavily blocked the
membrane retained high affinity to ds-DNA thus the PVDF membranes were excluded from further

development.
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8.3 Membrane Blocking Time Optimisation:

8.3.1 Introduction:

In addition to optimising the composition of a membrane blocking solution, it is equally crucial
to fine-tune the duration of the blocking soak. While allowing a membrane to soak in a blocking
solution can effectively block it, an extended soaking time may also result in a decline in flow
performance due to the aggregation of blocking agents, which can restrict the pores within the
membrane structure. As shown previously in figure 8.5. This concern is particularly significant for

slowly flowing membranes with small pore sizes, such as NC3.

8.3.2 Soak time titration procedures:

To determine the optimal blocking soak times for each membrane Total ss-DNA and protein
adsorptivity measurements titrations were carried out. Again, these were run in triplicate and
conducted at the bottom of 96 well plates. Membrane materials were backed with 0.1 mm PVC. Each
well had a 6.5 mm disc of membrane material adhered to the bottom using clear resin epoxy diluted
in methanol as the adhesive. Discs were cut using a 3D printed punch and die to drop the disc directly
into the plate wells. Once adhered, membrane plates were activated using 250 uL 6X SCC buffer
sealed, incubated with gentle shaking for 30 mins, washed twice with 250 pL ddH,0 and dried at 40
°C for 1 hour. Membranes were blocked using BSA, Casein, ds-DNA and PVP at ideal concentrations
and carried out on the same plate for each membrane; 200 uL of retrospective blocking solution,
plates sealed, incubated with gentle shaking for 4 hr at 40°C, washed 3x with 200 uL 6X SCC buffer,
then rewashed 3x with 200 pL ddH,O. Plates were irradiated with UV light from the top for 60 s using
a gel transilluminator. Each well was then washed 3x with 200 uL 6X SCC buffer and 3x with 200 pL
ddH,0 and protein and ds-DNA absorptivity assessed at different time intervals. Flow rates were
assessed by blocking a 5¢cm strip membrane using the same procedure and measuring flow rates at
different soak time intervals. Flow rates were assessed using the industry standard 4 cm wick time by

submersion in 1 cm of ddH.0, flow rates were assessed in triplicate. (Fig 8.8)

8.3.3 Results and discussion:

From the experimental data it was evident that each membrane required significantly
different blocking soaking times. It is also clear to see the drop in flow performance as the membrane
becomes blocked. However, all membrane showed less than 10 % reduction in flow when fully
blocked. As expected, the membranes with smaller pore sizes took the longest to block and also have

their flow performance negatively impacted significantly sooner.
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Optimal soaking times determined for each membrane are as follows:

o NC1 (Millipore HF80+): 1 hr 40 mins

e NC2 (Millipore HF120+): 2 hr 30 mins

e NC3 (Millipore FF170 HP) 3 hr 10 mins

e Nylon (ThermoSci 0.45 um Biodyne B): 2 hr 50 mins
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Figure 8.8. Membrane blocking time effect on total adsorptivity and capillary flow.NC1 (Millipore

HF80+), NC2 (Millipore HF120+), NC3 (Millipore FF170 HP), Nylon (ThermoSci 0.45 um Biodyne B).
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8.4 Membrane Blotting Optimisation:

8.4.1 — Introduction.

To develop an effective lateral flow assay, correctly blotting the membrane is crucial to ensure
maximum surface interactions between analytes, reactants, and probes. Under or over-blotting can
drastically degrade the overall performance of the system. Under blotting reduces the assay LoD and
visual clearness/ intensity of any test lines due to the reduced interaction sites. While over-blotting
test lines can cause probe stripping via pore blockages, effectively filtering detection probes out of the
flowing solution causing poor flow upstream of any blotted surface in the same way over-blocking can.
Therefore, the blotting conditions must be considered and optimised to produce an effective assay
for each bolted molecule, especially for nitrocellulose membranes with largely different pore

structures.

8.4.2 — Optimisation Methodology:

To determine the correct capture probe loading concentrations fluorometric titrations were
performed. Measurements were run in triplicate and conducted at the bottom of 96 well plates.
Membrane materials were backed with 0.1 mm PVC. Each well had a 6.5 mm disc of membrane
material adhered to the bottom using clear resin epoxy diluted in methanol as the adhesive. Discs
were cut using a 3D printed punch and die to drop the disc directly into the plate wells. Once adhered,
membrane plates were activated using 250 uL 6X SCC buffer sealed, incubated with gentle shaking for

30mins, washed twice with 250 puL ddH20 and dried at 40 °C for 1 hour.

Fluorescent labelled biotinylated BSA was made by first dissolving 5 mg lyophilised
biotinylated BSA powder in 1ml sterile 6X SSC buffer, pH adjusted to 7.2, then filtered using a 0.8 um
cellulose acetate membrane. 1 ml 0.2 mM FITC was added, and the solution pH was adjusted to 8.2
with 0.05 M NaOH, then sonicated at 37 °C for 6 hours. The solution was loaded onto a low volume
PD10 desalting column and eluted in 25 pl aliquots of protease-free HPLC grade H,0. Denaturing PAGE
electrophoresis was used to identify the aliquots containing stained protein, and these aliquots were
combined into a pre-weighed centrifuge tube, flash frozen in LN, and freeze-dried for 24 hr in a light-

free chamber. Yielding 4.2 mg fluorescent labelled biotinylated BSA powder.

Blotting solutions were made by diluting stock solutions to the appropriate concentrations.
Fluorescent labelled biotinylated BSA powder stock blotting solution was made by dissolving 4mg
lyophilised biotinylated BSA powder and 400 mg lyophilised BSA powder in 4 ml sterile 6X TBS-SSC
buffer made with 0.1 % Tween and 5 % MeOH, pH adjusted to 7.4. Streptavidin-FTIC stock blotting
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solution was made by dissolving 5mg lyophilised streptavidin-FTIC and 500mg lyophilised BSA powder

in 5 ml sterile 6X TBS-SSC buffer made with 0.1 % Tween and 5 % MeOH, pH adjusted to 7.4. Each

membrane was blotted using serial dilutions of each blotting solution to determine the optimum

solution concentration. Serial dilutions were made with the addition of green loading dye to aid the

application of the blotting solution to the membrane discs.

Blotting was performed by painting on the solution via nylon brush to fill the working volume

of the membranes (1-1.5 pL). Membrane discs were incubated for 4 hours at 37 °C with damp cotton

wool cover the top of the plate. Membranes were then washed 3x with 200 pL 6X SCC buffer, then

rewashed 3x with 200 pL ddH,O. Plates were immediately transferred to a ThermoScientific™

Varioskan™ LUX multimode microplate reader. Fluorescence measurements were taken usinga 1s

integral measuring time, with 51512 nm excitation light and fluorescence measured at 4855 nm.

8.4.3 — Results and discussion:
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Figure 8.9. Probe blotting loading curves showing ideal blotting buffer loading. NC1 (Millipore

HF80+), NC2 (Millipore HF120+), NC3 (Millipore FF170 HP), Nylon (ThermoSci 0.45um Biodyne B).

As expected, the membranes with the smallest pore size were able to bind significantly more capture

probes due to the increased surface area. From the data above the following probe loading

concentrations were determined. (Fig. 8.9)
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Streptavidin:

e NC1 (Millipore HF80+): 100 ng ul?

e NC2 (Millipore HF120+): 130 ng ul*

e NC3 (Millipore FF170 HP) 150 ng ul?

e Nylon (ThermoSci 0.45um Biodyne B): 125 ng ul?

Biotinylated BSA:

e NC1 (Millipore HF80+): 100 ng ul™

e NC2 (Millipore HF120+): 125 ng ul*

e NC3 (Millipore FF170 HP) 200 ng ul?

e Nylon (ThermoSci 0.45um Biodyne B): 100 ng ul*

The nylon membrane was not selected for further analysis due to its inferior probe binding
performance compared to nitrocellulose membranes. Furthermore, when examined the blotted nylon
membranes exhibited considerable variability within single blots and between blotted batches when
examined with a 534 nm laser. Consequently, no further optimisation or development of nylon
membranes was pursued as they would not produce consistent test and control lines with good

contrast.
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8.5 Capture probe : Amplicon Hybridisation Optimisation:

8.5.1 —Introduction:

Optimisation of hybridisation conditions is crucial for the success of a NALFA assay. This
involves maximising capture efficiency of the desired analyte and achieving the highest possible
binding constant between the ss-DNA at the targeted location. By optimizing these hybridization
conditions, the assay can be made as efficient as possible yielding the best LoD, dynamic range and
selectivity. Key variables that should be controlled include buffer composition, pH, temperature, and
post blotting/blocking membrane preparation. To find the initial conditions for each membrane a
series of hybridisation condition titrations were performed using a synthetic truncated amplicon
which comprised only of the amplicon side capture sequences, terminated with a C3 spacer.

Hybridisation performance was assessed using an ethidium bromide hybridisation fluorometric assay.

Capture Segences & Reverse Complement Cross Hybridisation AG kcal mol-1
-1.900

Ant(9) CP . : 6.75 -5.99 -31.41

NorA/R CP
NOIAIS U
-8.220

vanA CP ; -32.27

tetk/M CP -5.09 -6.75 -6.75 -6.57 1454

ermA CP -6.21 -6.37 -32.91

BleO CP -31.1  -6.37 20.86

Ant(4') CP

-27.18
MecA CP

MecA RC
Ant(4") RC
BleO RC
ermA RC
tetk/IM RC
vanA RC
NorA/B RC
Ant(9) RC

Figure 8.10 Heatmap showing calculated -AGhyprigisation between capture and reverse complement

sequences. Reproduced from chapter 2, page 59.

This assay works by adding small amounts of ethidium bromide post hybridisation and
measuring the fluorescence using 360n m light, with emission was measured at 620 nm. This is
possible as ethidium bromide-ssDNA coil complexes have a drastically lower quantum yields to that

of EtBr-dsDNA complexes with peak emission at 595 nm vs 610 nm. Therefore, for a system with
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constant concentrations of ss-nucleic acids any increase in fluorescence is a direct result of
hybridisation between strands. However, membranes must omit ds-DNA blocking to perform this
assay, as any ds-DNA adhered to the membrane surface for blocking will drastically reduce the
dynamic range of the measurement making it practically undetectable. While the addition of EtBr will
affect the specific binding constants between the DNA strands, provided measurements are taken
quickly and the EtBr solution is added post hybridisation with a wash step. The effects of altering
hybridisation conditions on overall binding constants can still be seen, and semi-quantified by using
non-complementary sets of ss-DNA sequences as references and taking a ratio of the two emissions
under identical conditions. The reference values used for this experiment were obtained by using
sequence pair BleO-CP and TetK/M-RC as the negative control to calculate the binding ratios. This set
was chosen as they had the lowest cross hybridisation enthalpy’s calculated in Chapter 2, figure 1.15,
page 59. The conditions under study were temperature, pH, formamide concentration and ficoll

concentration.

8.5.2 Fluorometric Titration Methodology:

For each condition under test hybridisation titrations were performed using fluorometric
measurements run in triplicate and conducted at the bottom of 96 well plates. Membrane materials
were backed with 0.1 mm PVC. Each well had a 6.5 mm disc of membrane material adhered to the
bottom using clear resin epoxy diluted in methanol as the adhesive. Discs were cut using a 3D printed
punch and die to drop the disc directly into the plate wells. Once adhered, membrane plates were
activated using 250 puL 6X SCC buffer sealed, incubated with gentle shaking for 30mins, washed twice
with 250 pL ddH20 and dried at 40 °C for 1 hour.

Each membrane was blotted using the calculated streptavidin loading concentration for each
membrane shown in section 8.4. Blotting was performed by pipetting 1 ul of blotting solution into the
centre of the membrane in 6X TBS-SSC buffer with 0.1% Tween and 5% MeOH, pH adjusted to 7.4.
Membrane discs were incubated for 4 hours at 37 °C with damp cotton wool cover the top of the
plate. Membranes were then washed 3x with 200 pL 6X SCC buffer and rewashed 3x with 300 pL 70%

ethanol and dried with a stream of nitrogen.

Membranes were then blocked using BSA, Casein and PVP at calculated concentrations and
soak times. 200 pL of retrospective blocking solution with no ds-DNA was added to the membrane
discs and incubated with gentle shaking for designated time at 40°C, washed 3x with 200 uL 6X SCC
buffer, then rewashed 3x with 200 pL ddH,0. Each well was then washed 3x with 200 uL 6X SCC buffer,
3x with 200 uL ddH;0.
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10 pL of biotinylated capture probe in 6x SCC buffer with 0.1 % v, PVP-10, 0.05 % w, SDS and
1 uM EDTA was added and left to conjugate for 10 mins at 20 °C, then diluted with 100 pL 6X HPLC
grade SCC buffer and left for 30 mins at 37 °C. The biotinylated capture probe loading was 10 % of the
calculated blotting concentration for each given membrane. Thus, giving a 1:10 dilution to allow the
capture probes to be spread out from each other to prevent intermolecular interactions on the

membrane.

Membranes were then washed 3 times with 100 uL of the hybridisation buffer under test to
precondition for hybridisation. C3 & C12 truncated ss-DNA sequences were loaded by pipetting 10ul
solution containing a 0.5 molar equivalent to blotted streptavidin : BSA 1:10 for that specific
membrane and left to hybridise at varying temperatures for 1 hr at 100 % relative humidity. The
membranes were then washed with 50 pL hybridisation buffer and irradiated with 255nm UV-light for
120 s at 10 mW cm?. 25 pL Hybridisation buffer was added followed by 5 pl EtBr-fluorometric solution
(1 ' 5 mg mL? ethidium bromide, 50 mL 1X SCC) and irradiated with 255 nm UV-light for 3 s at 100
mW cm?, then washed 3x with 25 plL Hybridisation buffer. Membranes were excited with 360 nm light,

and emission was measured at 620 nm. (Fig. 8.11).

8.5.3 Results and discussion:
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Figure 8.11. Temperature, pH, formamide concentration and ficoll concentration fluorometric
hybridisation titrations. NC1 (Millipore HF80+), NC2 (Millipore HF120+), NC3 (Millipore FF170 HP),
Nylon (ThermoSci 0.45 um Biodyne B).
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Figure 8.11. Cont. Temperature, pH, formamide concentration and ficoll concentration fluorometric
hybridisation titrations. NC1 (Millipore HF80+), NC2 (Millipore HF120+), NC3 (Millipore FF170 HP),
Nylon (ThermoSci 0.45um Biodyne B).

The above titrations were run iteratively starting with adjusting the temperature during probe
hybridisation with no additives at pH 7.4. Followed formamide additive concentration run at optimal
temperature. Followed by Ficoll concentration with optimal [formamide] and temperature. Finally
ending with the pH titration. In doing so you can clearly see the hybridisation ratio increase from one
titration to the next. The membranes shared 3 optimal hybridisation conditions. Namely, a
temperature of hybridisation of approximately 32 °C with 6.5 % formamide and a pH of approximately
6.75. Ficoll had the greatest effect on hybridisation ratio with NC1, which was expected as it has the
largest pore size. Ficoll is an extremely large polymer which is used in liquid-based hybridisation assays
to good effect. However, it is clear to see from the above titrations that it has a lesser effect in the
confines of the smaller pore of NC2 and NC3. (Fig. 8.11). From, the data above the following

hybridisation conditions for later experiments was formulated:

e NC1 (Millipore HF80+): 6x SCC buffer with 0.1% wx PVP-10, 0.05% wx SDS, 1 uM EDTA, 6.5%
w formamide, 3% , ficoll, at pH 6.9, 32 °C

e NC2 (Millipore HF120+): 6x SCC buffer with 0.1% w, PVP-10, 0.05% w, SDS, 1 uM EDTA, 6.5%
v formamide, 4.5% \xficoll, at pH 6.65, 32 °C

e NC3 (Millipore FF170 HP) 6x SCC buffer with 0.1% w; PVP-10, 0.05% v, SDS, 1 uM EDTA, 6.5%
v formamide, 5% ficoll, at pH 6.75, 32 °C
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8.6 - Full Membrane Lay-up and AuNP-detection:

8.6.1 - Introduction and aim:

Prior to laying up full lateral flow assays the detection system, and three candidate
membranes was assessed using purified RPA amplicons and streptavidin conjugated AuNP’s. Further
assessed was which amplicon modification type performed best with the detection system C3 or C12
spaced primers. To do this the three membranes were tested using a hybridisation float test under
their now determined ideal membrane construction and hybridisation conditions. To assess their
performance the prepared membranes were floated on serial dilutions of real purified C3 and C12
amplicons allowed to hybridise, fixed, and then visualised using the AuNP reporter probes. In doing so

the efficiency of the test zones capture efficiency can be assessed across membranes and amplicon

types.

8.6.2 - Methodology:

RPA was run under optimised conditions in liquid phase using primer sets mecAi;-Cs.
According to the manufacturer's instructions, mixtures were purified using Monarch® 5 pug PCR & DNA
clean-up columns. The resulting products were further purified by 20 % non-denaturing TBE-DNA
polyacrylamide gels run at 3°C, 5V cm, in 1.25X TBE buffer for 2 hrs using the crush and soak method.
Purification was done twice to ensure the purity of the assembled amplicon and eluted into a final
volume of 500uL hybridisation buffer. Product concentration was quantified by EtBr fluorometric
assay, purified RPA product was measured as a 10x dilution at 1.44+0.09 ng uL?, giving a total yield of

7.2 ug at a working concentration of 186 nM.

Detection membranes were activated using 6X SCC buffer sealed, incubated with gentle
shaking for 30mins, washed twice with ddH20 and dried at 40 °C for 1 hour. Each membrane was
blotted, using the calculated streptavidin loading for each using the conditions detailed in the
proceeding chapters; by pipetting 5ul of blotting solution into the centre of the membrane. Membrane
strips were incubated for 4 hours at 37 °C at 100% RH. Membranes were then washed by submersion
in 6X SCC buffer and rewashed in 70 % ethanol and dried with a stream of nitrogen. Membranes were
then blocked using BSA, Casein, ds-DNA and PVP by floating on top of retrospective blocking solution
and incubated with gentle shaking for designated time at 40 °C, washed by submersion in 6X SCC
buffer, then rewashed 3x ddH,0.

Membranes were soaked with 0.1 uM biotinylated MecA capture probe in 6x SCC buffer with
0.1 % wy PVP-10, 0.05 % w,y SDS and 1 uM EDTA and left to conjugate for 10 mins at 20 °C, then floated
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on 6X HPLC grade SCC buffer for 30 mins at 37 °C. Membranes were then washed 3 times by

submerging in 0.5 uM d-biotin solution followed by soaking in hybridisation buffer for 10mins.

Membranes were then floated on serial dilutions of MecA:1,-C3 & MecA;,-C12
amplicon in each membranes optimal hybridisation buffer determined in section 8.4 for 20 mins at 30
°C with gentle shaking. Membranes where then drip dried and immediately submerged in 0.5 OD 20
nm streptavidin conjugated AuNP’s in 0.5X hybridisation buffer for 5 mins, drip dried and irradiated
with 255 nm UV-light for 3 s at 100 mW cm™ then bath sonicated in 0.5X hybridisation buffer for 5 s
to remove excess AuNP’s. (Fig. 8.12 - 8.13).

8.6.3 -Results and discussion:

The first and clearest observation to be made from the presented membranes shown in figure
8.12 and 8.13; is the performance difference between the C3 spaced and C12 spaced amplicons. While
the C3 spaced amplicon produced clear and consistent test spots on each membrane; the same was
not observed with the C12 spaced amplicons. Furthermore, when attempting to capture C12 spaced
amplicons on NC3 no test spots could be discerned from the negative control. This experiment was
repeated twice and still NC1 was unable to capture any amplicon even at the highest concentration
available. NC2 and NC3 did manage to produce very faint positive test spots when soaked with C12
amplicon but the contrast was extremely poor across the concentration ranges. In contrast, the C3
spaced amplicons demonstrated exceptionally clear and well-contrasted positive test spots, with the
intensity of these spots directly correlating with the concentration of C3 amplicons available for
hybridization. The test-to-negative control spot contrast remained sufficient, down to the lowest
tested concentration of 1 femtomolar (1 fM), for NC3, and down to 10 femtomolar (10 fM) for NC2.
Notably, since the membranes were constructed identically for both C3 and C12 experiments, it is

evident that there is an issue with the C12 spaced amplicons.

The most likely explanation for this issue was hypothesized to be the capture sequence
becoming not remaining presentable following amplification. This hypothesis finds support in the clear
kinetic evidence presented in chapter 6, which shows that C12 spaced primer sequences performed
noticeably worse in the RPA amplification reactions. Initially, it was theorized that larger spacers might
result in improved amplification and detection, as the increased spacing between functional nucleic
acid sequences would reduce potential cross-interactions between the amplification and detection
processes. An intriguing avenue for further optimization and research would involve repeating this
experiment using piecewise synthesized model amplicons. This approach would help exclude the
impact of amplification reactions on spacer lengths, allowing for a more comprehensive exploration

of spacer effects.
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Figure 8.12. Fully optimised test membrane layups hybridised with MecA12-C3 amplicon, producing >1 femtomolar limit of detection. NC1 (Millipore
HF80+), NC2 (Millipore HF120+), NC3 (Millipore FF170 HP).
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Figure 8.13. Fully optimised test membrane layups hybridised with MecA12-C3 amplicon, producing >10pM femtomolar limit of detection. NC1 (Millipore
HF80+) omitted as membranes failed to detect any concentrations below 1nM, NC2 (Millipore HF120+), NC3 (Millipore FF170 HP).
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8.7 Initial full NALFA layups:

8.7.1 - Introduction and aim:

Building on the preliminary experiments detailed in this chapter, we progressed to the
assembly of complete lateral flow devices with all the functional components in situ on device. These
full-fledged lateral flow assays were developed using Millipore FF170 HP and Millipore HF120+
membranes. Given the number of practical hours required to construct the devices by hand, and the
poor performance of NC1 in the previous section, the NC1 membrane was not further assessed. We
evaluated the performance of these assays by employing 50 uL reaction liquors from MecA;,-C3 RPA
reactions that had undergone purification through clean-up columns.

During this assessment, we utilized the cleaned reaction liquors instead of the raw RPA
reaction liquors as our test samples. The central objective of this evaluation was to determine the
lateral flow device's proficiency in detecting the desired amplicons, especially when tested alongside
reactions that incorporated negative controls. At this stage, our focus was primarily on assessing the
system's sensitivity to the presence of the target amplicons, as opposed to evaluating its robustness

against reaction impurities.

8.7.2 - Methodology:

RPA was run under enhanced solid phase conditions in solid phase matrix using the developed
standard procedure and eluted manually be double tube centrifugation. Positive control reactions
were in run using 100k copies of MRSA reference gDNA, while negative controls were run using 1M
copies K-12 E. coli reference DNA and 100k copies of origin unknown MSSA gDNA. Both control gDNA
templates were extracted using the same described method for extracting MRSA gDNA found on page

69.

Lateral flow assays were constructed by first preparing membranes. Membranes were backed
with 0.4mm PVC then cut using fresh razor blade per cut in approximately 0.5cm strips. Membranes
were activated by submersion 6X SCC buffer with 0.05% w/v SDS and incubated with gentle shaking
for 30mins, washed twice with ddH20 and dried at 40 °C for 1 hour. Each membrane was blotted
thrice with streptavidin using a nylon brush and a 3D printed stencil. Membrane strips were incubated
for 1 hour at 37 °C under 100 % RH between blots. Membranes were then washed by submersion in
6X SCC buffer and rewashed in 70% ethanol then dried with a stream of nitrogen. Membranes were
then blocked by floating on top of the respective blocking solution and incubated with gentle shaking

for designated time at 40 °C, washed by submersion in 6X SCC buffer, then rewashed 3x ddH,0.
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Membranes were then soaked with 0.1 uM biotinylated MecA capture probe in 6x SCC buffer
with 0.1 % w, PVP-10, 0.05 % w, SDS and 1 uM EDTA and left to conjugate for 10 mins at 20 °C, then
floated on 6X HPLC grade SCC buffer for 30 mins at 37 °C. Membranes were then washed 3 times by
submerging in 0.5 uM d-biotin solution and thrice washed in ultrapure HPLC water. Membranes were
allowed to dry to a dampness then flash frozen by submersion in Liquid N> and transferred to a freeze
dryer in a light free container and dried for 24 hrs. Cellulose sample pads, glass fibre conjugate pads
and wicking pads were then cut in 2 cm, 1¢ m and 3 cm strips respectively and blocked using NC3 2X
blocking solution by submersion at 40°C with gentle shaking for 16hrs. Pads were irradiated with UV
light for 60 s using a gel transilluminator then dried at 40°C 1hr. Sample pads were then soaked in 6X
SCC buffer, drip dried, submersion in Liquid N;and transferred to a freeze dryer in a light free container
and dried for 24 hrs. Conjugate pads were then soaked 0.1 OD 20 nm streptavidin conjugated AuNP’s,
drip dried, submersion in Liquid N> and transferred to a freeze dryer in a light free container and dried
for 24hrs. NALFA strips were then constructed using a 0.5cm overlap between pads in the industry
standard configuration. Pad contact was insured by pressing strips in a 3D printed jig at 200 kg via a
hydraulic press for 10 s. Strips where run in a reusable 3D printed housing which provided gentle

pressure on pad interfaces to insure consistent wicking and flow performance.

For positive reactions liquors were eluted off the solid phases on to clean-up columns and
eluted following clean up using 50 pL hybridisation buffer versus native reaction which were left
unpurified. Samples were then added to the lateral flow strips and allowed to wick for 30mins. Once
completed assays were drip dried and irradiated with 255nm UV-light for 3 s at 100 mW cm? then
bath sonicated in 0.5X hybridisation buffer and washed in ddH,0 dried for 1 hr at 40 °C.

8.7.3 — Results and discussion:

Both of the produced test trips successfully detected the presence of mecA-C3 amplicon
successful and reported in situ on both the test and control lines after approximately 10mins before
fully developing after 30mins following washing. (Fig. 8.14). Negative control test lines remained clear
for both the produced lateral flow strips showing the specificity of the combined RPA-LFA system. The
lateral flow strips unitising NC3 significantly outperformed NC2. The likely cause of this observed result
is down to membrane flow rate. In section 8.5 both NC3 and NC2 had similar performance, however
of key difference between the experiments in section 8.5 and these experiments is the flow direction
of the analyte. In section 8.5 the amplicons are not being flowed through the membrane and thus had
ample time to hybridise to the capture probe. In this experiment it is clear to see the slower flow rate

of NC3 provided more time for amplicon hybridisation yielding a significantly darker reported test line,
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this is especially true when noting the control line contrasts were relatively consistent across later

flow strips. (Fig. 8.14).

NC2 NC3

MecA - Mec + MecA -
Control Control

Figure 8.14. Fully optimised RPA-NALF coupled assays showing selective detection of the MecA gene.
NC2 (Millipore HF120+), NC3 (Millipore FF170 HP).
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8.8 Final NALFA Layup:

8.8.1 - Introduction and Objective:

Following the successful demonstration of selective MecA gene detection using magnetically
enhanced solid-phase RPA coupled with the novel NALF, this experiment aims to establish the Limit of
Detection (LoD) for the presented system. Building upon preliminary experiments, we constructed a
complete lateral flow device using the optimal procedure conditions and materials discussed earlier.
To assess the system's limits of detection, these assays utilized MecA,-C3 enhanced solid-phase RPA

reactions with serial dilutions of MRSA gDNA as a template, going as low as 1 genomic copy.

8.8.2 - Methodology:

Lateral flow assays were developed using only Millipore FF170 HP membranes, as described
in section 8.6.2. The LoD of the hybrid system was evaluated using unprocessed MecA12-C3 50 plL
solid particle-enhanced solid-phase RPA reaction liquors. Enhanced solid phase RPA reactions pads
were cut into two equal pieces, one half was eluted centrifugally then purified using Monarch® 5 pg
PCR & DNA clean-up columns then evaluated using 20 % non-denaturing TBE-DNA polyacrylamide gels
run at 3 °C, 5V cm, in 1.25X TBE buffer for 2 hrs. Gels were stained by soaking in EtBr stain (0.5 pg
ml1EtBr in 1X TBE) for 5mins, rinsed and visualised using transmissive UV light. The other half of the
RPA reaction eluted onto the tests strip by placing it on top of the sample pad and pressed inside the
3D printed housing, then eluted by adding 25 uL 2X hybridisation buffer and allowed to wick for
30mins. Once complete assays were drip dried and irradiated with 255nm UV-light for 3 s at 100 mW
cm? then bath sonicated in 0. 5X hybridisation buffer and washed in ddH,0 dried for 1 hr at 40 °C. (fig.
8.15).

8.8.3 — Results and discussion:

The developed device exhibited outstanding performance, consistently producing distinct and
well-contrasted test and control bands across all positive RPA reaction mixture samples. The Limit of
Detection (LoD) for the combined system demonstrated its capability to consistently detect down to
a single genomic copy when exclusively run in solid phase. However, while it remained visually
discernible following thorough washing and observation under adequate lighting down to 1 genomic
copy when compared to a negative control reference, the LoD in real-world conditions was

approximately 20 genomic copies of MRSA DNA.
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This discrepancy could likely be improved, considering the handmade nature of the present
lateral flow strips, which led to variations in test and control line widths. With the implementation of
modern reel-to-reel production techniques, it would be feasible to enhance the system's contrast
down to the demonstrated potential of a 1 genomic copy detection region, particularly in cases where

such high sensitivity is a requirement.

Furthermore, it's worth noting that the presented lateral flow device proved to be capable of
detecting the presence of completed amplicons beyond the visualization limit of DNA-PAGE,

highlighting its effectiveness in practical diagnostic applications.

Figure 8.15. Fully optimised SP-RPA-NALF coupled assay showing LoD detection for the MecA gene.
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“What does this organ do again?”
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Appendix 1. Reference gene sequences from MRSA K12 reference strains:

MecA:
5’-

ATGAAAAAGATAAAAATTGTTCCACTTATTTTAATAGTTGTAGTTGTCGGGTTTGGTATATATTTTITATGCTTCA
AAAGATAAAGAAATTAATAATACTATTGATGCAATTGAAGATAAAAATTTCAAACAAGTTTATAAAGATAGCA
GTTATATTTCTAAAAGCGATAATGGTGAAGTAGAAATGACTGAACGTCCGATAAAAATATATAATAGTTTAGG
CGTTAAAGATATAAACATTCAGGATCGTAAAATAAAAAAAGTATCTAAAAATAAAAAACGAGTAGATGCTCAA
TATAAAATTAAAACAAACTACGGTAACATTGATCGCAACGTTCAATTTAATTTTGTTAAAGAAGATGGTATGTG
GAAGTTAGATTGGGATCATAGCGTCATTATTCCAGGAATGCAGAAAGACCAAAGCATACATATTGAAAATTTA
AAATCAGAACGTGGTAAAATTTTAGACCGAAACAATGTGGAATTGGCCAATACAGGAACAGCATATGAGATA
GGCATCGTTCCAAAGAATGTATCTAAAAAAGATTATAAAGCAATCGCTAAAGAACTAAGTATTTCTGAAGACT
ATATCAAACAACAAATGGATCAAAATTGGGTACAAGATGATACCTTCGTTCCACTTAAAACCGTTAAAAAAAT
GGATGAATATTTAAGTGATTTCGCAAAAAAATTTCATCTTACAACTAATGAAACAGAAAGTCGTAACTATCCTC
TAGAAAAAGCGACTTCACATCTATTAGGTTATGTTGGTCCCATTAACTCTGAAGAATTAAAACAAAAAGAATAT
AAAGGCTATAAAGATGATGCAGTTATTGGTAAAAAGGGACTCGAAAAACTTTACGATAAAAAGCTCCAACAT
GAAGATGGCTATCGTGTCACAATCGTTGACGATAATAGCAATACAATCGCACATACATTAATAGAGAAAAAGA
AAAAAGATGGCAAAGATATTCAACTAACTATTGATGCTAAAGTTCAAAAGAGTATTTATAACAACATGAAAAA
TGATTATGGCTCAGGTACTGCTATCCACCCTCAAACAGGTGAATTATTAGCACTTGTAAGCACACCTTCATATG
ACGTCTATCCATTTATGTATGGCATGAGTAACGAAGAATATAATAAATTAACCGAAGATAAAAAAGAACCTCT
GCTCAACAAGTTCCAGATTACAACTTCACCAGGTTCAACTCAAAAAATATTAACAGCAATGATTGGGTTAAATA
ACAAAACATTAGACGATAAAACAAGTTATAAAATCGATGGTAAAGGTTGGCAAAAAGATAAATCTTGGGGTG
GTTACAACGTTACAAGATATGAAGTGGTAAATGGTAATATCGACTTAAAACAAGCAATAGAATCATCAGATAA
CATTTTCTTTGCTAGAGTAGCACTCGAATTAGGCAGTAAGAAATTTGAAAAAGGCATGAAAAAACTAGGTGTT
GGTGAAGATATACCAAGTGATTATCCATTTTATAATGCTCAAATTTCAAACAAAAATTTAGATAATGAAATATT
ATTAGCTGATTCAGGTTACGGACAAGGTGAAATACTGATTAACCCAGTACAGATCCTTTCAATCTATAGCGCAT
TAGAAAATAATGGCAATATTAACGCACCTCACTTATTAAAAGACACGAAAAACAAAGTTTGGAAGAAAAATAT
TATTTCCAAAGAAAATATCAATCTATTAACTGATGGTATGCAACAAGTCGTAAATAAAACACATAAAGAAGAT
ATTTATAGATCTTATGCAAACTTAATTGGCAAATCCGGTACTGCAGAACTCAAAATGAAACAAGGAGAAACTG
GCAGACAAATTGGGTGGTTTATATCATATGATAAAGATAATCCAAACATGATGATGGCTATTAATGTTAAAGA
TGTACAAGATAAAGGAATGGCTAGCTACAATGCCAAAATCTCAGGTAAAGTGTATGATGAGCTATATGAGAA
CGGTAATAAAAAATACGATATAGATGAATAA -3’

Ant(4):
5

ATGAGAATAGTGAATGGACCAATAATAATGACTAGAGAAGAAAGAATGAAGATTGTTCATGAAATTAAGGAA
CGAATATTGGATAAATATGGGGATGATGTTAAGGCTATTGGTGTTTATGGCTCTCTTGGTCGTCAGACTGATG
GGCCCTATTCGGATATTGAGATGATGTGTGTCATGTCAACAGAGGAAGCAGAGTTCAGCCATGAATGGACAA
CCGGTGAGTGGAAGGTGGAAGTGAATTTTGATAGCGAAGAGATTCTACTAGATTATGCATCTCAGGTGGAAT
CAGATTGGCCGCTTACACATGGTCAATTTTTCTCTATTTTGCCGATTTATGATTCAGGTGGATACTTAGAGAAA
GTGTATCAAACTGCTAAATCGGTAGAAGCCCAAACGTTCCACGATGCGATTTGTGCCCTTATCGTAGAAGAGC
TGTTTGAATATGCAGGCAAATGGCGTAATATTCGTGTGCAAGGACCGACAACATTTCTACCATCCTTGACTGTA
CAGGTAGCAATGGCAGGTGCCATGTTGATTGGTCTGCATCATCGCATCTGTTATACGACGAGCGCTTCGGTCT
TAACTGAAGCAGTTAAGCAATCAGATCTTCCTTCAGGTTATGACCATCTGTGCCAGTTCGTAATGTCTGGTCAA
CTTTCCGACTCTGAGAAACTTCTGGAATCGCTAGAGAATTTCTGGAATGGGATTCAGGAGTGGACAGAACGAC
ACGGATATATAGTGGATGTGTCAAAACGCATACCATTTTGA -3’
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BleO:
5’-

GTGAGAATGTTACAGTCTATCCCGGCATTGCCAGTCGGGGATATTAAAAAGAGTATAGGTTTTTATTGCGATA
AACTAGGTTTCACTTTGGTTCACCATGAAGATGGATTCGCAGTTCTAATGTGTAATGAGGTTCGGATTCATCTA
TGGGAGGCAAGTGATGAAGGCTGGCGCTCTCGTAGTAATGATTCACCGGTTTGTACAGGTGCGGAGTCGTTT
ATTGCTGGTACTGCTAGTTGCCGCATTGAAGTAGAGGGAATTGATGAATTATATCAACATATTAAGCCTTTGG
GCATTTTGCACCCCAATACATCATTAAAAGATCAGTGGTGGGATGAACGAGACTTTGCAGTAATTGATCCCGA
CAACAATTTGATTAGCTTTTTTCAACAAATAAAAAGCTAA -3’

ermA:
5’-

TTAGTGAAACAATTTGTAACTATTGAAAATAGAAAGAAATTGTTCCTTCGATAGTTTATTAATATTAGTGACAT
TTGCATGCTTCAAAGCCTGTCGGAATTGGTTTTTAGTGAAAAGAACACGATATTCACGGTTTACCCACTTATAA
ACAAAAGATCGATACTTTTTGTAGTCCTTCTTTGAAATCAATGGTTGATGTCGTTCAAGAACAATCAATACAGA
GTCTACACTTGGCTTAGGATGAAAATATAGTGGTGGTACTTTTTTGAGCATTTTTATATCCATCTCCACCATTAA
TAGTAAACCCAAAGCTCGTTGCAGATTTTGCAATCTTTTCGCAAATCCCTTCTCAACGATAAGATAGCTATATTT
AGCCTGACTTTCAAAGGTAATTCTTTTGACAATATCCGTACTGATGTTATAAGGAATATTACCATATATCTTATA
GTTTATATGTTTTGGGAAGGAAAATTTTAGAATATCCGTTTGAATCACTTTTATATTCTCAGAGGGGTTTACCG
CTTCTTTAGTCACTTGACATAAGCCTCCATCAATTTCTATAGCAGTAACTGATCGACTCATTTTGACTAGCTCTTT
GGTAAAATGTCCTTTTCCTGATCCGATTTCTATTACGTTGTCTTGTTTACTGATATTCGTGTGATTCAATATTTCT
TTTACATGCTTTTTAGAAGTAATAAAATTTTGCGTGTCTTTAGGGTTTTTCTGGTTCAT -3’

TetK:

5’-

TTGTTTAGTTTATATAAAAAATTTAAAGGTTTGTTTTATAGCGTTTTATTTTGGCTTTGTATTCTTTCATTTITTTAG
TGTATTAAATGAAATGGTTTTAAATGTTTCTTTACCTGATATTGCAAATCATTTTAATACTACTCCTGGAATTAC
AAACTGGGTAAACACTGCATATATGTTAACTTTTTCGATAGGAACAGCAGTATATGGAAAATTATCTGATTATA
TAAATATAAAAAAATTGTTAATTATTGGTATTAGTTTGAGCTGTCTTGGTTCATTGATTGCTTTTATTGGTCACA
ATCACTTTTTTATTTTGATTTTTGGTAGGTTAGTACAAGGAGTAGGATCTGCTGCATTCCCTTCACTGATTATGG
TGGTTGTAGCTAGAAATATTACAAGAAAAAAACAAGGCAAAGCCTTTGGTTTTATAGGATCAATTGTAGCTTT
AGGTGAAGGGTTAGGTCCTTCAATAGGGGGAATAATAGCACATTATATTCATTGGTCTTACCTACTTATACTTC
CTATGATTACAATAGTAACTATACCTTTTCTTATTAAAGTAATGGTACCTGGTAAATCAACAAAAAATACATTA
GATATCGTAGGTATTGTTTTAATGTCTATAAGTATTATATGTTTTATGTTATTTACGACAAATTATAATTGGACT
TTTTTAATACTCTTCACAATCTTTTTTGTGATTTTTATTAAACATATTTCAAGAGTTTCTAACCCTTTTATTAATCC
TAAACTAGGGAAAAACATTCCGTTTATGCTTGGTTTGTTTTCTGGTGGGCTAATATTTTCTATAGTAGCTGGTTT
TATATCAATGGTGCCTTATATGATGAAAACTATTTATCATGTAAATGTAGCGACAATAGGTAATAGTGTTATTT
TTCCTGGAACCATGAGTGTTATTGTTTTTGGTTATTTITGGTGGTTTTTTAGTGGATAGAAAAGGATCATTATTTG
TTTTTATTTTAGGATCATTGTCTATCTCTATAAGTTTTTTAACTATTGCATTTTTTGTTGAGTTTAGTATGTGGTT
GACTACTTTTATGTTTATATTTGTTATGGGCGGATTATCTTTTACTAAAACAGTTATATCAAAAATAGTATCAAG
TAGTCTTTCTGAAGAAGAAGTTGCTTCTGGAATGAGTTTGCTAAATTTCACAAGTTTTTTATCAGAGGGAACAG
GTATAGCAATTGTAGGAGGTTTATTGTCACTACAATTGATTAATCGTAAACTAGTTCTGGAATTTATAAATTATT
CTTCTGGAGTGTATAGTAATATTCTTGTAGCCATGGCTATCCTTATTATTTTATGTTGTCTTTTGACGATTATTGT
ATTTAAACGTTCTGAAAAGCAGTTTGAATAG -3’

TetM:
5’-
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ATGAAAATTATTAATATTGGAGTTTTAGCTCATGTTGATGCGGGAAAAACTACCTTAACAGAAAGCTTATTATA
TAACAGTGGAGCGATTACAGAATTAGGAAGCGTGGACAGAGGTACAACGAAAACGGATAATACGCTTTTAGA
ACGTCAGAGAGGAATTACAATTCAGACGGCGATAACCTCTTTTCAGTGGAAAAATACTAAGGTGAACATCATA
GACACGCCAGGACATATGGATTTTTTAGCAGAAGTATATCGTTCATTATCAGTATTAGATGGGGCAATTCTACT
GATTTCTGCAAAAGATGGCGTACAAGCACAAACTCGTATATTGTTTCATGCACTTAGGAAAATAGGTATTCCCA
CAATCTTTTTTATCAATAAGATTGACCAAAATGGAATTGATTTATCAACGGTTTATCAGGATATTAAAGAGAAA
CTTTCTGCGGAAATTGTAATCAAACAGAAGGTAGAACTGCATCCTAATATGCGTGTAATGAACTTTACCGAATC
TGAACAATGGGATATGGTAATAGAAGGAAATGATTACCTTTTGGAGAAATATACGTCTGGGAAATTATTGGA
AGCATTAGAACTCGAACAAGAGGAAAGCATAAGATTTCATAATTGTTCCCTGTTCCCTGTTTATCACGGAAGT
GCAAAAAACAATATAGGGATTGATAACCTTATAGAAGTGATTACGAATAAATTTTATTCATCAACACATCGAG
GTCAGTCTGAACTTTGCGGAAAAGTTTTCAAAATTGAGTATTCGGAAAAAAGACAGCGTCTTGCATATATACG
TCTTTATAGTGGCGTACTGCATTTGCGAGATCCGGTTAGAATATCGGAAAAGGAAAAAATAAAAATTACAGAA
ATGTATACTTCAATAAATGGTGAATTATGTAAAATCGATAAGGCTTATTCCGGGGAAATTGTTATTTTGCAGAA
TGAGTTTTTGAAGTTAAATAGTGTTCTTGGAGATACAAAGCTATTGCCACAGAGAGAGAGAATTGAAAATCCC
CTCCCTCTGCTGCAAACGACTGTTGAACCGAGCAAACCTCAACAAAGGGAAATGTTACTTGATGCACTTTTAG
AAATCTCCGACAGTGACCCGCTTCTGCGATATTATGTGGATTCTGCGACACATGAAATCATACTTTCTTTCTTAG
GGAAAGTACAAATGGAAGTGACTTGTGCTCTGCTGCAAGAAAAGTATCATGTGGAGATAGAAATAAAAGAGC
CTACAGTCATTTATATGGAAAGACCGTTAAAAAAAGCAGAGTATACCATTCACATCGAAGTTCCACCGAATCCT
TTCTGGGCTTCCATTGGTCTATCTGTAGCACCGCTTCCATTAGGGAGCGGAGTACAGTATGAGAGCTCGGTTT
CTCTTGGATACTTAAATCAATCGTTTCAAAATGCAGTTATGGAGGGGATACGCTATGGCTGTGAACAAGGATT
GTATGGTTGGAATGTGACGGACTGTAAAATCTGTTTTAAGTATGGCTTATACTATAGCCCTGTTAGTACCCCAG
CAGATTTTCGGATGCTTGCTCCTATTGTATTGGAACAAGTCTTAAAAAAAGCTGGAACAGAATTGTTAGAGCC
ATATCTTAGTTTTAAAATTTATGCGCCACAGGAATATCTTTCACGAGCATACAACGATGCTCCTAAATATTGTGC
GAACATCGTAGACACTCAATTGAAAAATAATGAGGTCATTCTTAGTGGAGAAATCCCTGCTCGGTGTATTCAA
GAATATCGTAGTGATTTAACTTTCTTTACAAATGGACGTAGTGTTTGTTTAACAGAGTTAAAAGGGTACCATGT
TACTACCGGTGAACCTGTTTGCCAGCCCCGTCGTCCAAATAGTCGGATAGATAAAGTACGATATATGTTCAATA
AAATAACTTAG -3’

VanA:
5’-

GATCCATACAAGGTCTGTTTGAATTGTCCGGTATCCCTTTTGTAGGCTGCGATATTCAAAGCTCAGCAATTTGT
ATGGACAAATCGTTGACATACATCGTTGCGAAAAATGCTGGGATAGCTACTCCCGCCTTTTGGGTTATTAATAA
AGATGATAGGCCGGTGGCAGCTACGTTTACCTATCCTGTTTTTGTTAAGCCGGCGCGTTCAGGCTCATCCTTCG
GTGTGAAAAAAGTCAATAGCGCGGACGAATTGGACTACGCAATTGAATCGGCAAGACAATATGACAGCAAAA
TCTTAATTGAGCAGGCTGTTTCGGGCTGTGAGGTCGGTTGTGCGGTATTGGGAAACAGTGCCGCGTTAGTTGT
TGGCGAGGTGGACCAAATCAGGCTGCAGTACGGAATCTTTCGTATTCATCAGGAAGTCGAGCCGGAAAAAGG
CTCTGAAAACGCAGTTATAACCGTTCCCGCAGACCTTTCAGCAGAGGAGCGAGGACGGATACAGGAAACGGC
AAAAAAAATATATAAAGCGCTCGGCTGTAGAGGTCTAGCCCGTGTGGATATGTTTTTACAAGATAACGGCCGC
ATTGTACTGAACGAAGTCAATACTCTGCCCGGTTTCACGTCATACAGTCGTTATCCCCGTATGATGGCCGCTGC
AGGTATTGCACTTCCC-3’
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NorA:
5’-

ATTTTAATACAACGTCATCACATGCACCAATGCCGCTGACAGATGTAAATGTTAAGTCTTGGTCATCTGCAAAG
GTTGTTATACATTCAACGATATCTTCTCCTTTTTCCAACACTAGTAGTATAGTATGATTACTTTTTTGCAATTTCA
TATGATCAATCCCCTTTATTTTAATATGTCATTAATTATACAATTAAATGGAAAATAGTGATAATTACAAAGAAA
AAATATTGTCAAATGTAGCAATGTTGTAATACAATATAGAAACTTTTTACGAATATTTAGCATGAATTGCAATC
TGTCGTGGAAAAGAAGAATAACAGCTTTAAGCATGACATGGAGAAAAAAGAGGTGAGCATATGAATAAACA
GATTTTTGTCTTATATTTTAATATTTTCTTGATTTTTTITAGGTATCGGTTTAGTAATACCAGTCTTGCCTGTTTATT
TAAAAGATTTGGGATTAACTGGTAGTGATTTAGGATTACTAGTTGCTGCTTTTGCGTTATCTCAAATGATTATA
TCGCCGTTTGGTGGTACGCTAGCTGACAAATTAGGGAAGAAATTAATTATATGTATAGGATTAATTTTGTTTTC
AGTGTCAGAATTTATGTTTGCAGTTGGCCACAATTTTTCGGTATTGATGTTATCGAGAGTGATTGGTGGTATGA
GTGCTGGTATGGTAATGCCTGGTGTGACAGGTTTAATAGCTGACATTTCACCAAGCCATCAAAAAGCAAAAAA
CTTTGGCTACATGTCAGCGATTATCAATTCTGGATTCATTTTAGGACCAGGGATTGGTGGATTTATGGCAGAA
GTTTCACATCGTATGCCATTTTACTTTGCAGGAGCATTAGGTATTCTAGCATTTATAATGTCAATTGTATTGATT
CACGATCCGAAAAAGTCTACGACAAGTGGTTTCCAAAAGTTAGAGCCACAATTGCTAACGAAAATTAACTGGA
AAGTGTTTATTACACCAGTTATTTTAACACTTGTATTATCGTTTGGTTTATCTGCATTTGAAACATTGTATTCACT
ATACACAGCTGACAAGGTAAATTATTCACCTAAAGATATTTCGATTGCTATTACGGGTGGCGGTATATTTGGG
GCACTTTTCCAAATCTATTTCTTCGATAAATTTATGAAGTATTTCTCAGAGTTAACATTTATAGCTTGGTCATTAT
TATATTCAGTTGTTGTCTTAATATTATTAGTTTTTGCTAATGACTATTGGTCAATAATGTTAATCAGTTTTGTTGT
CTTCATAGGTTTTGATATGATACGACCAGCCATTACAAATTATTTTTCTAATATTGCTGGAGAAAGGCAAGGCT
TTGCAGGCGGATTGAACTCGACATTCACTAGTATGGGTAATTTCATAGGTCCTTTAATCGCAGGTGCGTTATTT
GATGTACACATTGAAGCACCAATTTATATGGCTATAGGTGTTTCATTAGCAGGTGTTGTTATTGTTTTAATTGA
AAAGCAACATAGAGCAAAATTGAAAGAACAAAATATGTAGCATAAGTATTTTGGTGTATATTGATATAAAGTA
AAGCGTAATATTATGAATGATTAGCATCGTTTTTCTTATGAATTTTATTAAGAAAATTCGATGCTTTACATTTAA
AAAGATTCGATTGACTAAATGTTTTACTCTTTATATTTAAATGTTATATGTAACAAAAAATGATTTTGAGTAATA
AACATGTTACAAATATTACATTCTTTTTAAATTGCAATCCACATACCTAATTCATTAACGTTAATGTGTTAAGAT
GATAAAAAATGAGTAAGGAAATGTGGGTAAGGGGAT -3’

NorB:
5’-

TCATAATTGAGTATCGTTTTGTTTAGGCACAAGTAACAAAATGATAACGAATGATAATATTCCCATACCTGCAT
TTAACCATAATGCAATCATTGCACCTGTATAAATGTTTGTCATATTTGATACGATTGCATATACTGCACCACTCA
ATGCGACGCCAAATGCTCCACCTAATGCAGAAGCCATTTTATAGATACCTGCAGCAACGCCTACTTTTTCTAAC
GGTGCATTTGCAATTGCTGTATCTGTTGATGGTGTAGCATATATCCCTAGTCCTAAACCAAAGAATAAATAACC
TATAATACAAAAATGACATAGAATATTTCTGGCAAGAAAGTTAATGAAATGAGACATTCTCCGACAATAAGAA
CTCCTGTTCCAATTAACATTGGTTTCTTGCATCCGAGTGTTTGAAGTAACTTTTCACCAACACGAATCATAATTA
GTACCATTACTAAATAAGTGATTGATAAACTTCCTGCTTGCAATGAAGAATATCCTAAACCTCTTTGAACAAAT
GTGTTGGCTACTATTAATGTTCCTGCAACACCATTTAACAAAAAGTTTGAAGCTGTTGCACCTGTGTAAGCTTT
ATTTTTAAATAATTTAAAATCGATTAAAGGATTTGTAGCACGCTTTTCAAGAACTATAAATAAACTAAAAGATC
CAATTGCAATAGCTAATAAAGTAATAAAAAGAAGTGAGGTTACACCTAATTCTGATCCTTTAGTAATTAAAATA
TTTAAACTGAGGAGCATAATGACTAAAAGAACCAGACCTTTAATGTCAAATTTATTTAGAGAAATCGATTTAGA
TTTAGTTTCAGGTGTGCCTTTAATAAGAAACAGTGCAATTAATGAAATTATAATTGATAGGATGAAAATCCAAC
GCCAACCTAAAAGCGTTGCAACTGCACCTCCAAAAAATGAACAAACACCAGAGCCGCCCCATGAGCCAATTGA
CCAATAACTTAAAGCGCGTTGTCTATCTTTCCCAATGTAATATGACTTAATAATAGACAAAGTTGCAGGCATAA
TACATGCTGCTGAAAGTCCTTGAATTAATCTTCCTATAATAAGTAATAAAGGAATATTTGAAATAATGATTAAT
AATGAACCTAATATATTTAAGATAATACCAATGTTCGTGAGTTTAATTCTGCCATATTTATCAGCAAGACCACCT
GCTCCTACTACAAACATTCCTGAAAATAAAGCAGTTATACTAACGGCGATATTAACCGTTCCAATATCTGTATT
236



GAAACTATCTTCAAGTATTGGTACAACATTAACCAATGATTGTGCAAATAGCCAAAACGTTATTACACTTAGAA
CAATTCCTATTAACAACTTATTATTGCCTTCAAATGCCTCTCTTGACGGCTTTTCCAT -3’

Ant(9):
5’-

ATGAGCAATTTGATTAACGGAAAAATACCAAATCAAGCGATTCAAACATTAAAAATCGTAAAAGATTTATTTG
GAAGTTCAATAGTTGGAGTATATCTATTTGGTTCAGCAGTAAATGGTGGTTTACGCATTAACAGCGATGTAGA
TGTTCTAGTCGTCGTGAATCATAGTTTACCTCAATTAACTCGAAAAAAACTAACAGAAAGACTAATGACTATAT
CAGGAAAGATTGGAAATACGGATTCTGTTAGACCACTTGAAGTTACGGTTATAAATAGGAGTGAAGTTGTCCC
TTGGCAATATCCTCCAAAAAGAGAATTTATATACGGTGAGTGGCTCAGGGGTGAATTTGAGAATGGACAAATT
CAGGAACCAAGCTATGATCCTGATTTGGCTATTGTTTTAGCACAAGCAAGAAAGAATAGTATTTCTCTATTTGG
TCCTGATTCTTCAAGTATACTTGTCTCCGTACCTTTGACAGATATTCGAAGAGCAATTAAGGATTCTTTGCCAGA
ACTAATTGAGGGGATAAAAGGTGATGAGCGTAATGTAATTTTAACCCTAGCTCGAATGTGGCAAACAGTGAC
TACTGGTGAAATTACCTCGAAAGATGTCGCTGCAGAATGGGCTATACCTCTTTTACCTAAAGAGCATGTAACTT
TACTGGATATAGCTAGAAAAGGCTATCGGGGAGAGTGTGATGATAAGTGGGAAGGACTATATTCAAAGGTG
AAAGCACTCGTTAAGTATATGAAAAATTCTATAGAAACTTCTCTCAATTAG-3’
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Appendix 2. Sequence alignments:

The MLST alighments raw data printouts are up to 2000 pages long and are too complex to view using
the NCBI alignment viewer. Therefore, to view them please do so by downloading the source

alignment files hosted via the below links.

MecA:

https://drive.google.com/file/d/19iPw7JRigetv59cyelZPnQgNYLQpAmMVO/view?usp=drive link

Ant(4'):

https://drive.google.com/file/d/1pjul-7GrgSINuUGZSTUJ xNbUxiKfSmIS/view?usp=drive link

BleO:

https://drive.google.com/file/d/171s0SKV|SEA2P6HNnIuFRaXvLhMTOfnLI/view?usp=drive link

ermaA:

https://drive.google.com/file/d/1qr NR6Nsn4nGPD3dSPeggqBHXxPpTTNKn2/view?usp=drive link

TetK:

https://drive.google.com/file/d/11J0OJp8WRTIIVSEMna6kbr3gD9sk 82V5/view?usp=drive link

TetM:

https://drive.google.com/file/d/1RyI9vPsGIDI88Opvwe-9uh6gliBtoidg/view?usp=drive link

VanA:

https://drive.google.com/file/d/1gALDBxgF9aMQtDDJonC8jlA4fXqp7CT7/view?usp=drive link

NorA:

https://drive.google.com/file/d/1seA0CrDIIO-s0xgfGulCYQUZwK-5HOaQ/view?usp=drive link

NorB:

https://drive.google.com/file/d/1Ae8U-u523n1laxssNnRAeL dJpaKhX2U/view?usp=drive link

Ant(9):

https://drive.google.com/file/d/13u3zCHCBIVQkeyPIlvNilnRlyobe4DK7q/view?usp=drive link

To view these files BioEdit is available for free. Please download the software direct from the author
Thomas Hall’s GitHub. Many thanks to Thomas for providing this excellent and vital piece of software

free of charge with an open-source license for all to use:

https://thalljiscience.qgithub.io/
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Appendix 3.Capture probe BLASTn results:

Data set to large to present graphically. Therefore, to view them please do so by downloading the

source files hosted via the below links or Search the RID on the NCBI for visualisation.

MecA:

https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&RID=KWUDF654013

https://drive.google.com/file/d/1yuSUwzOcGy rAlouRZ898QMZj7fhnZEG/view?usp=drive link

Ant(4’):
https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&RID=KWTTSKKF013

https://drive.google.com/file/d/1jXwFvm6cGWowQSSXxQpBACDegXfwgEQJ/view?usp=drive link

BleO:
No hits on BLASTn of the nr database.
ermaA:

https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&RID=KWTUNABP0O16

https://drive.google.com/file/d/1-RzZ9WFC204kIx5Hg2T5ti4noSaOXOvTx/view?usp=drive link

TetK/M:

https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&RID=KWTWEY7HO016

https://drive.google.com/file/d/1q9TQiNpSZXmOyHhNUmM6G ZIbTqlXcSS6/view?usp=drive link

VanA:

https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&RID=KWTX6B8Y013

https://drive.google.com/file/d/1a0zDUyPG33bJvbHPApN79YOaXL 3pjVK/view?usp=drive link

NorA/B:
https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&RID=KWTXTMERO016

https://drive.google.com/file/d/1qjRPP2uZiUBA04B7p2p4Lh2FDMNOI2SY/view?usp=drive link

Ant(9):
https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&RID=KWTY6D57013

https://drive.google.com/file/d/1mijn5C CexcEYtw1RQYW,jlisuBuVF6Wa7/view?usp=drive link

Appendix 4. Full list of modified primer sequences:

https://docs.google.com/spreadsheets/d/1I-
DBvaxyc89StaJKlOolL4xgaBNgC Ko/edit?usp=drive link&ouid=110362623677752764972&rtpof=true&sd=true
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Appendix 5. Kinetics derivations:
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Appendix 6. Laser output characteristics:

Performance Plots

Sample L462P1400MM Output Spectrum Sample L462P1400MM L-I-V Characteristics
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The data presented here is for one particular laser diode. Slight variations in performance data will accur
from device to device. The sample spectrum of the L462P1400MM laser diode was measured at 15 °C,
25 °C, and 35 °C using a Thorlabs OSA201 Spectrum Analyzer with resolution of 7.5 GHz. The L-I-V
characteristics data was taken at 25 °C. Please visit our website for raw spectral data and L-I-V
characteristics.

Specifications
Absolute Maximum Ratings*
Specification Maximum
Forward Current, CW 1700 mA
Reverse Current 85 mA [ ]
Operating Case Temperature -0 to +50 °C
Storage Temperature -40 to +85 °C

*Absolute Maximum Rating specifications should never be exceeded.
Operating at or beyond these conditions can permanently damage the laser.

L462P1400MM Specifications

Symbol Min Typical Max
Center Wavelength @ P, Ao 455 nm 462 nm | 470 nm
Output Power (CW) Pop = 1400 mW -
Threshold Current I 50 mA 140 mA 220 mA
Operating Current @ Pop lop - 1350 mA | 1550 mA
Operating Voltage @ P, Vop = 5.0V 5.6V
Slope Efficiency? n - 1.1 W/A -
Modulation Bandwidth f 1 MHz - -
Beam Divergence Parallel @ P, 0/ 5° 14° 25°
(1/€?) Full Angle Perpendicular @ Po, | 6. 35 44° 50°

Tease = 25°C
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Appendix 7. TIA amp datasheet:

ANALOG
DEVICES

Femtoampere Input Bias Current
Electrometer Amplifier

ADA4330-1

FEATURES

Low input bias current
+20 fA maximum at T, = 25°C (guaranteed at production test)
+20 fA maximum at—40°C < Ty < +85°C
+250 fA maximum at —40°C < T, < +125°C (guaranteed at
production test)
Low offset voltage: 50 pV maximum over specified CMRR range
Offset voltage drift: +0.13 pV/"C typical, 0.5 pV/*C maximum
Integrated guard buffer with 100 pV maximum offset
Low voltage noise density: 14 nV/+/Hz at 10 kHz
Wide bandwidth: 2 MHz unity-gain crossowver
Supply voltage: 4.5V to 16 V (£2.25V to £8V)
Operating temperature: —40°Cto +125°C
Long-term offset voltage drift (10,000 hours): 0.5 pV typical
Temperature hysteresis: 1.5 pV typical

APPLICATIONS

Laboratery and analytical instrumentation: spectrophote-
meters, chromatographs, mass spectrometers, and
potentiostatic and amperostatic coulometry

Instrumentation: picoammeters and coulombmeters

Transimpedance amplifier (TIA) for photediodes, ion
chambers, and working electrode measurements

High impedance buffering for chemical sensors and
capacitive sensors

GENERAL DESCRIPTION

The ADA4530-1 is a femtoampere (107 A} level input bias
current operational amplifier suitable for use as an electrometer
that also includes an integrated guard buffer. It has an operating
voltage range of 4.5 V to 16 V, enabling it to operate in conven-
tional 5V and 10 V single supply systems as well as +2.5 V and
+5 V dual supply systems.

It provides ultralow input bias currents that are production
tested at 25°C and at 125°C to ensure the device meets its perfor-
mance goals in user systems. The integrated goard buffer
isolates the input pins from leakage in the printed circuit board
(PCB), minimizes board component count, and enables easy
system design. The ADA4530-1 is available in an industry-
standard surface-mount 8-lead SOIC package with a unique
pinout optimized to prevent signals from coupling between the
sensitive input pins, the power supplies, and the output pin
while enabling easy routing of the guard ring traces.

The ADA4530-1 also offers low offset voltage, low offset drift,

and low voltage and current noise needed for the types of
applications that require such low leakages.
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PIN CONNECTION DIAGRAM
ADA4530-1
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NOTES

1.1C = INTERNAL CONNECTION. THIS 3
PIN MUST BE CONNECTED TO V= §
OR LEFT UNCONNECTED. 3

Figure ].

To maximize the dynamic range of the system, the ADA4530-1
has a rail-to-rail output stage that can typically drive to within

30 mV of the supply rails under a 10 kl load.

The ADA4530-1 operates over the —40°C to +125°C industrial
temperature range and is available in an 8-lead SOIC package.
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Figure 2. Input Bias Current (le) vs. Temperature, Ver = 1A ¥
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