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ABSTRACT 

Hospital admissions with antimicrobial resistant (AMR) infections and associated deaths are 

increasing at a rate that will see AMR infections as the biggest cause of death globally by 2050. 

Carbapenems are used as a last resort antimicrobial to treat infections with an extended-spectrum 

of resistance. Carbapenemases are enzymes that hydrolyse carbapenems as well as most 

beta-lactam antimicrobials making carbapenemase producing organisms (CPOs) difficult to treat. 

This has led to the Centers for Disease Control and Prevention (CDC) listing CPOs as two out of five of 

the most urgent threats. Five carbapenemases have been identified as the biggest threat to 

ǿƻǊƭŘǿƛŘŜ ŘƛǎǎŜƳƛƴŀǘƛƻƴ ƻŦ ŀƴǘƛƳƛŎǊƻōƛŀƭ ǊŜǎƛǎǘŀƴŎŜ ŀƴŘ ŀǊŜ ǘƘŜǊŜŦƻǊŜ ŎƭŀǎǎŜŘ ŀǎ ǘƘŜ ΨōƛƎ ŦƛǾŜΩΦ ¢ƘŜ 

ΨōƛƎ ŦƛǾŜΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎ ŀǊŜ ŀǎ ŦƻƭƭƻǿǎΥ YƭŜōǎƛŜƭƭŀ pneumonia carbapenemase (KPC), 

Oxacillinase-48-like family (OXA-48), New-Delhi metallo-beta-lactamase (NDM), Verona 

integron-encoded metallo-beta-lactamase (VIM), and Imipenemase (IMP). 

!ƭƭ ǾŀǊƛŀƴǘǎ ƻŦ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ carbapenemases were identified; 33, 14, 21, 55, and 70 variants of KPC, 

OXA-48, NDM, VIM, and IMP have been sequenced, respectively. Through sequence alignment 

conserved sequences were identified across 100 % of blaKPC, 100 % of blaOXA-48, 100 % of blaNDM, 98% 

of blaVIM, and 86 % of blaIMP variants which primers were designed against. Primer sets were 

characterised in recombinase polymerase amplification (RPA) reactions using agarose gel 

electrophoresis and densitometry. An optimal primer set for each target was identified and assessed 

in triplex RPA reactions followed by agarose gel electrophoresis which demonstrated that each 

primer set could successfully amplify the target genes. 

A bespoke bioinformatic script was developed to design six unique single stranded oligonucleotide 

tails with minimal complementarity towards the oligonucleotides within the proposed one-pot 

pentaplex assay. Using this script six single stranded oligonucleotide tails each fifteen nucleotides in 

length with four or less complementary base pairs towards the selected primers and cognate probes 

were designed. The optimal primer sets were modified with р tails to mediate detection on a solid 

surface. Tailed primers were assessed in both RPA in solution and solid-phase RPA reactions 

followed by enzyme-linked oligonucleotide assays (ELONA) detection. The background signal 

observed when RPA reactions containing opposing primers in solution (RPA in solution) could not be 

eliminated and assays performed in this manner were too variable; conversely, anchoring the 

forward primer to a solid surface (solid-phase RPA) proved to be a more reproducible form of 

amplification when paired with ELONA readout. For the first time a pentaplex solid-phase RPA assay 

done in parallel was successfully performed producing calibration curves with the limits of 

detections of 157 fM, 2.88 pM, 702 fM, 557 fM, and 275 fM for blaKPC, blaOXA-48, blaNDM, blaVIM, and 

blaIMP targets, respectively. Resonance Raman spectroscopy was explored as an alternative form of 

readout to detect oxidised TMB produced from solid-phase RPA and ELONA reactions. A portable 

handheld Raman reader was used to detect oxidised TMB and produced calibration curves for 

blaOXA-48, blaVIM, and blaIMP with the LODs of 12.72 pM, 826 fM, and 5.11 pM, respectively. 

Progress has been made towards developing a point-of-care test (POCT) that targets ǘƘŜ ΨōƛƎ ŦƛǾŜΩ 

carbapenemases. Assays using the primers designed within this project are sensitive, specific and 

provide a higher level of coverage than the most widely used commercial assays. Further steps to 

evaluate the primers in a one-pot multiplex reaction will need to be performed and alternative 

forms of read-out such as surface-enhanced Raman spectroscopy should be investigated alongside 

mechanising the assay onto either magnetic beads or lateral flow format.   



iii 
 

Declaration  

I hereby declare that this thesis has been composed by myself and has not been submitted in any 

previous application for a degree. The work presented has been performed by myself, unless 

otherwise stated. All sources of information have been appropriately acknowledged by means of 

reference.  



iv 
 

Acknowledgements  

I would like to whole-heartedly thank Niall Keegan and Chris Johnson for their patience and guidance 

through-out the entirety of my project. Their expertise and knowledge have moulded me into a 

better scientist. A big thanks goes to Chris for your support and introducing me to mixed martial arts 

which kept me active and healthy throughout my project. 

I would like to thank the members of i-sense for openly welcoming me into the family and providing 

me with opportunities to gain experience in presentational skills and form crucial collaborations 

within the group.  

Further thanks are extended to Calum McNeil and Phillip Manning who as part of my annual review 

panel provided guidance each year. 

I am grateful for the support provided by Anil Wipat and Matthew Pocock whose work in developing 

bioinformatic scripts was most welcomed. 

I would like to thank my colleagues and friends within the D&TT team Hannah Swinburne, Julia 

Spoors, Robert Bolt, Terri Lau, Yvane Agard, Erin Holy, and Carl Dale for not only your support but for 

making my time spent at D&TT enjoyable. 

Thank you to all the guys at ICHNE who played an important role in creating a crazy workplace that 

for times made working night shifts a pleasure to do. Writing this thesis whilst working 12-hour shifts 

ǿŀǎ ǘƘŜ ƘŀǊŘŜǎǘ ǘƘƛƴƎ LΩǾŜ ŘƻƴŜ ǘƻ ŘŀǘŜ and I couldnΩt have done it without all the laughs along the 

way. Special thanks to Craig Wilkinson and Akhil Nanavaty who encouraged my progress through-out 

the writing process and without you both I would have struggled to finish my thesis.  

A huge thanks goes to my current house mate and long-time friend Martin Jolley, not only have you 

put up with me not cleaning the house for the entirety of my write-ǳǇ ǇŜǊƛƻŘ ōǳǘ ȅƻǳΩǾŜ ōŜŜƴ ǿƛǘƘ 

me through almost all of my 8 years at Newcastle University. Thank you for your support and the 

ƎƻƻŘ ǘƛƳŜǎ ǿŜΩǾŜ ǎƘŀǊŜŘΦ On the back of Martin, I would love to express my gratitude to the squash 

group, in particular Chris Wiggins, Alex Cahill, Liam Gutcher, and Jack Hunter who made travelling to 

BUCS games every Wednesday ǎƻƳŜ ƻŦ ǘƘŜ Ƴƻǎǘ ŜƴƧƻȅŀōƭŜ ƻŦ Ƴȅ ƭƛŦŜ ŀƴŘ ƎŜƴŜǊŀƭƭȅ LΩŘ ƭƛƪŜ ǘƻ ǎŀȅ 

thanks for being there every step of the way. 

On the 21st September 2013 I was fortunate to move into university halls and meet the people there 

who would later become my best friends. Fast forward eight years to the present day and 

Patrick Donachie, James Preston, Laura Moore, Caitlin Lynch, and Katie Rossiter are still heavily 

involved in my life despite distance keeping us apart. I would like to thank you all for keeping me 

sane.    

L ǎƘƻǳƭŘ ǘƘŀƴƪ Ƴȅ ǇŀǊǘƴŜǊΣ {ŀǊŀƘ 9ƭƪƛƴ ƻǾŜǊ ǘƘŜ Ǉŀǎǘ ȅŜŀǊ ȅƻǳΩǾŜ ōŜŜƴ ŀ ǿŜƭŎƻƳŜŘ ŘƛǎǘǊŀŎǘƛƻƴ ŦǊƻƳ 

work ŀƴŘ ŀŦǘŜǊ ƻƴƭȅ ŀ ȅŜŀǊ ŀƴŘ ŦƻǳǊ ƳƻƴǘƘǎ ǘƻƎŜǘƘŜǊ ȅƻǳΩǾŜ ǎŜŜƴ ƳŜ ŀt some of my worst points 

and helped me through them. 

Saving the best until last I would like to thank my family from my parents, Thomas and Wendy 

Setterfield, without them driving me to achieve my potential and all the support that they have 

provided I may not have even made it to university. To my older brother, Stuart Setterfield I have 

always looked up to you from your taste in music to your scholarly excellence you have been a 

constant positive influence in my life. Finally, to my Grandparents Alan Setterfield, Alice Setterfield, 

Brian Sweeney, and Pauline Sweeney you have spoilt me rotten over the years and although the 



v 
 

ƎƭŀǎǎŜǎ ƻŦ ǎƘŜǊǊȅ ȅƻǳ ǳǎŜŘ ǘƻ ƎƛǾŜ ƳŜ ǿƘŜƴ L ǿŀǎ ȅƻǳƴƎ ŘƛŘƴΩǘ ƘŜƭǇ ƳŜ ǿǊƛǘŜ ǘƘƛǎ ǘƘŜǎƛǎ ƛƴ ŀƴȅǿŀȅ 

ƛǘΩǎ ƻƴŜ of countless moments that have shaped me as a person I am today. 

  



vi 
 

 

CONTENTS 

1 Introduction .................................................................................................................................... 1 

1.1 Broad aims of the thesis ......................................................................................................... 1 

1.2 The antimicrobial golden age .................................................................................................. 1 

1.3 Mechanisms of antimicrobial resistance (AMR) ..................................................................... 2 

1.4 The cause of AMR dissemination ............................................................................................ 3 

1.5 Carbapenemases ..................................................................................................................... 4 

1.5.1 Klebsiella pneumoniae Carbapenemase ......................................................................... 5 

1.5.2 Oxacillinase-48-like family .............................................................................................. 5 

1.5.3 The metallo-beta-lactamases: Imipenemase, Verona integron-encoded metallo-beta-

lactamase, and New-Delhi metallo-beta-lactamase ....................................................................... 6 

1.5.4 Carbapenem producing organisms ................................................................................. 7 

1.6 Detecting carbapenem Resistance.......................................................................................... 9 

1.7 Point of care tests ................................................................................................................. 10 

1.8 Molecular diagnostics ........................................................................................................... 11 

1.9 Isothermal amplification techniques .................................................................................... 15 

1.10 Recombinase Polymerase Amplification (RPA) ..................................................................... 16 

1.11 mechanising capture and detection ..................................................................................... 18 

1.12 Integrating RPA capture and detection platforms ................................................................ 20 

1.13 Raman scattering and resonance Raman spectroscopy ....................................................... 21 

1.14 Project aims and objectives .................................................................................................. 23 

2 Materials and Methods ................................................................................................................. 25 

2.1 Materials ............................................................................................................................... 25 

2.2 Plasmid template DNA encoding carbapenemase genes ..................................................... 25 

2.3 General laboratory techniques ............................................................................................. 26 

2.3.1 Transformation ............................................................................................................. 26 

2.3.2 Bacterial cell growth ..................................................................................................... 26 

2.3.3 Plasmid purification ...................................................................................................... 26 

2.3.4 Determining DNA concentration .................................................................................. 27 

2.4 List of primers and oligonucleotides ..................................................................................... 27 

2.4.1 Validating primer length within RPA ............................................................................. 27 

2.4.2 Mismatch analysis ......................................................................................................... 27 

2.4.3 Primer screen ................................................................................................................ 28 

2.4.4 RPA in solution .............................................................................................................. 29 



vii 
 

2.4.5 Solid-phase RPA ς universal tails .................................................................................. 29 

2.4.6 Solid-phase RPA ς unique tails ...................................................................................... 29 

2.5 Recombinase polymerase amplification ............................................................................... 30 

2.5.1 Recombinase Polymerase Amplification in solution ..................................................... 30 

2.5.2 Agarose gel electrophoresis .......................................................................................... 30 

2.5.3 Enzyme-linked oligonucleotide assay (ELONA) ............................................................. 30 

2.5.4 Combined Solid-phase Recombinase Polymerase Amplification and ELONA analysis . 31 

2.5.5 Resonance Raman Spectroscopy .................................................................................. 31 

2.6 Statistical analysis ................................................................................................................. 32 

2.7 Bioinformatic studies and alignment of carbapenemase variants ....................................... 32 

2.8 !ǎǎŜǎǎƛƴƎ ǎǇŜŎƛŦƛŎƛǘȅ ƻŦ ǇǊƛƳŜǊǎ ŘŜǎƛƎƴŜŘ ŀƎŀƛƴǎǘ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎ ............... 32 

2.9 Design of single stranded tails, capture and reporter probes .............................................. 33 

2.10 Computing ............................................................................................................................. 33 

2.10.1 Jalview ........................................................................................................................... 33 

2.10.2 Oligoanalyzer ................................................................................................................ 33 

2.10.3 Snap gene viewer .......................................................................................................... 33 

2.10.4 Image lab ....................................................................................................................... 34 

2.10.5 Nucleotide BLAST .......................................................................................................... 34 

2.10.6 Origin Pro ...................................................................................................................... 34 

2.10.7 Primer 3 ......................................................................................................................... 34 

2.10.8 Expasy ........................................................................................................................... 34 

2.10.9 UCSF Chimera ................................................................................................................ 34 

3 .ƛƻƛƴŦƻǊƳŀǘƛŎ ŘŜǎƛƎƴ ƻŦ ǇǊƛƳŜǊǎ ǘŀǊƎŜǘƛƴƎ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎ ................................... 35 

3.1.1 LŘŜƴǘƛŦȅƛƴƎ ŀƭƭ ŘƻŎǳƳŜƴǘŜŘ ǾŀǊƛŀƴǘǎ ƻŦ ŜŀŎƘ ƻŦ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ carbapenemase genes .. 35 

3.1.2 Nucleic acid alignment .................................................................................................. 39 

3.1.3 9ǾŀƭǳŀǘƛƴƎ wŜŎƻƳōƛƴŀǎŜ tƻƭȅƳŜǊŀǎŜ !ƳǇƭƛŦƛŎŀǘƛƻƴΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ǳǎƛƴƎ ŎƻƴǾŜƴǘƛƻƴŀƭ 

PCR length primers ....................................................................................................................... 42 

3.1.4 9ǾŀƭǳŀǘƛƴƎ wŜŎƻƳōƛƴŀǎŜ tƻƭȅƳŜǊŀǎŜ !ƳǇƭƛŦƛŎŀǘƛƻƴΩǎ ǘƻƭŜǊŀƴŎŜ ŦƻǊ ƳƛǎƳŀǘŎƘŜǎ ........ 43 

3.1.5 Determining the most clinically relevant variants of blaIMP .......................................... 44 

3.1.6 5ŜǎƛƎƴƛƴƎ ǇǊƛƳŜǊǎ ǘƻ ŜŀŎƘ ƻŦ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ŎŀǊōŀǇŜƴŜƳŀǎŜ ƎŜƴŜǎ .............................. 50 

3.1.7 Assessing the specificity of each primer set from bioinformatic sequence data ......... 52 

3.2 Discussion .............................................................................................................................. 54 

3.2.1 Coverage of primer sets ................................................................................................ 54 

3.2.2 Using PCR length primers within RPA ........................................................................... 54 

3.2.3 In-silico design of primer set ......................................................................................... 55 

4 ±ŀƭƛŘŀǘƛƴƎ ǇǊƛƳŜǊǎ ǘŀǊƎŜǘƛƴƎ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎ ǿƛǘƘƛƴ wt! ...................................... 56 



viii 
 

4.1 Primer screen ........................................................................................................................ 56 

4.1.1 Assessment of primers designed against blaKPC ............................................................ 56 

4.1.2 Assessment of primers designed against blaOXA-48 ........................................................ 57 

4.1.3 Assessment of primers designed against blaNDM .......................................................... 59 

4.1.4 Assessment of primers designed against blaVIM ............................................................ 60 

4.1.5 IMP 189 assessment ..................................................................................................... 61 

4.2 Triplex RPA assessed via agarose gels ................................................................................... 62 

4.2.1 Triplex RPA assay targeting KPC, OXA-48, and VIM ...................................................... 63 

4.2.2 Triplex RPA assay targeting NDM, OXA-48, and VIM .................................................... 64 

4.2.3 Triplex RPA assay targeting OXA-48, VIM, and IMP templates ..................................... 65 

4.3 Mapping the selected primers onto their retrospective crystal structure ........................... 67 

4.3.1 Protein alignment of all five primer sets ....................................................................... 67 

4.3.2 Crystal structure of KPC-2 ............................................................................................. 67 

4.3.3 Crystal structure of OXA-48 .......................................................................................... 69 

4.3.4 Crystal structure of NDM-1 ........................................................................................... 70 

4.3.5 Crystal structure of VIM-1 ............................................................................................. 71 

4.3.6 Crystal structure of IMP-1 ............................................................................................. 72 

4.4 Discussion .............................................................................................................................. 75 

4.4.1 Aberrant migration of RPA amplicons .......................................................................... 75 

4.4.2 High molecular weight bands observed in reactions containing template DNA .......... 75 

4.4.3 Primer dimers ................................................................................................................ 76 

4.4.4 Multiplex primers within RPA ....................................................................................... 77 

4.4.5 Crystal structures .......................................................................................................... 77 

5 Assessing RPA in solution and ELONA detection using tailed primers ......................................... 78 

5.1 5ŜǎƛƎƴƛƴƎ р  ǎƛƴƎƭŜ ǎǘǊŀƴŘŜŘ ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜ ǘŀƛƭǎ ................................................................ 78 

5.1.1 Generating six unique oligonucleotide sequences ....................................................... 78 

5.1.2 Pairing tails with primers .............................................................................................. 80 

5.2 Assessing tailed primers using ELONA detection and agarose gel electrophoresis ............. 82 

5.2.1 Assessing RPA in solution using tailed KPC 203 primers ............................................... 83 

5.2.2 Assessing RPA in solution with tailed OXA 239 primers ............................................... 86 

5.2.3 Assessing RPA in solution with tailed NDM 205 primers .............................................. 87 

5.2.4 Assessing RPA in solution with tailed VIM 147 primers ................................................ 88 

5.2.5 Assessing RPA in solution with tailed IMP 189 primers ................................................ 89 

5.2.6 Preliminary investigation into the background generated in ELONA detection ........... 90 

5.2.7 Diluting RPA prior to performing ELONA detection ...................................................... 92 

5.2.8 Optimising RPA reaction time prior to ELONA detection ............................................. 92 



ix 
 

5.2.9 Optimising primer concentrations used within RPA in solution ................................... 94 

5.3 RPA calibration curve using optimised assay conditions ...................................................... 94 

5.4 Discussion .............................................................................................................................. 96 

5.4.1 Designing six unique oligonucleotide sequences that can be used as tails .................. 96 

5.4.2 Oligoanalyzer as a tool to assess complementarity between primers and tails ........... 96 

5.4.4 Optimising RPA conditions to reduce background ....................................................... 97 

5.4.5 Solid-phase amplification .............................................................................................. 97 

6 Recombinase polymerase amplification and detection of carbapenemase genes on a solid 

platform ................................................................................................................................................ 99 

6.1 Optimising conditions of solid-phase RPA .......................................................................... 100 

6.1.1 Determining solid-phase RPA reaction time ............................................................... 100 

6.1.2 Assessing the optimal concentration of forward primer and reporter probe ............ 101 

6.2 Assessing the sensitivity of each primer set modified with a universal tail using combined 

solid-phase RPA and ELONA detection ........................................................................................... 102 

6.2.1 Combined solid-phase amplification and ELONA detection of KPC using a reverse 

primer modified with the universal tail ...................................................................................... 102 

6.2.2 Combined solid-phase amplification and ELONA detection of OXA-48 using a reverse 

primer modified with the universal tail ...................................................................................... 103 

6.2.3 Combined solid-phase amplification and ELONA detection of NDM using a reverse 

primer modified with the universal tail ...................................................................................... 105 

6.2.4 Combined solid-phase amplification and ELONA detection of VIM using a reverse 

primer modified with the universal tail ...................................................................................... 106 

6.2.5 Combined solid-phase amplification and ELONA detection of IMP using a reverse 

primer modified with the universal tail ...................................................................................... 107 

6.2.6 Summary of solid-phase RPA using primers modified with a universal tail ............... 108 

6.3 Assessing the sensitivity of primers modified with unique tails using combined solid-phase 

RPA and ELONA detection .............................................................................................................. 108 

6.3.1 Selecting unique sequences that can be used as tails to modify the reverse primers of 

OXA 239, VIM 147, and IMP 189 ................................................................................................. 108 

6.3.2 Combined solid-phase amplification and ELONA detection of OXA-48 using a reverse 

primer modified with a unique tail ............................................................................................. 109 

6.3.3 Combined solid-phase amplification and ELONA detection of NDM using a reverse 

primer modified with a unique tail ............................................................................................. 110 

6.3.4 Combined solid-phase amplification and ELONA detection of VIM using a reverse 

primer modified with a unique tail ............................................................................................. 111 

6.3.5 Combined solid-phase amplification and ELONA detection of IMP using a reverse 

primer modified with a unique tail ............................................................................................. 112 

6.3.6 Summary of solid-phase RPA ...................................................................................... 113 

6.4 Resonance Raman Spectroscopy ........................................................................................ 114 



x 
 

6.4.1 Resonance Raman Spectroscopy detection of OXA-48 .............................................. 115 

6.4.2 Resonance Raman spectroscopy detection of VIM .................................................... 116 

6.4.3 Resonance Raman spectroscopy detection of IMP .................................................... 118 

6.5 Discussion ............................................................................................................................ 120 

6.5.1 Universal vs unique tails ............................................................................................. 120 

6.5.2 Solid-phase amplification ............................................................................................ 120 

6.5.3 Resonance Raman Spectroscopy ................................................................................ 121 

7 Conclusion and future work ........................................................................................................ 123 

7.1 Strengths and limitations of the assay ................................................................................ 123 

7.1.1 Statistical analysis ....................................................................................................... 123 

7.1.2 Assay design and development .................................................................................. 124 

7.2 Future works ....................................................................................................................... 126 

8 References .................................................................................................................................. 132 

9 Appendix ..................................................................................................................................... 161 

9.1 BlaKPC alignment .................................................................................................................. 161 

9.2 BlaNDM alignment ................................................................................................................. 164 

9.3 BlaVIM alignment .................................................................................................................. 167 

9.4 BlaIMP alignment .................................................................................................................. 173 

 

  



xi 
 

List of figures 
Figure 1.1: Antibiotic tree. ..................................................................................................................... 2 

Figure 1.2: Timeline of antibiotic discovery and resistance towards each antibiotic. ......................... 3 

Figure 1.3: Prevalence of carbapenemase producing Enterobacteriaceae by type of 

carbapenemase. ..................................................................................................................................... 8 

Figure 1.4: Schematic of the disc diffusion phenotypic method. ......................................................... 9 

Figure 1.5: The three key characteristics of POCTs. ............................................................................ 10 

Figure 1.6 Schematic of Recombinase polymerase amplification. ..................................................... 17 

Figure 1.7: Example of an Enzyme-linked immunosorbent assay. ..................................................... 18 

Figure 1.8: Schematic of a lateral flow assay. ..................................................................................... 19 

CƛƎǳǊŜ мΦфΥ {ŎƘŜƳŀǘƛŎ ƻŦ ŎŀǇǘǳǊŜ ŀƴŘ ŘŜǘŜŎǘƛƻƴ ƻŦ wt! ŀƳǇƭƛŎƻƴǎ ǳǎƛƴƎ р  ǘŀƛƭŜŘ ǇǊƛƳŜǊǎ ƻƴ ƭŀǘŜǊŀƭ 

flow. ...................................................................................................................................................... 21 

Figure 1.10: Schematic of the electronic energy levels of Raman and resonance Raman ................ 22 

Figure 1.11: Schematic of light scattering ........................................................................................... 23 

Figure 2.1: Representative example of the carbapenemase containing plasmid DNA templates. ... 26 

Figure 3.1 Alignment of blaOXA-48-like variants. ...................................................................................... 40 

Figure 3.2: /ƻƴǎŜǊǾŜŘ ǊŜƎƛƻƴǎ ŀŎǊƻǎǎ ǘƘŜ ΨōƛƎ рΩΦ ................................................................................ 41 

Figure 3.3: Comparison of different primer lengths in an RPA assay performed for 20 min at 37°C.

 .............................................................................................................................................................. 43 

Figure 3.4: Analysis of primers with mismatches. ............................................................................... 44 

Figure 3.5: Sequence alignment of the most clinically relevant blaIMP variants within jalview. ....... 49 

Figure 3.6: Flow diagram detailing the steps within the script designed to check the specificity of 

each primer. ......................................................................................................................................... 53 

Figure 4.1: KPC primer screen. ............................................................................................................. 57 

Figure 4.2: OXA-48 primer screen. ....................................................................................................... 58 

Figure 4.3: NDM primer screen. ........................................................................................................... 59 

Figure 4.4: VIM primer screen. ............................................................................................................ 61 

Figure 4.5: IMP primer screen. ............................................................................................................. 62 

Figure 4.6: Triplex assay with KPC 203 primers incorporated. ........................................................... 64 

Figure 4.7: Triplex assay with NDM 205 primers incorporated. ......................................................... 65 

Figure 4.8: Triplex assay with IMP 189 primers incorporated. ........................................................... 66 

Figure 4.9: Crystal structure of KPC-2 in complex with phenyl boronic inhibitor, PDB ID: 5MGI. .... 68 

Figure 4.10: Magnified crystal structure of KPC-2 in complex with phenyl boronic inhibitor focusing 

on interactions between Serine 130 and Asparagine 132, PDB ID: 5MGI. ......................................... 68 

Figure 4.11: Magnified image of the OXA-48 crystal structure in complex with imipenem, PDB ID: 

7KH9. ..................................................................................................................................................... 69 

Figure 4.12: A magnified image of the OXA-48 crystal structure in complex with imipenem, PDB ID: 

7KH9. ..................................................................................................................................................... 70 

Figure 4.13: Crystal structure of NDM-1 in complex with hydrolysed meropenem, PDB ID 4EYL. ... 71 

Figure 4.14: Crystal structure of VIM-1 in complex with hydrolysed meropenem, PDB ID: 5N5I. .... 72 

Figure 4.15: A magnified image of the VIM-1 crystal structure in complex with hydrolysed 

meropenem, PDB ID: 5N5I. .................................................................................................................. 72 

Figure 4.16: Crystal structure of IMP-1 in complex with 3-aminophtalic acid inhibitor, PDB ID: 

3WXC. ................................................................................................................................................... 73 

Figure 4.17: Magnified image of the IMP-1 crystal structure in complex with 3-aminophtalic acid 

inhibitor, PDB ID: 3WXC. ...................................................................................................................... 74 



xii 
 

Figure 4.18: Schematic representation of how false positive signals can arise from primer dimers 

forming. ................................................................................................................................................ 76 

Figure 5.1: Flow diagram detailing the process of designing six unique oligonucleotide sequences.

 .............................................................................................................................................................. 79 

Figure 5.2: Schematic of the ELONA detection ǳǎƛƴƎ р  ǎƛƴƎƭŜ ǎǘǊŀƴŘ ǘŀƛƭŜŘ ŀƳǇƭƛŎƻƴ ŀǇǇǊƻŀŎƘΦ .... 83 

Figure 5.3: Assessing tailed KPC 203. ................................................................................................... 84 

Figure 5.4: Schematic diagram demonstrating the mechanism in which primer dimers can cause 

false positive signal. ............................................................................................................................. 85 

Figure 5.5: Assessing tailed OXA 239 primers. .................................................................................... 86 

Figure 5.6: Assessing tailed NDM 205 primers. ................................................................................... 87 

Figure 5.7: Assessing tailed VIM 147 primers. .................................................................................... 88 

Figure 5.8: Assessing IMP 189 tailed primers. ..................................................................................... 90 

Figure 5.9: Column chart assessing the cause of high background observed in the ELONA. ............ 91 

Figure 5.10: Comparing dilutions of RPA reactions prior to transferring onto ELONA plate. ........... 92 

Figure 5.11: Time-course assay of RPA in solution. ............................................................................ 93 

Figure 5.12: Assessing primer concentrations in RPA reactions. ........................................................ 94 

Figure 5.13: Determining the sensitivity of VIM 147 tailed primers with optimised RPA conditions.

 .............................................................................................................................................................. 95 

Figure 6.1: Diagram of solid-phase RPA and ELONA detection. ......................................................... 99 

Figure 6.2: Time-course assay for solid-phase RPA. .......................................................................... 100 

Figure 6.3: Forward primer (capture probe) and reporter probe optimisation. .............................. 101 

Figure 6.4: Calibration curve of KPC using a universal tail. ............................................................... 102 

Figure 6.5: OXA-48 calibration curve using a universal tail. ............................................................. 104 

Figure 6.6: NDM calibration curve using a universal tail. ................................................................. 105 

Figure 6.7: VIM calibration curve. ...................................................................................................... 106 

Figure 6.8: IMP calibration curve. ...................................................................................................... 107 

Figure 6.9: OXA-48 calibration curve using unique tail. .................................................................... 109 

Figure 6.10: NDM calibration curve using a unique tail .................................................................... 111 

Figure 6.11: VIM calibration curve using unique tail. ....................................................................... 112 

Figure 6.12: IMP calibration curve using a unique tail. ..................................................................... 113 

Figure 6.13: Calibration curve of OXA-48 using Resonance Raman Spectroscopy. ......................... 116 

Figure 6.14: Calibration curve of VIM using Resonance Raman Spectroscopy. ............................... 117 

Figure 6.15: Calibration curve of IMP using Resonance Raman Spectroscopy. ............................... 119 

Figure 6.16: Image of the battery-powered portable handheld Raman reader used to measure CTC.

 ............................................................................................................................................................ 121 

Figure 6.17: Schematic of RPA amplification on magnetic beads and detection using SERS reporter.

 ............................................................................................................................................................ 122 

Figure 7.1: Schematic showing the stages of carbapenemase detection and the time taken for each 

stage. ................................................................................................................................................... 125 

Figure 7.2: Schematic of SERS detection. .......................................................................................... 127 

Figure 7.3: Schematic of Raman fingerprints of five SERS reporter molecules. .............................. 128 

Figure 7.4: Schematic diagram of magnetic beads application to extract. ...................................... 129 

Figure 7.5: Illustration depicting a potential method of using magnetic beads to facilitate 

compatibility of solid phase RPA with lateral flow and utilising AuNP for SERS readout. .............. 130 

Figure 7.6: Schematic of a lateral flow strip that could be potentially used for multiplex detection 

ƻŦ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎΦ ...................................................................................................... 131 

Figure 9.1: Alignment of all blaKPC variants identified up to 03.04.2021. ......................................... 163 

Figure 9.2: Alignment of all blaNDM variants identified up to 03.04.2018. ....................................... 166 



xiii 
 

Figure 9.3: Alignment of all blaVIM variants identified up to 03.04.2018. ........................................ 172 

Figure 9.4: Alignment of all blaIMP variants identified up to 03.04.2018. ......................................... 177 

  



xiv 
 

List of tables 
Table 1.1: Comparison of carbapenem hydrolysing OXA-like subfamilies. ......................................... 6 

Table 1.2: Commercial PCR based carbapenemase diagnostic tests. ................................................. 14 

Table 1.3: Isothermal amplification techniques. ................................................................................. 16 

Table 2.1: Sequences targeting the wzm gene used within RPA. ....................................................... 27 

Table 2.2: Fully complementary and non-complementary sequences targeting the wzm gene used 

within RPA. ........................................................................................................................................... 27 

Table 2.3: Primers targeting blaKPC. ...................................................................................................... 28 

Table 2.4: Primers targeting blaOXA-48. .................................................................................................. 28 

Table 2.5: Primers targeting blaNDM. .................................................................................................... 28 

Table 2.6: Primers targeting blaVIM. ..................................................................................................... 28 

Table 2.7: Primers targeting blaIMP. ..................................................................................................... 28 

¢ŀōƭŜ нΦуΥ {ŜǉǳŜƴŎŜǎ ǘŀǊƎŜǘƛƴƎ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎ ǳǎŜŘ ǿƛǘƘƛƴ wt! ƛƴ ǎƻƭǳǘƛƻƴ ŀƴŘ 

ELONA detection. ................................................................................................................................. 29 

¢ŀōƭŜ нΦфΥ {ŜǉǳŜƴŎŜǎ ƻŦ ǇǊƛƳŜǊǎ ǘŀǊƎŜǘƛƴƎ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎ ƳƻŘƛŦƛŜŘ ǿƛǘƘ ŀ рϥ ǎƛƴƎƭŜ 

stranded universal tail and complementary reporter probe used within solid-phase RPA. ............. 29 

Table 2.10: SequencŜǎ ƻŦ ǇǊƛƳŜǊǎ ǘŀǊƎŜǘƛƴƎ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎ ǿƛǘƘ рϥ ǎƛƴƎƭŜ ǎǘǊŀƴŘŜŘ 

unique tails and complementary reporter probes used in solid-phase RPA. .................................... 29 

Table 3.1: List of blaKPC variants identified and their associated accession numbers. ....................... 36 

Table 3.2: List of blaOXA-48-like variants identified and their associated accession numbers. .............. 37 

Table 3.3: List of blaNDM variants identified and their associated accession numbers. ..................... 37 

Table 3.4: List of blaVIM variants identified and their associated accession numbers. ...................... 38 

Table 3.5: List of blaIMP variants identified and their associated accession numbers. ...................... 39 

Table 3.6: Overview of global incidence of each blaIMP variant and primer mismatches across those 

variants. ................................................................................................................................................ 46 

Table 3.7: Primer sets targeting blaKPC and their propensity to form secondary structures. ............ 51 

Table 3.8: Primer sets targeting blaOXA-48 and their propensity to form secondary structures. ........ 51 

Table 3.9: Primer sets targeting blaNDM and their propensity to form secondary structures. ........... 51 

Table 3.10: Primer sets targeting blaVIM and their propensity to form secondary structures. .......... 51 

Table 3.11: Primer sets targeting blaIMP and their propensity to form secondary structures. .......... 51 

Table 5.1: Computationally assessing the propensity of tailed reverse primers to form 

homodimers. ........................................................................................................................................ 80 

Table 5.2: Forward primers (possible capture). .................................................................................. 81 

Table 5.3: Listing the propensity of each forward tailed primers interacting with each other 

represented as ɲG values. ................................................................................................................... 81 

Table 5.4: Listing the propensity of each tailed reverse primers interacting with each other 

represented as ɲG values. .................................................................................................................... 81 

Table 5.5: Listing the propensity of tailed forward and tailed reverse primers interacting with each 

other represented as ɲG values. .......................................................................................................... 82 

Table 6.1: Computationally assessing the propensity of unique tailed reverse primers forming 

homodimers and heterodimers. ........................................................................................................ 108 

Table 6.2: Computationally assessing the propensity of unique tailed NDM 205 reverse primer of 

forming homodimers and heterodimers. .......................................................................................... 110 

Table 6.3 Summary of the LODs calculated from combined solid-phase RPA and ELONA detection 

ǘŀǊƎŜǘƛƴƎ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ǳǎƛƴƎ ǊŜǾerse primers modified with either universal or unique tails. ....... 114 

Table 7.1: The level of coveragŜ ŀŦŦƻǊŘŜŘ ōȅ ǇǊƛƳŜǊǎ ǘŀǊƎŜǘƛƴƎ ŜŀŎƘ ƻŦ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ŀƴŘ ǘƘŜ [h5ǎ 

associated with each using ELONA and RRS readout. ...................................................................... 125 



xv 
 

List of abbreviations  

AMR   Antimicrobial resistance 

REASSURED  Real-time connectivity, Ease of specimen collection, Affordable, sensititive, specific, 

user-friendly, rapid and robust, equipment-free, delivered to the end-user 

A.U.   Arbitrary Units 

bp   Base pairs 

BR   Broad range  

CDC   Centers for disease control and prevention  

CLSI   Clinical & laboratory standards institute 

CPO   Carbapenemase-producing organism  

CTC   Charge transfer complex  

°C   Degrees Celsius  

dH2O   Deionised water  

DNA   Deoxyribose nucleic acid 

dsDNA   Double stranded Deoxyribose nucleic acid  

ɲG   Change in Gibbs free energy 

EDTA   Ethylenediaminetetraacetic acid 

ELISA   Enzyme-linked immunosorbent assay 

ELONA   Enzyme-linked oligonucleotide assay 

EUCAST  European committee on antimicrobial susceptibility testing 

EXO   E. coli exonuclease III 

FAM   Carboxyfluorescein group 

fM   Femtomolar 

FPG   8-oxoguanine DNA glycosylase 

g   Gram 

h   Hour 

HDA   Helicase dependant amplification  

HGT   Horizontal gene transfer 

HMM   Hidden Markov model 

HRP   Horseradish peroxidase 

IMP   Imipenemase 



xvi 
 

KPC   Klebsiella pneumoniae carbapenemase 

LAMP   Loop-mediated isothermal amplification  

LB   Luria-Bertani media 

LFA   Lateral flow assay 

LFIA   Lateral flow immunoassay 

LOD   Limit of detection 

M   Molar  

MBL   Metallo-beta-lactamase 

MHT   Modified Hodge test 

MIC   Minimum inhibitory concentration 

µl   Microlitre  

min   Minutes 

NAAT   Nucleic acid amplification techniques  

NALFA   Nucleic acid lateral flow assay 

NASBA   Nucleic acid sequences based amplification  

NCBI   National center for biotechnology information 

NDM   New Delhi Metallo-beta-lactamase 

NEAR   Nicking endonuclease amplification reaction 

NFO   E. coli endonuclease IV 

ng   Nanogram 

nm   Nanometre  

NTC   No template control 

OXA   Oxacillinase 

PBP   Penicillin binding protein 

PBS   Phosphate buffered saline 

PBST   Phosphate buffered saline with 0.05 % Tween 20 

PCR   Polymerase chain reaction 

PDB   Protein database  

pM   Picomolar 

POC   Point of care 

POCT   Point of care test 



xvii 
 

RCA   Rolling circle amplification 

RNA   Ribonucleic acid  

RPA   Recombinase polymerase amplification  

RPM   Revolutions per minute 

RRS   Resonance Raman Spectroscopy 

R squared  Coefficient of determination  

SDA   Strand displacement amplification  

SDS   Sodium dodecyl sulfate 

SERS   Surface enhanced Raman scattering 

SMAP 2  Smart amplification process version 2 

TAE   Tris-acetate-RDTA buffer 

TBE   Tris-borate-EDTA buffer 

THF   Tetrahydrofuran 

TEG   Tetraethylene glycol  

TMB   оΣоΩΣрΣрΩ-tetramethylbenzidine 

VIM   Verona Integron-encoded metallo-beta-lactamase 

WHO   World Health Organization  

V/V   Volume for volume 

W/V   Weight for volume 

<   Less than 

>   Greater than



1 
 

1 INTRODUCTION 

1.1 BROAD AIMS OF THE THESIS  

Within this thesis the background of antimicrobial resistance (AMR), forms of detecting AMR, 

molecular techniques, and forms of readout will be detailed in the introduction and preliminary data 

will be presented, explained, and scrutinised in the results and discussion. The aim of the project is 

to deliver a molecular assay which can provide faster, cheaper, and more portable detection of AMR 

genes improving on the efficiency of the current molecular and phenotypic gold standards which will 

be detailed in the introduction. 

1.2 THE ANTIMICROBIAL GOLDEN AGE 

Prior to the mass production of antimicrobials, the estimated average lifespan varied globally from 

28 years in Asia to 47 years in Europe (Riley, 2005). In 1900 the most common cause of mortality was 

attributed to untreatable bacterial infections which accounted for a third of all documented deaths 

(CDC, 1999). It is important that we define the distinction between antimicrobials and antibiotics. 

Antibiotics are molecules which act on bacteria and have been synthesised globally to treat bacterial 

infections. Antimicrobials include classes of all agents which target not just bacteria but viruses, 

fungus, and parasites. This thesis focuses on antibiotics and resistance towards them which is 

encompassed by the term antimicrobial resistance (AMR). 

The synthesis of Prontosil (Colebrook et al., 1936) and penicillin V (Abraham et al., 1940) in 1936 and 

1943, respectively, marked the beginning of the antibiotic golden age in which hundreds of natural 

and synthetic antibiotics were discovered and developed. Each antibiotic is grouped together in 

classes (Figure 1.1), the most widely accepted classification of antibiotics based on chemical 

structure are as follows: Beta-lactams, tetracyclines, macrolides, peptides, aminoglycosides, 

lincosamides, and streptogramins (Vardanyan et al., 2016). Beta-lactams are the largest class of 

antibiotics, agents ǿƛǘƘƛƴ ǘƘƛǎ ƎǊƻǳǇ ŀƭƭ ǎƘŀǊŜ ŀ ʲ-lactam ring in the centre of their structure which 

binds covalently with a penicillin binding protein (PBP) via a highly reactive CO-N bond (Goffin et al., 

1998). PBPs catalyse the cross-linking of the bacterial peptidoglycan cell wall, inhibiting these 

enzymes prevents synthesis of the cell wall and hydrolytic cell lysis occurs (Goffin et al., 1998). 

Beta-lactams are further classified into subgroups, penicillins, cephalosporins, monobactams, and 

the carbapenems. 
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Figure 1.1: Antibiotic tree. 
The seven main categories of antibiotics are illustrated in red at the top of the tree, subgroups of the beta-lactams are 
illustrated below in green. The penicillins and cephalosporins are further grouped shown in blue, with antibiotic agents 
from each class listed below (Bui T, 2021). 
 

The advent of antibiotics not only saw a dramatic reduction in deaths related to bacterial infection, 

but when used as a prophylaxis, antibiotics pathed the way for advances in modern medicine, 

invasive surgeries, organ transplants, joint replacements and chemotherapy which can all now be 

performed with a greatly reduced risk of infection (Brown et al., 2016). Since the introduction of 

antibiotics within modern medicine life expectancy rose to 78 years (United Nations, 2019) and 

deaths related to hypervirulent deadly bacterial infections were temporarily reduced. However, it 

could be argued that despite the increased longevity of life, quality of life remained the same; an 

unexpected repercussion of antibiotic use saw an increase in infections of hardier opportunist 

organisms in the absence of deadlier diseases (Finland, 1970). Trace amounts of natural antibiotics 

molecules are found in the environment (D'Costa et al., 2011), it has been demonstrated that 

bacteria use natural antibiotic molecules as chemical signals through quorum sensing (Skindersoe et 

al., 2008; Aminov, 2009). Over time bacteria that have been exposed to natural antibiotics have 

developed antimicrobial resistomes and the accelerated exposure of antibiotics through medical 

prescriptions and environmental sources in agriculture/aquaculture has positively selected bacteria 

with resistance.  

1.3 MECHANISMS OF ANTIMICROBIAL RESISTANCE (AMR) 

Between 1941 and 1943 penicillin V was undergoing clinical trials in which the first cases of 

Staphylococcal infections that exhibit low levels of resistance were identified (Spink et al., 1947). The 

first cases of penicillin resistant Staphylococcal infections were in 1942 (Rammelkamp et al., 1942) 

and within six years 59% of all Staphylococcal infections were resistant to penicillin (Barber et al., 

1948). The cause of resistance was later identified as the synthesis of an enzyme, penicillinase which 

inactivates penicillin by hydrolytically cleaving the beta-lactam ring (Pollock, 1967). Penicillinase was 

first observed in 1940 when Abraham and Newton linked the cause of resistance to a penicillin 

hydrolysing enzyme synthesised by Bacillus coli belonging to the coli-typhoid group (Abraham et al., 

1940). 
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The pattern of resistance towards marketed antibiotics has been observed over the course of history 

(Figure 1.2). Figure 1.2 illustrates the year an agent from each major class of antibiotics were first 

introduced and the year resistance was first observed in a clinical setting.  

 
Figure 1.2: Timeline of antibiotic discovery and resistance towards each antibiotic. 
Antibiotics are labelled alongside the class of antibiotics and the year it was approved for use above the timeline, 
antibiotics labelled below the timeline are the year resistance was first observed in a clinical setting. Information from: 
(Spink, 1951; Haight et al., 1952; Morikubo et al., 1959; Barber et al., 1964; Lakhotia et al., 1973; Kahan et al., 1974; 
Jones et al., 1976; Chin et al., 1984; Cox, 1985; Satake et al., 1991; Hutchings et al., 2019). 

 

Beta-lactams are the most widely prescribed antibiotic, in 2019 beta-lactams made up 49.6% of all 

U.S outpatient prescriptions (CDC, 2019b) and 46.3% of prescriptions across all care settings in 

England (PHE, 2020a). Mechanisms by which bacteria are able to confer resistance towards 

beta-lactams include minimising the intracellular concentration of beta-lactams by increasing and 

decreasing the expression of efflux pumps and porins, respectively; altering PBPs by means of amino 

acid mutations or post-translation modifications; and inactivating beta-lactams by enzyme catalysed 

hydrolysis (Nikaido, 2009; Wright, 2011; Blair et al., 2015). The latter mechanism is the most 

prevalent cause of antimicrobial resistance (AMR) in gram-negative bacteria (Al-Bayssari et al., 

2015). To-date thousands of beta-lactam hydrolysing enzymes known as beta-lactamases have been 

identified, the majority of which haǾŜ ōŜŜƴ ŘƻŎǳƳŜƴǘŜŘ ǿƛǘƘƛƴ άǘƘŜ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ŀƴǘƛōƛƻǘƛŎ 

ǊŜǎƛǎǘŀƴŎŜ ŘŀǘŀōŀǎŜέ https://card.mcmaster.ca/ontology/36010 (Alcock et al., 2020). The genes that 

encode beta-lactamases can reside in mobile genetic elements such as plasmids, transposons, and 

integrons which are transmissible between species via horizontal gene transfer (HGT) (Sultan et al., 

2018). Therefore, the presence of beta-lactamases in bacteria which do not cause severe infections 

are still of concern. Bacteria are able to send and receive these mobile elements through either 

conjugation, transformation, and transduction (Norman et al., 2009).  

1.4 THE CAUSE OF AMR DISSEMINATION  

The emergence and dissemination of resistance has been exacerbated by the overuse, underuse and 

misuse of antibiotics (Gullberg et al., 2011). Antibiotics have been extensively used in agriculture as 

growth promoters and as prophylaxis within intensive farms. The misuse of antibiotics has seen 80% 

of all antibiotics consumed within the U.S given to livestock (Halling-Sørensen et al., 2002; Van 

Boeckel et al., 2015). Misuse of veterinary antibiotics affects the environmental microbiome with up 

to 90% of oral antibiotics excreted through urine and stool which in turn is spread through use as 

fertiliser or surface run-off (Bartlett et al., 2013; Li et al., 2015). Studies have shown a positive 

https://card.mcmaster.ca/ontology/36010
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correlation between increased veterinary antibiotic use and antimicrobial resistance (Chantziaras et 

al., 2014). 

In some countries production and sale of antibiotics is unregulated and large volumes can be 

purchased cheaply without prescription (Michael et al., 2014). However, even with regulations in 

place antibiotics are still being unnecessarily prescribed to patients, a 2016 large scale study of 

primary care prescriptions in England estimated that 20 % of the antibiotics were inappropriately 

prescribed (Davies, 2018).  

The underuse of antibiotics increases the selective pressure and can lead to bacteria developing 

resistance (Komolafe, 2003). Furthermore, in low and middle-income countries it is estimated that 

40 % of prescribed antibiotics are prescribed in under-dose and 40 % of patients are not provided 

details of how to correctly take the prescribed medication thus leading to underuse of antibiotics 

(Holloway, 2011). 

Lack of stringent regulation of antibiotic pollution has led to an increase of antibiotic molecules 

found in both fresh water and marine environments (Boy-Roura et al., 2018). Seventy percent of oral 

antibiotics are excreted from humans unaltered into the effluent system (Kümmerer, 2009; Kraemer 

et al., 2019) as a result there are an abundant number of resistant bacteria found in wastewater 

treatment plants (Rizzo et al., 2013). 

Resistance has developed because of overuse, misuse, and underuse of antibiotics but resistance has 

disseminated across species and across the globe because of a plethora of factors, for instance the 

popularity of intercontinental travel saw 4.5 billion passengers take to planes and fly worldwide in 

2019 (Organization, 2019). After the antibiotic golden era, pharmaceutical companies found little 

incentive in investing in antibiotic development when it appeared the market was already saturated. 

Currently, newly developed antibiotics which are effective against resistant strains are classified as 

top shelf antibiotics used for only the most resistant strains which means companies lack a financial 

incentive to develop new antibiotics (Plackett, 2020).  

Ways which we can combat the dissemination of AMR are: introduce global surveillance 

programmes which monitor AMR cases and the emergence of new variants such as the SENRTY 

programmes (Fluit et al., 2000; Diekema et al., 2001; Jones et al., 2004; Gales et al., 2012); improve 

hygiene and sanitation globally, improving education this could be achieved by having more 

frequent global awareness campaigns (O'Neill et al., 2014); governments and unions need to 

collaborate with and provide incentives for academics and pioneers to innovate new antibiotics; 

apply regulations to reduce unnecessary use of antimicrobials in agriculture (Halling-Sørensen et al., 

2002; Van Boeckel et al., 2015); encourage academics and entrepreneurs to deliver faster genomic 

devices to rapidly detect and report resistance in affected patients (Peeling et al., 2006; Land et al., 

2019).  

1.5 CARBAPENEMASES  

Carbapenems are a last resort antibiotic and are only prescribed to patients whose infections have 

not responded to previous antibiotic treatments (Queenan et al., 2007). Carbapenem prescriptions 

for infections resistant to extended-spectrum beta-lactams has increased globally year by year (Klein 

et al., 2018). This increase in carbapenem use has led to the positive selection of bacteria that 

produce enzymes capable of hydrolysing carbapenems, as well as the other resistance mechanisms 

discussed in section 1.2. Carbapenemases have an extremely broad affinity and can hydrolyse all 

beta-lactams with few exceptions. Carbapenemases are grouped into the four classes A, B, C, and D 
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based on their molecular and mechanistic properties (Ambler, 1980). Enzymes residing in classes A, 

C, and D all utilise an active site serine to hydrolyse the beta-lactam ring (Vandavasi et al., 2017) 

whilst inactivation of beta-lactams by class B enzymes is zinc-mediated and are therefore, called 

metallo-beta-lactamases (MBLs) (Feng et al., 2017)Φ CƛǾŜ ŎŀǊōŀǇŜƴŜƳŀǎŜǎΣ ŎƻƛƴŜŘ ǘƘŜ ΨōƛƎ ŦƛǾŜΩΣ ƘŀǾŜ 

been identified as the biggest threat to worldwide dissemination of AMR based on their broad 

substrate affinity, global prevalence, and their association within mobile genetic elements making 

them extremely transmissible (Bush, 2010; Papp-Wallace et al., 2011a; PHE, 2020b). 

¢ƘŜ ΨōƛƎ ŦƛǾŜΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎ ŀǊŜ ŀǎ ŦƻƭƭƻǿǎΥ YƭŜōǎƛŜƭƭŀ ǇƴŜǳƳƻƴƛŀ ŎŀǊōŀǇŜƴŜƳŀǎŜ όYt/ύΣ 

Oxacillinase-48-like family, New-Delhi metallo- -̡lactamase (NDM), Verona integron-encoded 

metallo- -̡lactamase (VIM), and Imipenemase (IMP) (PHE, 2015). 

1.5.1 Klebsiella pneumoniae Carbapenemase 

In 1996, North Carolina, a clinical isolate of Klebsiella pneumoniae (K. pneumoniae) was deemed, 

ǊŜǎƛǎǘŀƴǘ ǘƻ ŀƭƭ ǘŜǎǘŜŘ ʲ-lactams. Further investigations led to the discovery of a new carbapenemase 

which was aptly named Klebsiella pneumoniae carbapenemase (KPC) (Yigit et al., 2001). The first 

mobile variant of KPC was identified in 2003 (Yigit et al., 2003; Wolter et al., 2009b) and within the 

first year of discovery cases of KPC-2 producing K. pneumoniae became more frequent in the U.S and 

was further identified in an isolate of Salmonella enterica (Chen et al., 2014). In 2005, a reported 

case of KPC-2 producing K. pneumoniae was recorded in France and since then KPC isolates have 

been identified throughout a broad spectrum of species and infection causing KPC producing 

bacteria are endemic in USA, Greece, Israel and China (Chen et al., 2014; PHE, 2020b). 

1.5.2 Oxacillinase-48-like family 

The oxacillinase family are a branch of beta-lactamases classified by their ability to hydrolyse 

oxacillin (Bush et al., 1995; Evans et al., 2014b). Due to the difference in both structure and 

substrate specificity to all known beta-lactamases, oxacillinases were given their own molecular 

-̡ƭŀŎǘŀƳŀǎŜ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴΣ Ŏƭŀǎǎ 5Φ ¢ƘŜ ǇǊŜŦƛȄ άh·!έ ŦƻƭƭƻǿŜŘ ōȅ ŀ ƴǳƳōŜǊ ƛǎ ƎƛǾŜƴ ǘƻ ŜŀŎƘ 

oxacillinase gene, the number defines the chronological order it was discovered rather than the 

sequence similarity to neighbouring oxacillinases (Evans et al., 2014b). Each oxacillinase variant is 

grouped into subfamilies based on the sequence similarity to an ancestral OXA enzyme (Evans et al., 

2014b). Currently there are 965 different OXA variants which have been classified into 44 

subfamilies of which 14 are carbapenemases (Table 1.1) (Evans et al., 2014b).  

Some OXA-like families raise more concern than others, as shown in Table 1.1 the OXA-like families: 

134a, 211, 213, 214, 229, 235, 427 are restricted to a single species (Scaife et al., 1995; Figueiredo et 

al., 2010) and OXA-143 and 372 have only been detected in two species (Higgins et al., 2009). The 

OXA-51-like family is the largest family, with 95 enzyme variants but all 95 OXA-51-like variants have 

only been detected on the chromosome and as such have poor transferability (Brown et al., 2005), 

this is evident by the lack of variability of species encoding the blaOXA-51-like gene. 

Most other OXA-like families are largely restricted to Acinetobacter spp., but since the first discovery 

of OXA-48-like enzymes in K. pneumoniae, OXA-48 has disseminated across a plethora of species 

including Enterobacteriaceae, Acinetobacter and Pseudomonas spp. (Evans et al., 2014b) raising 

fears of an epidemic.  
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Table 1.1: Comparison of carbapenem hydrolysing OXA-like subfamilies. 
The table compares the gene locus and host species between 14 carbapenem hydrolysing OXA-like subfamilies. (Evans et 
al., 2014a; Yoon et al., 2021). 

Enzyme group Location Host species 

OXA-23-like Plasmid Acinetobacter spp. 
Klebsiella pneumoniae 

OXA-24/40-like Plasmid Acinetobacter spp. 
Klebsiella pneumoniae 

Pseudomonas aeruginosa 

OXA-48-like Plasmid and chromosome Acinetobacter spp. 
Eneterobacteriaceae spp. 
Pseudomonas aeruginosa 
Shewanella xiamenensis 

OXA-51-like Plasmid and chromosome Acinetobacter spp. 
Eneterobacteriaceae spp. 

OXA-58-like Chromosome Acinetobacter spp. 
Eneterobacteriaceae spp. 

OXA-134a-like Plasmid and chromosome Acinetobacter lwoffi 

OXA-143-like Plasmid Acinetobacter baumannii 
Acinetobacter pittii  

OXA-211-like Chromosome Acinetobacter johnsonii 

OXA-213-like Chromosome  Acinetobacter calcoaceticus 

OXA-214-like Chromosome Acinetobacter haemolyticus 

OXA-229-like Chromosome Acinetobacter bereziniae 

OXA-235-like Chromosome Acinetobacter schindleri 

OXA-372-like Chromosome Citrobacter freundii 
Morganella morganii 

OXA-427-like Plasmid Enterobacterales 
 

 

1.5.3 The metallo-beta-lactamases: Imipenemase, Verona integron-encoded metallo-beta-

lactamase, and New-Delhi metallo-beta-lactamase 

Imipenemase was initially discovered in a Serratia marcescens isolate and was first sequenced in 

1993. IMP was identified as a class B MBL sharing only 38.9% and 35.9% amino acid sequence 

homology with fellow MBLs CBII and ccrA (Osano et al., 1994). Despite its initial discovery on the 

chromosome, IMP was later found on ǘǊŀƴǎƳƛǎǎƛōƭŜ ǇƭŀǎƳƛŘǎ ŀƴŘ ƛǘΩǎ ǾŀǊƛŀƴǘǎ ƘŀǾŜ ǎǇǊŜŀŘ Ǝƭƻōŀƭƭȅ 

between species (Papp-Wallace et al., 2011b). 

VIM was detected in 1998 in an isolate of Pseudomonas aeruginosa (P. aeruginosa) in Verona, Italy 

(Lauretti et al., 1999) Dissemination of VIM across other countries was imminent with VIM-2 and 

VIM-4 identified in France and Greece, respectively (Giske et al., 2006). Further dissemination 

between species was observed in K. pneumoniae and Enterobacter cloacae which expressed a new 

variant of VIM, VIM-5 (Makena et al., 2015a). Dissemination of VIM is facilitated by blaVIM occupancy 

on gene cassettes inserted in class 1 integrons (Lauretti et al., 1999).  

NDM was first identified in 2008, in an isolate of K. pneumoniae (Yong et al., 2009). Overall NDM has 

a broader substrate specificity and higher catalytic activity than both IMP-1 and VIM-2 which places 

this carbapenemase high on the list of beta-lactamases to monitor (Poirel et al., 2011b). 

Furthermore, NDM has disseminated across a wide array of species including Enterobacteriaceae, 

Acinetobacter, and Pseudomonas spp. (Jovcic et al., 2011; Poirel et al., 2011c; Bonnin et al., 2012). 
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1.5.4 Carbapenem producing organisms  

Carbapenemase producing organisms (CPO) are challenging for healthcare professionals to treat due 

to the large substrate profile of carbapenemases. KPC is the most common class A carbapenemase 

identified worldwide (Bush, 2010) and can hydrolyse all beta-lactams. A combinational therapy of a 

beta-lactamase inhibitor and a beta-lactam is required to treat KPC producing-CPO (Nordmann et al., 

2009). NDM, VIM, and IMP are all MBLs that have a broad substrate profile, the monobactam 

subgroup are the only beta-lactams which they are incapable of hydrolysing (Poirel et al., 2006; Yong 

et al., 2009; Makena et al., 2015b). Some pathogens producing the VIM-1 and VIM-4 variants were 

resistant to the monobactam aztreonam (Giske et al., 2006). This is a cause for alarm as VIM-1 and 

VIM-4 draw closer to conferring resistance towards all known beta-lactams. OXA-48-like enzymes 

exhibit low level hydrolytic activity against carbapenems (Poirel et al., 2004) yet are often detected 

in species who are resistant to carbapenems, due to other carbapenem resistance mechanisms such 

as the loss of porins (PHE, 2020b). As such, there is a high risk that phenotypic assays would not 

detect these species giving the potential for blaOXA-48 genes to spread undetected among permeable 

strains (PHE, 2020b). Treatment options for infections producing OXA-48 are co-administering a 

beta-lactamase inhibitor (clavulanic acid, sulbactam and tazobactam) with a beta-lactam (Naas 

et al., 1999). 

Infections with CPOs leave limited treatment options leading to a yearly increase of deaths related 

to AMR. Figures released by the CDC showed more than 2.8 million AMR infections were detected in 

the U.S. in 2019, and more than 35,000 deaths were attributed to AMR infections. The CDC have 

highlighted carbapenem-resistant Enterobacterales and carbapenem-resistant Acinetobacter as two 

of five urgent threats in the 2019 AR report (CDC, 2019a). 

Cassini et al. (2019) revealed that carbapenem-resistant P. aeruginosa, carbapenem-resistant 

Acinetobacter spp., and carbapenem-resistant K. pneumoniae as the 3rd, 5th, and 6th biggest causes of 

disability adjusted life years amongst AMR bacterial infections in the EU and EEA. In 2014 the UK 

prime minister called for a review on the threat of !awΣ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ǊŜǇƻǊǘ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨhΩbŜƛƭ 

ǊŜǇƻǊǘΩ ǿŀǎ ǇǊƻŘǳŎŜŘ ŀƴŘ ŀƛƳŜŘ ǘƻ ŀŘŘǊŜǎǎ ǘƘŜ ǎŜǾŜǊƛǘȅ ƻŦ !aw ŀƴŘ ǇǊƻǾƛŘŜ ǎƻƭǳǘƛƻƴǎ ǘƻ ǘƘŜ 

growing threat (O'Neill et al., 2014). TƘŜ hΩbŜƛƭ ǊŜǇƻǊǘ ŜǎǘƛƳŀǘŜŘ ǘƘŀǘ ƛƴ нлмп, 12,000 deaths related 

to AMR infections occurred in the UK; this report suggested that if the rate of deaths related to AMR 

increase yearly as it is currently, by 2050 10 million people will die from AMR infections. 

Figure 1.3 shows the prevalence of Enterobacteriaceae in 38 European countries, data is taken from 

self-assessment by each ƴŀǘƛƻƴΩǎ experts. In 2013, OXA-48 producing Enterobacteriaceae were the 

most frequency detected carbapenemase in Belgium, France, and Malta, whilst increasing positive 

isolates were reported in Ireland, Spain, and the UK. KPC producing Enterobacteriaceae were 

endemic to Italy, Malta, and Greece and it is the most disseminated in Europe. 
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Figure 1.3: Prevalence of carbapenemase producing Enterobacteriaceae by type of carbapenemase. 
CƛǾŜ ƎŜƻƎǊŀǇƘƛŎŀƭ ƳŀǇǎ ƻŦ 9ǳǊƻǇŜ ǎƘƻǿƛƴƎ ǘƘŜ ǇǊŜǾŀƭŜƴŎŜ ƻŦ ŜŀŎƘ ƻŦ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎ ŀŎǊƻǎǎ оу European 
countries. The diagram is adapted from (ECDC, 2013). 

 

According to the UKHSA (2021) ǿƘƻ ǇǊƻŘǳŎŜŘ ǘƘŜ 9ƴƎƭŀƴŘΩǎ ŦƛǊǎǘ ǊŜǇƻǊǘ ƻƴ ǘƘŜ ƭŀōƻǊŀǘƻǊȅ 

surveillance of carbapenemase producing gram negative bacteria, a total of 2186 carbapenemase 

producing Gram negative isolates were identified in England between October 2020 and September 

2021. The report detailed OXA-48-like was the most frequent cause of carbapenem-resistance and 

was observed in 41 % of all carbapenemase producers whilst NDM and KPC each made up 25 % of 

the 2186 isolates. The most common isolated carbapenemase-producing gram negatives were 

Klebsiella pneumoniae (32.1%), Enterobacter spp. (25.4 %), and E. coli (21.4%) (UKHSA, 2021). 

To prevent the spread of disease and dissemination of resistance genes there is currently a clinical 

unmet need for rapid testing to detect CPOs. Identifying CPOs through rapid testing enables health 

care professionals to promptly isolate the patient from others and provide the correct therapy, 

reducing the risk of mortality and spread of disease (Bonomo et al., 2017). 
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1.6 DETECTING CARBAPENEM RESISTANCE 

Currently, phenotypic methods are the gold standard for determining carbapenem-resistant 

organisms. All phenotypic techniques require culturing of bacteria, for instance the disc diffusion 

method is the technique recommended by the Clinical and laboratory standards institute (CLSI, 

2021) to identify carbapenem resistance. This technique cultures a clinical strain on an appropriate 

agar in the presence of discs containing a known concentration of a carbapenem. After a 16-24 h 

incubation at 35 °C zones of growth inhibition around each carbapenem disk are measured 

(see Figure 1.4), the concentration of carbapenems required to inhibit growth is called the minimum 

inhibitory concentration (MIC) (Sandle, 2016). The MIC is measured for each carbapenem and 

compared against clinical breakpoints set by CLSI in America (CLSI, 2021) or the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST) to provide guidance on the dose 

(EUCAST, 2020). Where the carbapenemΩǎ aL/ ǊŜǎƛŘŜǎ ƛƴ ǘƘŜ ōǊŜŀƪǇƻƛƴǘǎ ŘŜǘŜǊƳƛƴŜǎ ƛŦ ǘƘŜ ōŀŎǘŜǊƛŀ 

are sensitive, intermediate or resistant to that drug. This method ascertains the resistance profile 

but fails to specify the mechanism of resistance, which is crucial information when tracking 

resistance, ŀƴŘ ƛǘΩǎ ŘƛǎǎŜƳƛƴŀǘƛƻƴ ǘƘǊƻǳƎƘ ŀ ǇƻǇǳƭŀǘƛƻƴΦ  

 
Figure 1.4: Schematic of the disc diffusion phenotypic method. 
The figure shows the disc diffusion technique used to measure MIC of antibiotics towards cultured bacteria. Antibiotic 
discs, A, B, and C are placed on an agar plate and organisms from a clinical sample are cultured. After culture, the 
diameter of the growth inhibition around each antibiotic disc is measured to provide information on the MIC. 

Phenotypic techniques can be adapted to screen for specific classes of carbapenemase producers 

such as the modified Hodge test (MHT), Carba NP test, E-test, or broth microdilution by 

incorporating inhibitors of each class such as EDTA for class B carbapenemases (Walsh et al., 2002; 

Pasteran et al., 2015) or phenyl boronic acid (PBA) to inhibit class A carbapenemases (van Dijk et al., 

2014). However, these techniques lack the specificity molecular tests can achieve and both 

sensitivity and specificity vary between species (Nordmann et al., 2012; Tijet et al., 2013; Österblad 

et al., 2014). Enzymes with a low level of carbapenemase activity can cause false negative results 

whilst the presence of intrinsically encoded resistance genes can cause false positive results (Segal et 

al., 2005). 

Overall, phenotypic methods provide a resistance profile from which the correct treatment and dose 

can be determined. The time required to perform phenotypic screens limits its application at the 

point of care (POC). Currently, there is an unmet need to rapidly screen individuals for resistance, in 

doing so allows prompt intervention to take place such as isolation to prevent both the spread of 

disease and the dissemination of resistance. The time required to perform phenotypic screens can 

ŀƭǎƻ ōŜŎƻƳŜ ǇǊƻōƭŜƳŀǘƛŎ ƛƴ ǎŜǊƛƻǳǎ ƛƭƭƴŜǎǎŜǎ ǎǳŎƘ ŀǎ ǎŜǇǎƛǎ ǿŜǊŜ ŀ ǇŀǘƛŜƴǘΩǎ Ǌƛǎƪ ƻŦ ƳƻǊǘŀƭƛǘȅ 

increases 7.6-9 % for every hour that patient goes without an effective treatment (Kumar et al., 
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2006; Liu et al., 2017c). In instances such as this, the advent of rapid testing to determine resistance 

is essential. 

1.7 POINT OF CARE TESTS 

Point of care tests (POCT) can be performed at the site a ǎŀƳǇƭŜ ƛǎ ǘŀƪŜƴ ǎǳŎƘ ŀǎ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ōŜŘ ƛƴ 

a hospital, the GPs office or at home. POCT deliver rapid results that can inform users of the most 

appropriate actions. There are many well-known examples of everyday POCTs which include the 

glucose biosensor (Guilbault et al., 1973), pregnancy tests (Butler et al., 2001), and SARS-CoV-2 tests 

(Linares et al., 2020). The World Health Organisation (WHO) dictates a series of guidelines ς known 

as REASSURED ς which describes desired characteristics of POC techniques. The REASSURED 

guidelines, require the technique to be able to connect in real-time, ease of specimen collection, 

affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free and delivered to 

end-users (Peeling et al., 2006; Land et al., 2019). The REASSURED criteria aims to find the perfect 

balance of accuracy, affordability, and accessibility without compromising on these key characteristic 

(Figure 1.5) making the test applicable to all levels of healthcare particularly in developing countries. 

However, no test is perfect and trade-off between these characteristic have to be made (Land et al., 

2019). Studies have showed compromising on sensitivity for tests which are rapid have led to more 

patients being treated than relying on time-consuming laboratory based nucleic acid tests to 

diagnose patients, this is known as the rapid test paradox (Gift et al., 1999; Meggi et al., 2017). 

 
Figure 1.5: The three key characteristics of POCTs. 
The REASSURED criteria set out by WHO aims to find the sweet spot of accuracy, affordability and accessibility as shown 
in green. 

 

To put these guidelines into context; specific, sensitive, and rapid detection of pathogenic organisms 

are paramount to accurately diagnose and treat a patient appropriately. Appropriate and prompt 

treatment reduces the personal health impact of disease as well as the subsequent public health 

burden (Craw et al., 2012). Efficient diagnosis and treatment of pathogenic organisms can only be 
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applied globally if the cost and complexity of diagnostic tests are reduced, to make testing viable in 

resource limited regions (Craw et al., 2012).  

The thresholds for each criterion of REASSURED is not set in stone as the needs and demands for 

testing differs between disease and geographical location. Typically, a REASSURED POCT will deliver 

results within 1 hour, although the widely used nucleic acid POCTs that detects resistant mTB takes 

1h 45 min (Pathmanathan et al., 2017). Ideally the POCT would cost less than $10 although this 

could be prohibitive in high incidence regions and would preferably be equipment free but this is not 

essential as many battery powered portable POCTs have been designed and successfully 

implemented into diagnostic settings (Laksanasopin et al., 2015). Introducing real-time connectivity 

in POCTs aims to reduce errors in subjective interpretation of tests; agreement of diagnosis has been 

shown to vary 80-90 % between trained community health workers when interpreting rapid 

diagnostic tests (Turbé et al., 2021).  

1.8 MOLECULAR DIAGNOSTICS 

Since the Polymerase Chain Reaction (PCR) was first developed in 1983 (Mullis et al., 1986), 

molecular diagnostics have increasingly been implemented; the utilisation of PCR has engendered 

new approaches regarding biological and medical research (Garibyan et al., 2013). PCR uses 

opposing forward and reverse primers which are typically between 15-30 bases in length to 

exponentially amplify target nucleotide sequences (Lorenz, 2012). Nucleic acids are amplified 

through thermal cycling were a high temperature is applied to denature the double stranded DNA 

into single strands. The temperature is then lowered so specific primers can anneal to 

complementary sequences followed by increasing the temperature to facilitate strand extension by 

a Taq polymerase (Weier et al., 1988). The temperature which primers anneal is specific to the 

length and G/C content of the primers, the salt concentration of the PCR reaction, and the size of the 

amplicon; typically good primers range from 44 °C to 74 °C (Rychlik et al., 1990). Taq polymerase is 

optimally catalytic between 70-75 °C (Lawyer et al., 1993), therefore, the elongation steps are 

typically performed within this range. The denaturation steps are typically performed at 94 °C. It 

generally takes the thermocycler between 20-60 s to heat or cool the reactions to each desired 

temperature and allow sufficient time for annealing, elongation or denaturation to take place (Kim 

et al., 2008). After a full cycle of denaturation, annealing, and elongation the number of target DNA 

sequences double; the cycles are repeated to amplify DNA to a detectable level in a benchtop 

thermal cycler. Thermal cyclers require a lot of energy to efficiently heat and cool reactions to the 

required temperatures and it is this time taken to change temperatures which is the rate limiting 

step in amplification. PCR is capable of amplifying RNA, single stranded DNA, and double stranded 

DNA with the resulting products being many copies of the target duplex amplicon. For efficient 

amplification, forward and reverse primers should typically target sequences producing an amplicon 

less than 1000 bp in length but PCR can amplify much larger sequences (Lorenz, 2012).  

The PCR products are commonly visualised by staining the DNA with a fluorescent dye such as 

ethidium bromide which intercalates between the double strands, and each DNA fragment is 

separated by molecular weight and charge on an agarose gel across an electric field (Le Ru et al., 

2012). Performing PCR analysis using agarose gel electrophoresis provides a qualitative measure 

where separated DNA is visualised by eye, alternatively, real-time PCR provides more quantitative 

measurements offering information on the kinetics of the reaction. Real-time PCR utilises 

fluorescent molecules tagged to primers or sequence specific probes which emit fluorescence that 

can be measured in real time when the target sequence is amplified (Garibyan et al., 2013) thus 

reducing the time taken to observe results. PCR has successfully been applied in the field of 
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diagnostics by amplifying nucleic acids specific to multiple pathogenic genes in a single reaction 

(multiplexing) (Markoulatos et al., 2002; Nihonyanagi et al., 2012; Benitez et al., 2016), including the 

ΨōƛƎ ŦƛǾŜΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎ (Poirel et al., 2011d; Swayne et al., 2011; Monteiro et al., 2012). Detecting 

each amplified product from a one-pot multiplex reaction can be achieved by separation and 

visualisation by eye on agarose gels (Poirel et al., 2011d), using melting curves post-amplification to 

determine specific amplicons (Monteiro et al., 2012), and tagging amplicons with target specific 

fluorescent Taqman probes (Swayne et al., 2011). 

PCR can differentiate between single nucleotide polymorphisms and can amplify low gene copies 

making it highly specific and sensitive (Matsuda, 2017). PCR typically amplifies genes to a detectable 

level within (4-6 hours) which is an improvement over phenotypic assays which can take between 

24-72 h (Poirel et al., 2011d). Furthermore, by carefully designing primers PCR can amplify multiple 

targets in a single reaction reducing the cost and liquid handling times required to run multiple PCR 

reactions. For the past 39 years, PCR has been the gold standard for nucleic acid amplification (Craw 

et al., 2012). However, this technique has encountered several hindrances which have limited its 

global application, namely the requirement of expensive laboratory-based equipment and the 

necessity for high temperature thermal cycling (Mullis et al., 1986; Garibyan et al., 2013). The 

present-day necessity for quicker and more accessible nucleic acid amplification techniques (NAATs) 

has materialised - particularly in terms of developing POC devices.  

In an effort to miniaturise real-time PCR making the tests quicker and less labour-intensive 

ŎƻƳƳŜǊŎƛŀƭ ƪƛǘǎ ǘŀǊƎŜǘƛƴƎ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ƘŀǾŜ ǎǳŎŎŜǎǎŦǳƭƭȅ ōŜŜƴ ŘŜǎƛƎƴŜŘ ό¢ŀōƭŜ мΦнύΦ t/w ƛǎ ǘȅǇƛŎŀƭƭȅ 

performed in laboratories were primers, probes, dNTPs, buffers, Taq polymerase, and sample are 

mixed in a tube and the reaction is performed on a benchtop thermal cycler. Commercial kits 

streamline sample preparation, amplification and detection to reduce the risk of contamination, 

liquid handling steps, and reaction time. The commercial kits use cartridges that contain all the 

constituents required to perform real-time PCR for each target gene, all that is required is to add the 

sample to the cartridge and load it into the commercial hardware, which performs thermal cycling at 

optimised conditions. The two most widely used assays, Check-Direct CPE and the Xpert Carba-R by 

Cepheid both carry-out fully automated real-time PCR followed by fluorogenic detection, results are 

read within 1h 40 min (Nijhuis et al., 2013) and 47 min (Tenover et al., 2013b; Tato et al., 2016b), 

respectively. 

Not all carbapenemase variants are detected by the commercial kits (Table 1.2) and Cepheid have 

claimed the Xpert Carba-R can detect all blaKPC, blaOXA-48, blaNDM, blaVIM (except blaVIM-3, blaVIM-21, 

blaVIM-22), and blaIMP-1-like variants except blaIMP-7, and blaIMP-14 based off in-silico analysis (Table 1.2). 

Contrary to the in-silico analysis primers that were a match for blaIMP-8 and blaIMP-13 were not 

detected in-vitro (NICE, 2016; Cepheid, 2019; Gill et al., 2020) and the analytical sensitivity and 

specificity varied from 94-100 % (Findlay et al., 2015) and 77-99.4 % (Tenover et al., 2013b; Anandan 

et al., 2015a), respectively. The Check-direct CPE and BD max Check-points CPO assay state they are 

unable to detect blaVIM-7 (Nijhuis et al., 2013; MAX, 2021) and Novodiag CarbaR+ cannot detect 

blaVIM-21 and blaVIM-22 (Novodiag, 2021). Elitech group, Meridian Bioscience, and AusDiagnostics, have 

not declared the level of coverage provided by CRE ELITe MGB kits, Revogene Carba C assay, or the 

AusDiagnostics MT CRE EU kit, respectively, but independent studies have shown 100 % sensitivity 

for CRE ELITe MGB kit (Girlich et al., 2018) and Revogene Carba C assay (Sadek et al., 2020) whilst 

MT CRE EU kit showed 95.5% sensitivity (Meunier et al., 2018). Novodiag have not declared the level 

of coverage afforded by Novodiag CarbaR+ other than they target blaKPC, blaOXA-48, blaNDM, blaVIM and 

blaIMP but a study performed by Girlich et al (2021) evaluated Novodiag CarbaR+ and found that it 

detected a broad range of variants of each gene and successfully detected 11 blaIMP variants giving it 
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an overall sensitivity and specificity of 98.2 % and 99.7 %, respectively. The commercial multiplex kits 

Ŏŀƴƴƻǘ ŘŜǘŜŎǘ ŀƭƭ ǘƘŜ ǾŀǊƛŀƴǘǎ ƻŦ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ōŜŎŀǳǎŜ ƴew gene variants are being discovered and 

some gene families, namely blaIMP, are too genetically diverse to design a single set of primers to.  

The cost of each assay and the hardware required takes commercial kits away from the POC with 

costs per assay varying from £8 (CRE and ESBL ELITe MGB kits) to £45 (Novodiag Carba+) (Girlich et 

al., 2021) and the cost of hardware varying between £18000 (Check-direct CPE kit) (PHE, 2021) to 

£121308 (Xpert Carba-R) (NICE, 2016). Although, current commercial kits have improved both speed 

and eŦŦƛŎƛŜƴŎȅ ƻŦ ŘŜǘŜŎǘƛƴƎ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ carbapenemases the high cost of the hardware and 

necessity to use bulky mains powered laboratory hardware prevents these assays from being 

performed at the POC. 
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Table 1.2: Commercial PCR based carbapenemase diagnostic tests. 
/ƻƳƳŜǊŎƛŀƭ t/w ōŀǎŜŘ ŀǎǎŀȅǎ ŘŜǘŜŎǘƛƴƎ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎ ǿŜǊŜ ŜǾŀƭǳŀǘŜŘ ŦƻǊ ǘǳǊƴŀǊƻǳƴŘ ǘƛƳŜΣ Ŏƻǎǘ ƻŦ 
hardware, cost per test, level of coverage, sensitivity, and specificity. Information collated from (Tenover et al., 2013a; 
Anandan et al., 2015b; Findlay et al., 2015; Huang et al., 2015; Lau et al., 2015; NICE, 2016; Girlich et al., 2018; Meunier et 
al., 2018; Vanstone et al., 2018; Chung et al., 2020; Girlich et al., 2020; Lucena Baeza et al., 2020; Sadek et al., 2020; Girlich 
et al., 2021; PHE, 2021). 

Commercial 
kit 

Time 
(min) 

Cost 
per 

assay 
(£) 

Cost of 
hardware 

(£) 

Variants detected  
(in-silico) 

Variants 
not 

detected  
in-situ 

Sensitivity 
(%) 

Specificity 
(%) 

Xpert  
Carba-R 

(Cepheid) 

47 30 18077-
121308 

KPC-2 to 16 
OXA-162, 163, 181, 
204, 232, 244, 245, 

247 
NDM-1 to 9 
VIM-1 to 38 

(except VIM-3, 21, 
22) 

IMP-1, 3, 8, 9, 13, 
19, 20-22, 24, 25, 
27, 28, 30, 31, 33, 

37, 40, 42 

IMP-4, 7, 
8, 13, 14, 
18, 48, 

62 

94 - 100 77 - 99.4  

Check-direct 
CPE kit  
(Check-
Points) 

100 10-24 
 

18000 KPC-1 to 15 
OXA-48, 162, 163, 
181, 204, 232, 244, 

245 
NDM-1 to 8 
VIM-1 to 37  

(except VIM-7) 

OXA-163 
All IMP 

100 82 - 94 
 

BD MAX  
Check-

Points CPO 

150 10 80000 KPC-2 to 24 
OXA- 48, 162, 163, 
181, 204, 232, 244, 

245, 370 
NDM-1 to 16 
VIM-1 to 47  

(except VIM-7) 
IMP-1-4, 6, 8, 10, 
19, 20, 24, 25, 26, 
30, 34, 38, 40, 42, 

43, 52, 55 

OXA-535 
IMP-11, 
13, 14 

92 - 97.1 97 - 98.8 

CRE ELITe 
MGB kits  
(Elitech 
group) 

<180 8 >54900   100 100 

Novodiag 
CarbaR+ 

(Mobidiag) 

80 45 45000 KPC 1 to 24 
NDM 1 to 16 

OXA-48, 162, 163, 
181, 204, 232, 

244, 245, 247, 252, 
370, 405, 438, 484, 

517, 519, 793 
VIM-1 to 20, VIM-

23 to 46 

 98.2 99.7 
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Table 1.2 continued 

Revogene 
Carba C 
assay 

(Meridian 
Bioscience) 

70 44 10000-
50000 

  100 100 

Aus 
Diagnostics 
MT CRE EU 

<240 10-49 10000-
50000 

  95.5 99.8 

 

1.9 ISOTHERMAL AMPLIFICATION TECHNIQUES 

Performing DNA amplification at a single temperature (isothermal amplification) in place of thermal 

cycling as necessary in PCR aims to reduce cost, negate the use of centralised equipment, and 

increase the rate of amplification. To date there are several isothermal NAATs, as listed in Table 1.3 

(Craw et al., 2012). Primers when used in isothermal amplification techniques can anneal and 

subsequently extend at a single temperature allowing continuous amplification to occur.  

In all isothermal NAATs a polymerase enzyme is used to synthesis DNA; however, the techniques 

used to amplify DNA at a constant temperature vary from carefully designed primers that provide 

continuous amplification or enzyme mediated techniques that facilitate unzipping of the double 

helix. Examples of isothermal amplification techniques that employ specifically designed primers to 

facilitate continuous amplification are Loop-mediated isothermal amplification (LAMP), Smart 

amplification process version 2 (SMAP2) (Mitani et al., 2007), and rolling circle amplification (RCA). 

LAMP and SMAP2 both use 6 and five primers, respectively, that are both target-specific and 

self-priming producing large stem-loop DNA structures made of inverting repeats (Notomi et al., 

2000; Mitani et al., 2007), alternatively,  RCA uses circular probes to facilitate repetitive elongation 

of the same target sequence (Daubendiek et al., 1995). Examples of isothermal amplification 

techniques that use enzyme mediated DNA unzipping are Helicase dependent amplification (HDA) 

(Vincent et al., 2004b), Nicking enzyme amplification reaction (NEAR) (Van Ness et al., 2003), Nucleic 

acid sequence based amplification (NASBA) (Compton, 1991), and recombinase polymerase 

amplification (RPA) (Piepenburg. et al. 2006). Strand displacement amplification (SDA) uses 4 

primers two of which are designed with Hinc2 recognition sites and is therefore, a technique which 

employs specifically designed primers and enzymes to facilitate continuous amplification (Walker et 

al., 1992). 

Like PCR, probes and fluorescently labelled primers can be introduced into each isothermal reaction 

to detect amplified products (Zhao et al., 2015). By operating at a single temperature, the assays 

listed in Table 1.3 can be performed in a simple battery powered water bath bringing the techniques 

closer to the POC. However, all but HDA, SMAP 2, and RPA require an initial denaturation step to 

produce single stranded DNA before amplification can occur. Most isothermal amplification 

techniques have reaction times comparable to that of PCR but RPA, SMAP2, and NEAR have quicker 

reaction times than even the fastest PCR based commercial kit, Xpert Carba-R. 
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Table 1.3: Isothermal amplification techniques. 
Isothermal amplification techniques were evaluated by reaction time, number of primers used within a reaction, limit of 
amplification, and reaction temperature. (Walker et al., 1992; Lizardi et al., 1998; Notomi et al., 2000; Deiman et al., 2002; 
Van Ness et al., 2003; Vincent et al., 2004a; Piepenburg et al., 2006; Mitani et al., 2007; Tatsumi et al., 2008; Ménová et al., 
2012; Ménová et al., 2013; Zhao et al., 2015; Xu et al., 2018). 

Isothermal 
amplification 

technique 

Reaction 
duration (min) 

Number of 
primers 

Limit of 
amplification 
(gene copies) 

Reaction 

temperature (°C) 

Loop-mediated 
isothermal 

amplification (LAMP) 

60-90 4-6 6/25 µl 60-65 

Helicase dependent 
amplification (HDA) 

75-90 2 500/50 µl 65 

Rolling circle 
amplification (RCA) 

<90 2 20/50 µl 30-65 

Smart amplification 
process version 2 

(SMAP2) 

15-50 5 10/26 µl 60 

Nicking enzyme 
amplification 

reaction (NEAR) 

15 1 >10 55 

Nucleic acid 
sequence based 

amplification 
(NASBA) 

105 2 25-230 41 

Recombinase 
polymerase 

amplification (RPA) 

20 2 10/20 µl 37-42 

Strand displacement 
amplification (SDA) 

<120 2-4 10-50 37 

Despite isothermal amplification techniques having distinct advantages over PCR, their use in 

diagnostics is still in its infancy. Examples of multiplex isothermal techniques are abundant in the 

literature (Jarvius et al., 2006; Iseki et al., 2007; Andresen et al., 2009; Crannell et al., 2016) but no 

ǇǳōƭƛŎŀǘƛƻƴǎ ƘŀǾŜ ŀŎƘƛŜǾŜŘ ƳǳƭǘƛǇƭŜȄ ŀƳǇƭƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ carbapenemases. Alternatively, 

the Eazyplex superbug complete cre kit is a commercial assay which employs LAMP to amplify blaKPC, 

blaOXA-48, blaNDM, and blaVIM in four parallel singleplex reactions (Findlay et al., 2015) which 

exemplifies the difficulty to multiplex using LAMP. 

1.10 RECOMBINASE POLYMERASE AMPLIFICATION (RPA) 

Several publications have demonstrated RPAs ability to amplify 10-40 gene copies per 50 µl reaction 

(Euler et al., 2012a; Euler et al., 2012b; Amer et al., 2013; Crannell et al., 2016) and some groups 

have documented after a 1 h RPA reaction a single gene copy was detected (Piepenburg et al., 2006; 

Boyle et al., 2013b). RPA has a limit of amplification comparable to PCR but has better amplification 

efficiency and therefore, a quicker reaction time making it appealing for POCT (Euler et al., 2013). 

RPA exponentially amplifies DNA using opposing forward and reverse primers and three core 

proteins, T4 phage uvsX recombinase, T4gp32 single stranded binding protein, and a Bsu 

polymerase, which all perform optimally between 37-42 °C. As illustrated in Figure 1.6 the 

recombinase interacts with the primers and scans down dsDNA in search for Complementary DNA, 
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once found the recombinase facilitates strand exchange creating a D-loop in the double strand. 

Single stranded binding proteins bind to the opposing strand preventing homologous recombination, 

upon primer annealing to the complementary strand the recombinase hydrolyses ATP and 

dissociates. The Bsu polymerase is recruited to the 3 end of the primer and initiates simultaneous 

strand displacement of the opposing strand and DNA synthesis (Piepenburg et al., 2006). 

 
Figure 1.6 Schematic of Recombinase polymerase amplification. 
The recombinase in grey interacts with the forward (red) and reverse (blue) primer to scan down the DNA for a 
complementary sequence once found recombinase facilitates strand exchange and single stranded binding proteins (red 
circles) interact with the opposing strand. Bsu polymerase (purple) is recruited to the 3 of the primer and initiates DNA 
synthesis. These steps are repeated for the duration of the reaction. Based on figures from (Piepenburg et al., 2006). 

 

Amplification within RPA can be measured in real-time using exo and fpg probes. Both probes 

contain a fluorescent molecule, a quencher, and a tetrahydrofuran (THF) abasic site. Within the exo 

probe the abasic site separates the quencher and fluorophore alternatively, the fluorophore is linked 

to the abasic site within the fpg probe. AdditiƻƴŀƭƭȅΣ ōƻǘƘ ǇǊƻōŜǎ ŀǊŜ ōƭƻŎƪŜŘ ŀǘ ǘƘŜ оΩ ŜƴŘ ǘƻ 

prevent extension. Once the fpg probe hybridises to the target sequence the 8-oxoguanine DNA 

glycosylase (FPG) cleaves the linker between the fluorophore and the abasic site and fluorescence is 

emitted (Piepenburg et al., 2006). Alternatively, upon the exo probe hybridising to the target 

sequence an exonuclease (E. coli exonuclease III) cleaves the abasic site generating a free 3' end 

which functions as a forward primer enabling extension whilst separating the quencher and 

fluorophore were fluorescence develops typically generating a signal within 5-10 min (Hill-

Cawthorne et al., 2014). Because the exo probe is also used as a forward primer assays using exo 

probes are up to 3 orders of magnitude more sensitive than assays using fpg probes as 

demonstrated by Euler et al. (2012a). TwistDX have designed and marketed two devices, T8ISO and 

T16ISO, which have 2-channel and 3-channel fluorescent channels, respectively, enabling real time 

detection of multiple fluorophores. 

Many papers have successfully combined RPA with instrumentation-free readout systems such as 

lateral flow strips (Piepenburg et al., 2006; Crannell et al., 2014b; Crannell et al., 2016) and some 

studies have achieved multiplex RPA amplification combined with lateral flow readout (Crannell et 

al., 2016; Li et al., 2019b; Larrea-Sarmiento et al., 2021). Currently, TwistDX produce three forms of 

lateral flow strips for lateral flow readout U-star disposable nucleic acid lateral flow detection, 



18 
 

Milenia Hybridetect 1 which both have the capacity to detect single targets, and the PCRD nucleic 

acid detection which can detect two different targets (Poulton et al., 2018). 

wt!Ωǎ ŀōƛƭƛǘȅ ǘƻ ŀƳǇƭƛŦȅ ƴǳŎƭŜƛŎ ŀŎƛŘǎ ŀǘ ƭƻǿ ǘŜƳǇŜǊŀǘǳǊŜǎ ǿƛǘƘƻǳǘ ǊŜǉǳƛǊƛƴƎ ŀ 5b! ŘŜƴŀǘǳǊŀǘƛƻƴ 

step, reduces the need for equipment, potentially reduces costs, and makes the test more 

user-friendly, making RPA a promising application in developing a molecular POCT.  

1.11 MECHANISING CAPTURE AND DETECTION 

The most common methods of detecting amplified products within a laboratory are agarose gel 

electrophoresis and colourimetric readouts. Agarose gel electrophoresis separates nucleic acids 

through a gel; when a charge is applied the negatively charged nucleic acids migrate to the positive 

electrode (Serwer, 1983). The speed which the nucleic acids migrate through the gel is proportional 

to its size and charge (the smaller the fragment the quicker it migrates). Prior to DNA being loaded 

onto the gel, nucleic acids are incubated with a fluorescent nucleic acid stain which intercalates 

between base pairs allowing for DNA detection on the gel when excited with UV (Lee et al., 2012). 

Agarose gel electrophoresis is fantastic at separating a mixture of DNA fragments and when ran with 

molecular ruler can characterise specific nucleic acids based on molecular weight. However, the 

process is time consuming, restricted to the laboratory, requires trained-personnel, and expensive 

equipment.  

A more user-friendly form of detection is colourimetric readout. Colourimetric assays typically use 

an enzyme-based detection probe which binds specifically to the target in a sandwich assay. The 

most widely used colourimetric assay in molecular science is the Enzyme-linked immunosorbent 

assay (ELISA) which utilises antibodies to facilitate both capture onto a solid surface, typically a 

microtitre plate, and detection (Figure 1.7) (Engvall et al., 1971). Antibodies can bind nucleotides if 

they are tagged with recognition molecules such as biotin, digoxigenin, or fluorescein (Figure 1.7) 

(Crannell et al., 2016). Antibodies which are conjugated with an enzyme, typically HRP, bind the 

ǊŜŎƻƎƴƛǘƛƻƴ ƳƻƭŜŎǳƭŜ ƻƴ ǘƘŜ ƻǇǇƻǎƛƴƎ ǎǘǊŀƴŘ ŀƴŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ ŜƴȊȅƳŜΩǎ ǎǳōǎǘǊŀǘŜ ƛƴ ǘƘƛǎ 

instance TMB, a colour change occurs. The strength of the colour change is proportional to the 

concentration of the target nucleic acid bound to the surface of the well. Unlike Agarose gel 

electrophoresis a quantitative measurement can be obtained from the ELISA by measuring the 

absorbance of the well in a spectrophotometer.  

 
Figure 1.7: Example of an Enzyme-linked immunosorbent assay. 
Antibodies immobilised to a solid surface (blue) bind a recognition molecule tagged to the double stranded DNA and on 
the opposing strand a different recognition molecule is bound by a reporter antibody which is conjugated to HRP 
molecule. In the presence of hydrogen peroxide HRP catalyses the oxidation of TMB forming a blue colour change shown 
on the 96-well plate. 
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An alternative to ELISAs are Enzyme-linked oligonucleotide assays (ELONAs). ELONAs detect a range 

of target analytes but do so using oligonucleotides to facilitate capture and detection as an 

alternative to antibodies. Oligonucleotide structures which have high affinity and specificity to the 

target ligand are designed using combinatorial chemistry process known as systematic evolution of 

ligands by exponential enrichment (SELEX) (Drolet et al., 1996). The oligonucleotides generated 

using SELEX can easily be modified with recognition molecules to facilitate capture and detection, 

can be synthesised in many labs, and unlike antibodies will have the same binding properties (Drolet 

et al., 1996). 

The sandwich-based assay can also be transferred to alternative platforms to 96-well microtitre 

plates such as lateral flow strips. Lateral flow assays (LFAs) are paper-based platforms for direct 

detection of target analytes. A clinical sample is added on the sample pad of the lateral flow strip 

and through capillary action the sample migrates to the conjugate pad were reporter probes (most 

commonly a gold nanoparticle conjugated to an antibody) bind the target analytes (see Figure 1.8). 

The sample migrates through the matrix towards the absorbent pad and once at the detection zone 

the target analyte binds to an immobilised capture probe. This process all occurs in minutes and the 

results are observable by eye. LFAs can be adapted for multiplex detection by spatially separating 

detection zones on the membrane. LFAs have been implemented in many diagnostic tests most 

notably pregnancy (Butler et al., 2001) and Covid tests (Linares et al., 2020). The simplicity, 

portability, speed and low-cost of LFAs makes them a promising platform for POCT.  

 

 
Figure 1.8: Schematic of a lateral flow assay. 
The sample is transferred to the sample pad and through capillary action the sample flows up the strip towards the 
absorbent pad. At the conjugate pad the reporter (green antibody with red gold nanoparticle) binds the target analyte. 
The target analyte bound to the reporter probe is captured by the blue antibody at the detection zone. 

 

There are two classes of LFA, those that exploit antibodies, lateral flow immunoassay (LFIA) and 

those that do not, nucleic acid lateral flow assay (NALFA). Using oligonucleotides to facilitate both 

capture and detection eliminates the need for antibodies which reduces cost, avoids sacrifice of 

animal hosts and reduces the risk of batch-to-batch variation. Oligonucleotides can be synthesised 

with high reproducibility and are chemically stable meaning they will return to their natural form 

after denaturation (Jauset-Rubio et al., 2017). 
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Sensitive and ǎǇŜŎƛŦƛŎ [CL!ǎ ƘŀǾŜ ōŜŜƴ ŘŜǾŜƭƻǇŜŘ ǘƻ ŘŜǘŜŎǘ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ Ƴƻǎǘ ƴƻǘŀōƭȅ ǘƘŜ bD-Test 

Carba 5, RESIST-5 O.O.K.N.V., OXA-48 K-SeT, and IMP K-SeT (Wareham et al., 2016; Boutal et al., 

2018; Fauconnier et al., 2018; Kieffer et al., 2019; Han et al., 2021). However, these methods target 

antigens on the carbapenemase enzymes and cell culture is still required to achieve volumes for 

detection.  

1.12 INTEGRATING RPA CAPTURE AND DETECTION PLATFORMS  

As mentioned in section 1.9 TwistDX manufacture three types of lateral flow assays for the detection 

of RPA products. The lateral flow assays are compatible with the TwistAmp nfo kit sold by TwistDX. 

¢ƘŜ ƴŦƻ ƪƛǘ ǳǎŜǎ ŀƴ ǳƴƭŀōŜƭƭŜŘ ŦƻǊǿŀǊŘ ǇǊƛƳŜǊΣ р  ōƛƻǘƛƴ ƭŀōŜƭƭŜŘ ǊŜǾŜǊǎŜ ǇǊƛƳŜǊΣ ŀƴŘ ŀ ƴŦƻ ǇǊƻōŜ 

ŎƻƴǎƛǎǘƛƴƎ ƻŦ ŀ р  ŀƴǘƛƎŜƴƛŎ ƭŀbel carboxyfluorescein group (FAM), a THF abasic group separating the 

ŀƴǘƛƎŜƴƛŎ ƭŀōŜƭ ŀƴŘ ǘƘŜ о  ǇƻƭȅƳŜǊŀǎŜ ŜȄǘŜƴǎƛƻƴ ōƭƻŎƪŜǊΦ ²ƘŜƴ ǘƘŜ ƴŦƻ ǇǊƻōŜ ōƛƴŘǎ ǘƻ ǘƘŜ 

biotin-labelled antisense strand subsequent cleavage occurs by the E. coli endonuclease IV (nfo) 

ǊŜƭŜŀǎƛƴƎ ǘƘŜ о  ōƭƻŎƪŜǊ ŀƴŘ ƎŜƴŜǊŀǘƛƴƎ ŀ ŦǊŜŜ оϥ hI ƎǊƻǳǇ ǿƘƛŎƘ ǘƘŜ ǇƻƭȅƳŜǊŀǎŜ ǘŀǊƎŜǘǎ ŀƴŘ ƛƴƛǘƛŀǘŜǎ 

elongation producing a dual labelled amplicon (Piepenburg et al., 2006). 

Within the U-star disposable nucleic acid lateral flow and Milenia Hybridetect 1 assays species 

specific anti-FAM antibody coupled to a gold nanoparticle binds to the FAM molecule of the dual 

labelled amplicon and biotin binds to streptavidin immobilised at the detection zone on the lateral 

flow strip (Piepenburg et al., 2006). The PCRD NALFIA detects two probes, both probes are labelled 

ǿƛǘƘ ŀ ōƛƻǘƛƴ ƳƻƭŜŎǳƭŜ ŀǘ ǘƘŜ р  ŜƴŘ ŀƴŘ ǘƘŜ ǊŜǾŜǊǎŜ ǇǊƛƳŜǊǎ ŀǊŜ ǘŀƎƎŜŘ ǿƛǘƘ ŜƛǘƘŜǊ ŀ р digoxigenin 

ό5LDύ ƎǊƻǳǇ ƻǊ ŀ р  C!a ƳƻƭŜŎǳƭŜ ǘƻ ǇǊƻŘǳŎŜ ǘǿƻ Řǳŀƭ ƭŀōŜƭƭŜŘ ŀƳǇƭƛŎƻƴǎ ƻƴŜ ƭŀōŜƭƭŜŘ ǿƛǘƘ C!a ŀƴŘ 

biotin and the other labelled with DIG and biotin (Poulton et al., 2018). Within the PCRD NALFIA 

streptavidin labelled gold nanoparticles bind to the biotin of both amplicons and the amplicons are 

separated on the lateral flow strip by binding to either anti-FAM or anti-DIG antibodies at spatially 

separated detection zones.  

¦ǎƛƴƎ ¢ǿƛǎǘ5·Ωǎ ƴŦƻ ƪƛǘ ŀƴŘ ŎƻƳōƛƴŜŘ ƭŀǘŜǊŀƭ Ŧƭƻǿ ŀǎǎŀȅǎ ǊŜǎŜŀǊŎƘ ƎǊƻǳǇǎ ƘŀǾŜ ǇǊƻŘǳŎŜŘ ǎŜƴǎƛǘƛǾŜ 

assays which can detect as low as 10 gene copies/50 µl after a 25-40 min RPA reaction and 

subsequent detection on lateral flow which returns results within 5 min (Crannell et al., 2014a; 

Jaroenram et al., 2014; Kersting et al., 2014a). Research groups have combined RPA and LFIA 

ŘŜǘŜŎǘƛƻƴ ǿƛǘƘƻǳǘ ǳǎƛƴƎ ¢ǿƛǎǘ!ƳǇ ƴŦƻ ƪƛǘ ōȅ ƳƻŘƛŦȅƛƴƎ ǘƘŜ р  ŜƴŘ ƻŦ ǘƘŜ ŦƻǊǿŀǊŘ ŀƴŘ ǊŜǾŜǊǎŜ 

primers with recognition molecules which are detected with a streptavidin coated gold nanoparticle 

and captured by cognate antibodies onto the surface of Lateral flow strips (Crannell et al., 2014a; 

Crannell et al., 2016). 

Of interest Jauset-Rubio et al. (2016) have integrated RPA amplification and detection on NALFA by 

incorporating primers modified with single stranded oligonucleotides into RPA. Both the forward 

ŀƴŘ ǊŜǾŜǊǎŜ ǇǊƛƳŜǊǎ ŀǊŜ ƳƻŘƛŦƛŜŘ ǿƛǘƘ ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜǎ ŀǘ ǘƘŜ р  όǘŀƛƭǎύΣ ōŜǘǿŜŜƴ ǘƘŜ ǇǊƛƳŜǊ ŀƴŘ ǘƘe 

tail resides a C3 spacer which prevents DNA synthesis of the tails. When tailed primers are used 

ǿƛǘƘƛƴ 5b! ŀƳǇƭƛŦƛŎŀǘƛƻƴ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ŘǳǇƭŜȄ ŀƳǇƭƛŎƻƴ ƛǎ ŦƭŀƴƪŜŘ ǿƛǘƘ р  ǎƛƴƎƭŜ ǎǘǊŀƴŘŜŘ ǘŀƛƭǎΣ ǘƘŜ 

amplicon is able to bind gold nanoparticle conjugated to an oligonucleotide complementary to the 

reverse tail whilst the opposing tail hybridises to a complementary sequence immobilised at the 

detection zone (Figure 1.9). 
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Figure 1.9: Schematic of capture and detection of RPA amplicons ǳǎƛƴƎ р  tailed primers on lateral flow. 
The figure shows the proposed capture and detection of RPA amplicon using primers with р  single stranded tails, 
designed by Jauset-Rubio et al. (2016). The C3 spacer between the primer and tail blocks extension of the polymerase 
leaving single stranded tails. The tail (grey) modified to the forward primer (red) hybridises to a complementary 
sequence (green) immobilised onto the surface of a lateral flow strip through streptavidin (red diamond) biotin (blue 
circle) interactions. The tail (grey) modified to the reverse primer (blue) hybridises to a complementary sequence 
conjugated to a gold nanoparticle (reporter probe). 

1.13 RAMAN SCATTERING AND RESONANCE RAMAN SPECTROSCOPY  

Raman scattering is a non-invasive technique used to characterise compounds in real time. During 

Raman scattering a laser is shown onto a molecule of interest, the light from the laser excites 

electrons within the molecule taking them to a higher electronic state (Figure 1.10). Due to the 

transfer of energy from the photon to the excited oscillating electrons and the vibrational modes of 

the chemical bonds some photons produce a scattered light with less energy which produces a 

longer wavelength than the incoming light (see Figure 1.10) (John et al., 2017a). Raman scattering 

measures the vibrational fingerprint produced by oscillating electrons of an analyte when a source 

light is directed on it (Raman et al., 1928). The vibrational fingerprint is in the form of sharp Raman 
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peaks spanning across the resonance wavelength. The vibrational fingerprint is unique to that 

molecule making Raman scattering a highly selective technique that can distinguish between 

multiple structurally similar molecules.  

 
Figure 1.10: Schematic of the electronic energy levels of Raman and resonance Raman 

Raman scattering is a rare event and occurs approximately in 1 in every 106-108 million photons, 

most photons and their molecules remain unchanged after interactions and the photon is scattered 

at the same wavelength as the incident photon otherwise known as rayleigh scattering as shown in 

Figure 1.11 (Smith et al., 2019). For this reason Raman scattering lacks sensitivity (Smith et al., 2019) 

and techniques to improve the assay are required such as resonance Raman spectroscopy (Jensen et 

al., 2005a). As shown in Figure 1.10 by exciting a molecule with a laser whose frequency is close to 

the frequency of the electronic transition more energy is transferred from the photons of the laser 

to the molecule achieving a higher electronic state (Figure 1.10) causing more photons to undergo 

Raman scattering (John et al., 2017b).  
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Figure 1.11: Schematic of light scattering  
Excitation of a molecule using light from a laser directed onto it and producing a scattered light at a longer wavelength. 

Raman peaks are intensified when the frequency of the source light is in resonance with the 

electronic excited state of the molecule (Morton et al., 2009) this is known as resonance Raman 

spectroscopy (RRS). The enhanced Raman signal achieved by RRS is up to 6 orders of magnitude over 

Raman scattering (Jensen et al., 2005a). RRS can characterise multiple compounds in a single 

solution based on their unique Raman peaks within a spectra and does so in real time providing the 

potential for multiplexed analysis (Edwards, 2005). 

Portable handheld Raman readers have successfully been employed for the detection and 

differentiation of target analytes by many research groups (Owens et al.Σ нлмуΤ WŜƘƭƛőƪŀ et al., 2019; 

Sanchez et al., 2019a; Sanchez et al.Σ нлмфōΤ YƻǑŜƪ et al., 2020). Miniaturisation of Raman 

spectroscopy into a portable handheld reader makes RRS readout more applicable to the POC thus 

ŀŎƘƛŜǾƛƴƎ ǘƘŜ ΨŘŜƭƛǾŜǊŜŘ ǘƻ ǘƘŜ ŜƴŘ-ǳǎŜǊΩ ŎǊƛǘŜǊƛŀ ƻŦ REASSURED.  

1.14 PROJECT AIMS AND OBJECTIVES 

The end-point goal of this study was to develop a REASSURED POCT which incorporates RPA 

amplification within either a microfluidic device or on b![C! ǊŜŀŘƻǳǘ ǘƻ ŘŜǘŜŎǘ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ 

carbapenemases in a one-pot multiplex assay. The limits and characteristics of RPA will be 

investigated, such as limit of detection and dynamic range. Further investigations into alternative 

methods of detection will be carried out to produce ultra-sensitive assays such as RRS and SERS. 

¢ƘŜ ƛƴƛǘƛŀƭ ƻōƧŜŎǘƛǾŜ ǿŀǎ ǘƻ ƛŘŜƴǘƛŦȅ ƎŜƴŜǘƛŎ ōƛƻƳŀǊƪŜǊǎ ǳƴƛǉǳŜ ǘƻ ŜŀŎƘ ƻŦ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ 

carabapenemase genes, design primers that target each gene and to assess the viability of using 

these primers in singleplex and multiplex RPA reactions. 

The second objective was to develop a method to capture and detect the target amplicons using a 

bioinformatic approach; initially tailed primers and cognate sequences such as that demonstrated by 

Jauset-Rubio et al. (2016) will be assessed and validated for each gene within the laboratory.  

The third objective aims to transfer parallel multiplex reactions into a working one-pot multiplex 

reaction which can amplify and differentiate all five targets. To achieve a one-pot pentaplex assay 

the reverse primers must be modified with a tail sequence which is unique for that target gene, 
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therefore, mediating capture using complementary capture probes which are spatially separated. 

Lateral flow could be investigated as a platform for one-pot pentaplex detection with capture probes 

for each target spatially separated on the lateral flow strip. By spatially seperating each amplicon the 

same reporter probe can be used to detect all five targets for example, a gold nanoparticle 

conjugated to an oligonucleotide which is complementary to the free tails of each amplicon.  

The final objective was to investigate alternative forms of readout such as RRS which could improve 

the sensitivity of the assay making it ultra-sensitive.  
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2 MATERIALS AND METHODS 

2.1 MATERIALS 

Attenuated E. coli Top10 cells, PureYield plasmid midiprep system, and 100 µM dNTP were 

purchased from Promega. Synthetic plasmids containing blaKPC-2, blaOXA-48, blaNDM-1, blaVIM-2, blaIMP-1, 

Legionella pneumohila serogroup 1 wzm gene, and custom DNA oligonucleotides were all purchased 

from Integrated DNA Technologies. Biotin-TEG single stranded oligonucleotides (capture probes), 

Biotin-TEG forwarŘ ǇǊƛƳŜǊǎΣ ŀƴŘ рΩIwt ŎƻƴƧǳƎŀǘŜŘ ǎƛƴƎƭŜ ǎǘǊŀƴŘŜŘ ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜǎ όǊŜǇƻǊǘŜǊ 

probes) were purchased from Biomers.net. UltraPure Agarose 1000 and E-gel low-range quantitative 

DNA ladder were purchased from Invitrogen. 10,000x GelRed nucleic acid stain was purchased from 

Biotium. Nucleic acid loading buffer and EZ load 20 bp molecular ruler were provided by Bio-Rad. 

TwistAmp basic kit and TwistAmp Liquid basic kit were purchased from TwistDX. Pierce High binding 

streptavidin coated plates were provided by ¢ƘŜǊƳƻ CƛǎŎƘŜǊ {ŎƛŜƴǘƛŦƛŎΦ Yt[ ǎǳǊŜōƭǳŜ¢a. όоΣ оΩΣ рΣ рΩ-

tetramethylbenzidine) microwell peroxidase substrate was purchased from Seracare. Luria-Bertani 

(LB) broth low salt granulated was purchased from Melford. Sodium dodecyl sulfate (SDS), 

Formamide, Triton X-100, and Tween 20 were purchased from Sigma. Within this project PBS was 

made to pH 7.2 with 2.7 mM KCl, 1.5 mM KH2PO4, 8 mM Na2HPO4, 138 mM NaCl which were all 

purchased from Sigma.  

2.2 PLASMID TEMPLATE DNA ENCODING CARBAPENEMASE GENES  

Fasta files of the plasmids containing either blaKPC-2, blaOXA-48, blaNDM-1, blaVIM-2, or blaIMP-1 were 

provided with each synthesised plasmid from Integrated DNA Technologies. Each Fasta sequence 

was inputted into SnapGene Viewer which produced a plasmid map from which the promoter 

sequences and locations of the genes encoded on the plasmid were annotated. The plasmid 

encoding blaOXA-48 has been used as a representative example of the plasmid map generated by 

SnapGene viewer (Figure 2.1).  
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Figure 2.1: Representative example of the carbapenemase containing plasmid DNA templates.  
The plasmid map generated in SnapGene Viewer illustrates the position of the blaOXA-48 gene (green), beta-galactosidase 
(pink), ampicillin hydrolysing beta-lactamase (red), and the promoter sequences (blue). 

 

2.3 GENERAL LABORATORY TECHNIQUES 

2.3.1 Transformation 

Carbapenemase containing plasmid DNA was transferred into Top10 chemically competent E. coli 

cells. One hundred nanograms of plasmid DNA was transferred to one shot Top10 chemically 

competent cells, mixed via inversion and allowed to incubate at 4 °C for 30 min. Cells were 

transferred to a heat block at 42 °C for 30 seconds and placed in an iced water bath for 2 min as part 

of heat shock. After the 2 min incubation, 250 µL of LB media was transferred to the competent cells 

and incubated at 37 °C on a shaker set at 225 RPM for 1 h. The cell suspensions were plated onto 

solid LB agar containing ampicillin (100 µg/ml) to select for cells transformed with the ampicillin 

resistance containing plasmid. Cells were cultured at 37 °C for 18 h.  

2.3.2 Bacterial cell growth 

A colony from each agar plate was extracted and transferred to 50 ml of LB media containing 

ampicillin (100 µg/ml) for culture at 37 °C on a shaker set at 225 RPM for 20 h.  

2.3.3 Plasmid purification 

Pureyield plasmid midiprep system was used to extract and purify carbapenemase containing 

plasmids from the cultured TOP10 E. coli cells transformed with each carbapenemase containing 
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plasmid. Cell lysis was executed, and plasmid purification was performed using centrifugation as per 

ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ .ǊƛŜŦƭȅΣ пл Ƴƭ ƻŦ ŎǳƭǘǳǊŜŘ ŎŜƭƭǎ ǘǊŀƴǎŦƻǊƳŜŘ ǿƛǘƘ ƻƴŜ ƻŦ ŦƛǾŜ 

carbapenemase containing plasmids were processed and the plasmids were eluted in 200 µl 

nuclease free water. The protocol was repeated for each carbapenemase containing plasmid. 

2.3.4 Determining DNA concentration 

The Concentration of carbapenemase containing plasmid (template DNA) was determined using a 

Qubit 4 fluorometer (ThermoFischer scientific). The Qubit 4 fluorometer uses dsDNA specific dyes 

that emit fluorescence when bound to double stranded DNA and is deemed more sensitive than 

measuring UV absorbance which does not distinguish between RNA, single-stranded DNA, or 

degraded DNA and is prone to noise from contaminants such as salts, solvents, detergents, proteins, 

free nucleotides (Simbolo et al., 2013). Template DNA was measured using the Qubit dsDNA Broad 

Range (BR) assay kit (concentration range 0.1-2000 ng/µl) as per the manufacturers protocol. Briefly, 

Qubit dsDNA BR Reagent was diluted 1:200 in dH2O. For each use the fluorometer was calibrated 

using the provided DNA standards, a low DNA concentration standard was made by transferring 

10 µl of the low DNA standard provided into 190 µl of dsDNA BR working reagent, mixed using a 

pipette, vortexed and inserted into the Fluorometer, this was repeated with the high DNA standard. 

Ten microlitres from each aliquot of template DNA was transferred into Qubit tubes containing 

190 µl of dsDNA BR working reagent, mixed using a vortex and transferred into the Qubit 4 

fluorometer, triplicate readings were performed for each aliquot and the average DNA 

concentration was calculated.  

2.4 LIST OF PRIMERS AND OLIGONUCLEOTIDES 

2.4.1 Validating primer length within RPA  
Table 2.1: Sequences targeting the wzm gene used within RPA.  
Primers in the table are targeted to the wzm gene specific to the Legionella pneumophila serogroup 1 strain (accession 
number: HF678227.1). 

Primer length (nt) Forward primer Reverse primer 

27 TAATGATTGGATTAGGTATTGGTTTGG CAAGAGATAATGGATTAACAGCATACC 

23 TAATGATTGGATTAGGTATTGGT CAAGAGATAATGGATTAACAGCA 

19 TAATGATTGGATTAGGTATTG CAAGAGATAATGGATTAAC 

15 TAATGATTGGATTAGGTAT CAAGAGATAATGGATTA 

 

2.4.2 Mismatch analysis 
Table 2.2: Fully complementary and non-complementary sequences targeting the wzm gene used within RPA.  
Primers in the table are targeted to the wzm gene specific to the Legionella pneumophila strain. Nucleotides in red are base 
mismatches. 

Number of mismatches and 
their location 

Forward primer Reverse primer 

None TAATGATTGGATTAGGTATTGGT CAAGAGATAATGGATTAACAGCA 

One in the centre of both 
primers 

TAATGGTTGGATTAGGTATTGGT CAAGACATAATGGATTAACAGCA 

Two in the centre of both 
primers 

TAATGGTTGGATTAGGTGTTGGT CAAGACATAATGGATTAGCAGCA 

hƴŜ ŀǘ ǘƘŜ оΩ ŜƴŘ ƻŦ ōƻǘƘ 
primers 

TAATGATTGGATTAGGTATTGCT CAAGAGATAATGGATTAACAGTA 

¢ǿƻ ŀǘ ǘƘŜ оΩ ŜƴŘ ƻŦ ōƻǘƘ 
primers 

TAATGATTGGATTAGGTACTGCT CAAGAGATAATGGATTAAGAGTA 
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2.4.3 Primer screen  
Table 2.3: Primers targeting blaKPC.  
The number used to name each primer pair refers to the length of amplicon produced. 

Primer name Forward primer sequence Reverse primer sequence 

KPC 87 CATCTCGGAAAAATATCTGACAAC TTGGCGGCGGCGTTATCACTGTA 

KPC 114 TTCTGCTGTCTTGTCTCTCATGG CACCGATGGAGCCGCCAAAGTCC 

KPC 124 GCTTTCTTGCTGCCGCTGTGCTGG GTTGTCAGATATTTTTCCGAGATG 

KPC 204 TACAGTGATAACGCCGCCGCCAA GAGCCCAGTGTCAGTTTTTGTAA 

KPC 203 AATACAGTGATAACGCCGCCGCC CAGAGCCCAGTGTCAGTTTTTGTAAG 

 

Table 2.4: Primers targeting blaOXA-48.  
The number used to name each primer pair refers to the length of amplicon produced. 

Primer name Forward primer sequence Reverse primer sequence 

OXA 155 AAACAAGCCATGCTGACCGA GTGGGCATATCCATATT 

OXA 186 AACCAAGCATTTTTACC TTGATAAACAGGCACAAC 

OXA 194 TTAGCCTTATCGGCTGTGTT GGTAAAAATGCTTGGTT 

OXA 239 GTTGTGCCTGTTTATCAA TCGGTCAGCATGGCTTGTTT 

 

Table 2.5: Primers targeting blaNDM.  
The number used to name each primer pair refers to the length of amplicon produced. 

Primer name Forward primer sequence Reverse primer sequence 

NDM 129 CAACTGGATCAAGCAGGAGATCAACC GACAACGCATTGGCATAAGTCGC 

NDM 135 ATCAGGACAAGATGGGCGGTATG CATTGGCGGCGAAAGTCAGGCTG 

NDM 194 CAACTGGATCAAGCAGGAGAT CAACC CATTGGCGGCGAAAGTCAGGCTG 

NDM 205 CGGTTTGATCGTCAGGGATGGC CAACGCATTGGCATAAGTCGCAA 

NDM 214 GCTGAGCACCGCATTAGCCGCTG GCCATCCCTGACGATCAAACCG 

 

Table 2.6: Primers targeting blaVIM.  
The number used to name each primer pair refers to the length of amplicon produced. 

Primer name Forward primer sequence Reverse primer sequence 

VIM 46 ATGGTCTCATTGTCCGTGATGG GTATCAATCAAAAGCAACTCATC 

VIM 124 GATGAGTTGCTTTTGATTGATAC GGTCGTCATGAAAGTGCGTGGAG 

VIM 147 ATGGTCTCATTGTCCGTGATGG GGTCGTCATGAAAGTGCGTGGAG 

 

Table 2.7: Primers targeting blaIMP.  
The number used to name each primer pair refers to the length of amplicon produced. 

Primer name Forward primer sequence Reverse primer sequence 

IMP 189 GGAATAGAGTGGCTTAATTCTCG CCAAACCACTACGTTATCT 
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2.4.4 RPA in solution 
Table 2.8: Sequences targeting the Ψbig fiveΩ carbapenemases used within RPA in solution and ELONA detection.  
Forward primer sequences are in red. Reverse primer sequences are in blue. Five prime single stranded tails are in green. 

Target 
gene 

Capture probe Forward primer with 
tails 

Reverse primer with 
tails 

Reporter 
probe 

KPC 5' CTCTGTTGGGTCTTC 
TTTTTTTTTTTTTTT-
TEG-Biotin оΩ 

5' GAAGACCCAACAGAG-C3-
AATACAGTGATAACGCCGCCG
CC 3' 

5' TCAGGACACACTCTT-C3-
CAGAGCCCAGTGTCAGTTTT
TGTAAG 3' 

рΩ HRP-
AAGAGTGTGTCCT
GA 3' 

OXA-48 5' CGAGTGGAAGGTTC
G TTTTTTTTTTTTTTT-
TEG-Biotin оΩ 

5' CGAACCTTCCACTCG-C3-
GTTGTGCCTGTTTATCAA 3' 

5' TCAGGACACACTCTT-C3-
TCGGTCAGCATGGCTTGTTT 
3' 

рΩ HRP-
AAGAGTGTGTCCT
GA 3' 

NDM 5' AAGGTGTTCCAACT
ATTTTTTTTTTTTTTT-
TEG-Biotin оΩ 

5' TAGTTGGAACACCTT-C3-
CGGTTTGATCGTCAGGGATGG
C 3' 

5' TCAGGACACACTCTT-C3-
CAACGCATTGGCATAAGTC
GCAA 3' 

рΩ HRP-
AAGAGTGTGTCCT
GA 3' 

VIM 5' AACTTCGTAATGTA
GTTTTTTTTTTTTTTT-
TEG-Biotin оΩ 

5' CTACATTACGAAGTT-C3-
ATGGTCTCATTGTCCGTGATG
G 3' 

5' TCAGGACACACTCTT-C3-
GGTCGTCATGAAAGTGCGT
GGAG 3' 

рΩ HRP-
AAGAGTGTGTCCT
GA 3' 

IMP 5' TTGATAGCACAGGT
CTTTTTTTTTTTTTTT-
TEG-Biotin оΩ 

5' GACCTGTGCTATCAA-C3-
GGAATAGAGTGGCTTAATTCT
CG 3' 

5' TCAGGACACACTCTT-C3-
CCAAACCACTACGTTATCT 
3' 

рΩ HRP-
AAGAGTGTGTCCT
GA 3' 

 

2.4.5 Solid-phase RPA ς universal tails 
Table 2.9: Sequences of primers targeting the Ψbig fiveΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎ modified with a 5' single stranded universal tail  
and complementary reporter probe used within solid-phase RPA.  
Forward primer sequences are in red. Reverse primer sequence are in blue. Five prime single stranded tail is in green. 

Target 
gene 

Forward primer Tailed reverse primer Reporter probe 

KPC 5' Biotin-TEG-
AATACAGTGATAACGCCGCCGCC 3' 

5' TCAGGACACACTCTT -C3-
CAGAGCCCAGTGTCAGTTTTTGTAAG 3' 

рΩ Iwt-
AAGAGTGTGTCCTGA 3' 

OXA-48 5' Biotin-TEG-
GTTGTGCCTGTTTATCAA 3' 

5' TCAGGACACACTCTT -C3-
TCGGTCAGCATGGCTTGTTT 3' 

рΩ HRP-
AAGAGTGTGTCCTGA 3' 

NDM 5' Biotin-TEG-
CGGTTTGATCGTCAGGGATGGC 3' 

5' TCAGGACACACTCTT -C3-
CAACGCATTGGCATAAGTCGCAA 3' 

рΩ HRP-
AAGAGTGTGTCCTGA 3' 

VIM 5' Biotin-TEG-
ATGGTCTCATTGTCCGTGATGG 3' 

5' TCAGGACACACTCTT -C3-
GGTCGTCATGAAAGTGCGTGGAG 3' 

рΩ HRP-
AAGAGTGTGTCCTGA 3' 

IMP 5' Biotin-TEG-
GGAATAGAGTGGCTTAATTCTCG 3' 

5' TCAGGACACACTCTT -C3-
CCAAACCACTACGTTATCT 3' 

рΩ HRP-
AAGAGTGTGTCCTGA 3' 

 

2.4.6 Solid-phase RPA ς unique tails 
Table 2.10: Sequences of primers targeting the Ψbig fiveΩ carbapenemases with 5' single stranded unique tails and 
complementary reporter probes used in solid-phase RPA.  
Forward primer sequences are in red. Reverse primer sequences are in blue. Five prime single stranded tail are in green. 

Target 
gene 

Forward primer Tailed reverse primer Reporter probe 

KPC 5' Biotin-TEG-
AATACAGTGATAACGCCGCCGCC 3' 

5' TCAGGACACACTCTT -C3-
CAGAGCCCAGTGTCAGTTTTTGTAAG 3' 

рΩ HRP-
AAGAGTGTGTCCTGA 3' 

OXA-48 5' Biotin-TEG-
GTTGTGCCTGTTTATCAA 3' 

5'CTACATTACGAAGTT-C3-
TCGGTCAGCATGGCTTGTTT 3' 

5' HRP-
AACTTCGTAATGTAG 3' 

NDM 5' Biotin-TEG-
CGGTTTGATCGTCAGGGATGGC 3' 

5'GTA ACG ACA GAC AGT-C3-
CAACGCATTGGCATAAGTCGCAA 3' 

5' HRP-
ACTGTCTGTCGTTAC 3' 

VIM 5' Biotin-TEG-
ATGGTCTCATTGTCCGTGATGG 3' 

5'GACCTGTGCTATCAA-C3-
GGTCGTCATGAAAGTGCGTGGAG 3' 

5' HRP-
TTGATAGCACAGGTC 3' 

IMP 5' Biotin-TEG-
GGAATAGAGTGGCTTAATTCTCG 3' 

5'TAGTTGGAACACCTT-C3-
CCAAACCACTACGTTATCT 3' 

5' HRP-
AAGGTGTTCCAACTA 3' 
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2.5 RECOMBINASE POLYMERASE AMPLIFICATION 

2.5.1 Recombinase Polymerase Amplification in solution 

Recombinase polymerase amplification is distributed in several forms by TwistDX (section 1.9). 

Within this project two forms of RPA kit were used, The TwistAmp basic kit and the TwistAmp liquid 

ōŀǎƛŎ ƪƛǘΦ wŜŀŎǘƛƻƴǎ ǳǎƛƴƎ ǘƘŜ ¢ǿƛǎǘ!ƳǇ ōŀǎƛŎ ƪƛǘ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. Briefly, per reaction 2.4 µl of 10 µM forward primer, 2.4 µl of 10 µM reverse primer, 

29.5 µl of free rehydration buffer 2.5 µl of 25 mM dNTP mix, 10 µl of 0.1 ng/µl template DNA, and 

3.2 µl of dH2O was added to the lyophilised reaction pellet. The solution was inverted to mix and 

centrifuged followed by the addition of 2.5 µl of 280 mM Magnesium Acetate (MgOAc) to the lid and 

a second centrifuge step to initiate the reaction. Each reaction was incubated on a heat block at 37 

°C for 20 min. Four minutes into the 37 °C incubation the reactions were mixed using a microfuge 

and returned to the heat block for the remaining 16 min. After 20 min each reaction was stopped by 

placing the reaction at 4 °C. Reactions containing no ǘŜƳǇƭŀǘŜ όb¢/Ωǎύ ǿŜǊŜ ǳǎŜŘ ŀǎ negative 

controls. 

2.5.2 Agarose gel electrophoresis 

Nucleic acids were separated using agarose gel electrophoresis. In this technique an electric current 

is used to move nucleic acids through pores within a matrix of agarose polymers. Commonly, TAE or 

TBE buffer is used within gel electrophoresis, the cations and anions within both buffers carry the 

electrical current whilst maintaining a low conductivity medium (Sanderson et al., 2014). The 

phosphate backbone of nucleic acids are negative, therefore, in an electric field nucleic acids will 

migrate to the anode. The rate at which each nucleic acid migrates to the anode is dependent on 

pore size, type of agarose, buffer, voltage applied, nucleic acid conformation, and the size of the 

nucleic acids (Aaij et al., 1972). The smaller the pores and the greater the molecular mass of the 

fragment the slower the nucleic acids move through the matrix. After separation nucleic acids can be 

visualised using UV light when stained with an appropriate dye. Gels are mixed with intercalating 

dyes such as GelRed and when bound to DNA fluoresce under UV light (Lee et al., 2012). 

The products of RPA reactions were separated by size on a 3 % (w/v) agarose gel. Agarose was 

melted in 0.5x TBE buffer (Tris-boric acid-EDTA buffer) (47 mM Tris, 45 mM boric acid, 1.3 mM EDTA) 

with 0.01% (v/v) GelRed nucleic acid stain and gels were cast. TBE was used rather than TAE as it has 

shown to provide better separation of smaller DNA fragments than TAE (Sanderson et al., 2014). 

Eight microlitres of each RPA reaction was mixed with 4 µl of nucleic acid loading buffer, 5 µl from 

each mixture was transferred into separate wells of the agarose gel alongside an EZ load 20 bp 

molecular ruler for molecular weight estimation and E-gel low-range quantitative DNA ladder to 

determine quantity of DNA. Electrophoresis was performed at 100 V for 2 h. An image of the 

resulting gel was taken using a Bio-Rad ChemiDoc XRS+. Densitometry was performed using Image 

lab software provided by Bio-Rad. 

2.5.3 Enzyme-linked oligonucleotide assay (ELONA) 

Oligonucleotides can be used to both capture and detect target molecules in a sandwich assay. 

Within an Enzyme-linked oligonucleotide assay (ELONA) capture oligonucleotides are bound to a 

surface such as a 96-well microtiter plate whilst the reporter oligonucleotide is conjugated to an 

enzyme, commonly, horseradish peroxidase (HRP) (Drolet et al., 1996). Within ELONA, detection of 

the target analyte is facilitated through the addition of a detection substrate which when catalysed 

by the enzyme elicits a colour change that can be quantified by measuring the absorbance. 
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High binding capacity streptavidin coated wells were washed three times with 200 µl of PBS-tween 

(0.05% v/v) before being functionalised with 50 µl of 12.5 nM Biotin TEG capture probe in PBS and 

left to incubate overnight on a plate shaker set to 240 RPM at 4 °C. Three subsequent wash steps 

using 200 µl of PBS-tween (0.05% v/v) were performed prior to transferring RPA reactions to each 

well and incubating at room temperature for 1 h on a plate shaker set at 240 RPM. Unless stated 

otherwise RPA reactions were diluted by a factor of 5 in 4x SSC with additives (0.6 M NaCl, and 

0.06 M Sodium Citrate, 0.1% SDS (w/v), 1.4% Triton X-100 (v/v), and 5% formamide (v/v)).  

Immediately after incubation at room temperature three wash steps with 200 µl of PBS-tween 

(0.05% v/v) were performed and 50 µl of 1 nM reporter probe diluted in 4x SSC with additives was 

transferred to each well and incubated for 1 h at room temperature on a plate shaker set at 

240 RPM. Subsequently three wash steps were performed using 200 µl of PBS-tween (0.05% v/v) 

and finally, 100 µl of TMB microwell peroxidase substrate was transferred to each well. The 

absorbance in each well was measured at 630 nm using a Tecan infinite M200 plate reader. 

2.5.4 Combined Solid-phase Recombinase Polymerase Amplification and ELONA analysis 

RPA was mediated directly on the surface of a streptavidin coated well by using a 5' biotin-TEG 

forward primer functionalised on the well negating the use of a capture probe to immobilise the RPA 

amplicons generated ex situ. High binding capacity streptavidin coated wells were washed three 

times with 200 µl of PBS-tween (0.05% v/v) and functionalised with 50 µl of 480 nM Biotin-Teg 

forward primer at 4 °C overnight on a plate shaker set at 240 RPM. RPA liquid basic kit master mix 

ǿŀǎ ƳŀŘŜ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜŦƭȅΣ ǇŜǊ ǊŜŀŎǘƛƻƴ нр µl of 2x reaction buffer, 

4 µl of dH2O, 3.6 µl of 25 mM dNTP mix, 5 µl of 10x E-mix, 2.4 µl of 10 µM reverse primer, 2.5 µl of 

20x core reaction mix and 2.5 µl of MgOAc were transferred to an Eppendorf vortexed to mix and 

centrifuged. After functionalising each well with forward primer each well was washed three times 

with 200 µl of PBS-tween (0.05% v/v) and 45 µl of RPA liquid basic kit mastermix was transferred to 

all but three wells which instead contained 50 µl of PBS (PH 7.2). Five microlitres of dH2O was 

transferred to three wells containing master mix, these wells are the NTCs. Template DNA was 

spiked into the remaining wells typically ranging from 463 pM-911 aM, the plate was covered with a 

plate seal and incubated at 37 °C for 40 min on a plate shaker set at 240 RPM unless otherwise 

stated in the results. Immediately after incubation wells were washed three times with 200 µl of 

PBS-tween (0.05% v/v) and 50 µl of 20 nM reporter probe was transferred to each well and 

incubated for 45 min at room temperature on a plate shaker set to 240 RPM. Subsequent three 

wash steps with 200 µl of PBS-tween (0.05% v/v) were initiated prior to transferring 100 µl of TMB 

microwell peroxidase substrate to each well and the absorbance was measured at 630 nm using a 

Tecan infinite M200 plate reader.  

2.5.5 Resonance Raman Spectroscopy  

After solid-phase RPA reactions were performed as detailed in section 2.5.4, 300 µl of TMB was 

added to each well and allowed to develop for 5 min before transferring 250 µl of each TMB/Charge 

Transfer Complex (CTC) solution to separate glass vials for analysis. One-hundred percent ethanol 

was used as a standard for the snowy range instrument CBEx handheld Raman reader. The laser 

within the Raman reader was set to power 5 emitting at 630 nm and the integration time was set to 

2 s to measure the Raman fingerprint of each solution. The Raman spectra generated for each 

solution was saved as both spc and RMN files and sent to a collaborator, Dr Waleed Hassanain 

(Strathclyde University) who utilised Matlab software to translate the intensity across the Raman 

wavelength. 
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2.6 STATISTICAL ANALYSIS  

Semi-log dose-response curves were generated using Origin pro (OriginLab, 2021), Coefficient of 

determination (R squared) was calculated to 5 decimal points for each curve and the standard 

deviations were calculated for each point on the curve. The limit of detection (LOD) for each curve 

was calculated as the sum of the mean absorbance of the no template controls (NTCs) plus three 

times the standard deviation (Equation 1). A factor of three was applied to the standard deviation to 

provide a confidence interval of >95 %. A LOD with a 95% confidence interval was calculated for each 

curve as the value of the percentile of t-distribution and the degrees of freedom (n-1, were n is 

equal to the number of replicates) (see equation 2). The assays use 3 replicates for each point 

therefore the degrees of freedom is 2 and by using t-distribution table a factor of 2.92 is required to 

infer a confidence interval of 95 % (Armbruster et al., 2008). By multiply the standard deviation by 3 

this thesis reports LOD with >95 % confidence interval. 

ὒὕὈὃὺὩὶὥὫὩσz „ 

Equation 1: Equation used to calculate the limit of detection (LOD) were  ̀is standard deviation. 

ὒὕὈ А ὸρ ὥȟὲ ρ„ 

Equation 2: Equation used to calculate the LOD were µblank is the average of the blank measurements, t is the multiplier 
for the given a and degrees of freedom, 1-a is the percentile of t-distribution, n-1 is degrees of freedom were n is equal to 
the number of replicates, and ̀ is the standard deviation. 

The limit of detection was converted into gene copy numbers using Equation 3. 

ὋὩὲὩ ὧέὴώ ὲόάὦὩὶ ὢ ὲὫzφȢπςςρὼρπ άέὰὩὧόὰὥὶ ύὩὭὫὬὸ έὪ ὸὩάὴὰὥὸὩρzὼρπ 

Equation 3: Two-part equation used to calculate gene copies were X is the value of starting template DNA. 

2.7 BIOINFORMATIC STUDIES AND ALIGNMENT OF CARBAPENEMASE 

VARIANTS 

FASTA files for each carbapenemase variant identified up to 03.04.2018 were obtained from the 

Comprehensive Antibiotic Resistance Database (CARD) (Alcock et al., 2020) and the National Center 

for Biotechnology Information (NCBI). Jalview (Waterhouse et al., 2009) was used to align nucleotide 

sequences of each variant and up to five sets of primers were designed to conserved sequences of 

each of the carbapenemase genes. The propensity of primers to form secondary structures in the 

form of primer dimers (homodimers and heterodimers) and hairpin formations were predicted using 

the Oligoanalyzer software provided by Integrated DNA Technologies (IDT) (Owczarzy et al., 2008). 

The sequences of each primer are listed in Tables 2.3-2.7. 

2.8 ASSESSING SPECIFICITY OF PRIMERS DESIGNED AGAINST THE ΨBIG FIVEΩ 

CARBAPENEMASES 

A false positive screen was performed in collaboration with Dr Matthew Pocock, Newcastle 

University. A script was designed to perform BLAST searches and mine the NCBI nucleotide database 

for genes which have regions of homology to the primers that were designed. The script obtained 

the Genbank files for each hit annotated with either KPC, OXA-48, NDM, VIM, or IMP followed by 
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removing these from the hit ƭƛǎǘ ƭŜŀǾƛƴƎ ƻƴƭȅ ƎŜƴŜǎ ǘƘŀǘ ŀǊŜ ƴƻǘ ŀƴƴƻǘŀǘŜŘ ǿƛǘƘ ŀƴȅ ƻŦ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ 

carbapenemases. The protein sequences for all known true positives (hits annotated with either 

KPC, OXA-48, NDM, VIM, or IMP) were aligned and using the hidden Markov model a profile for each 

target gene was made. The six frame translations of each όƴƻƴ ΨōƛƎ ŦƛǾŜΩ ŀƴƴƻǘŀǘŜŘύ hit were 

compared against the profile. If the translated hit aligns with the profile, it proves this hit is an 

unannotated carabapenemase gene and the hit is re-annotated as that gene. As a second measure 

the location of the re-annotated hits within the profile are cross-checked with the regions which the 

primer bind, if these regions overlap the re-annotated gene is removed from the list of hits. For 

specific primers which are homologous to the target gene the final file will have removed all BLAST 

hits leaving an empty file. 

 

 

2.9 DESIGN OF SINGLE STRANDED TAILS, CAPTURE AND REPORTER PROBES 

In collaboration with Dr Matthew Pocock (Newcastle University), a bespoke script was designed that 

exploited a random sequence generator, Primer 3 and NCBI nucleotide blast. Initially, six 

oligonucleotides all 15 nucleotides in length were randomly generated, using primer 3, the script 

cross-checked complementarity across: self-complementarity of each oligonucleotide, the five 

alternative oligonucleotides produced by the random sequence generator, the reverse complement 

of each oligonucleotide, and all 10 primers targeted to blaKPC, blaOXA-48, blaNDM, blaVIM, and blaIMP. If 

five or more consecutive nucleotides were complementary with any of these sequences all six 

oligonucleotides were rejected and the process was restarted with 6 new oligonucleotides being 

randomly generated. The aforementioned script generated six oligonucleotides which were used to 

modify the 5 ends of the forward and reverse primers used in RPA in solution (Table 2.8) and 

solid-phase RPA (Tables 2.9 and 2.10).  

2.10 COMPUTING 

2.10.1 Jalview 

Jalview (Waterhouse et al., 2009) was used to align sequences of multiple variants and provided a 

platform for visualising base mutations across all sequences enabling the identification of conserved 

regions across all variants which primers were designed to.    

2.10.2 Oligoanalyzer 

Potential secondary structures formed between multiple primers (primer dimers) and hairpin 

structures was predicted using Oligoanalyzer (Owczarzy et al., 2008). The likelihood of each structure 

forming was calculated as the change in Gibbs free energy (ɲG). The properties of each primer was 

calculated using the following conditions: 1.8 mM dNTPs, 0mM Na+, 14 mM Mg2+, 0.48 mM 

oligonucleotides and at 25 °C. 

2.10.3 Snap gene viewer 

SnapGene Viewer (Science, 2018) was used create plasmid maps shown in 2.2 and to annotate the 

sequences of blaKPC-2, blaNDM-1, blaOXA-48, blaVIM-2, and blaIMP-1 highlighting the conserved regions across 

all variants identified up to 03.04.2018. 
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2.10.4 Image lab 

Image lab (Bio-Rad Laboratories, 2017) software was used to capture, analyse and annotate images 

taken by Bio-Rad imaging hardware. Using a standard with known molecular weights the molecular 

weight of DNA was determined. A quantitation ladder was used in each gel as a reference for Image 

lab software to calculate the amount of DNA from the optical density of each band on the gel. 

2.10.5 Nucleotide BLAST 

Nucleotide BLAST (Altschul et al., 1997) searches were performed to identify similarity between the 

query nucleotide and the sequenced nucleotides within the database. Searches can be adjusted to 

return hits that are either highly similar, somewhat similar, or more dissimilar sequences to the 

query. The search returns a list of hits with the scientific name, description, query coverage, 

accession number, and E-value. 

2.10.6 Origin Pro 

Origin Pro (OriginLab, 2021) was utilised to produce graphs, fit sigmoidal dose-response curves, and 

analyse data-points for their closeness of fit to the curve in the terms of the coefficient of 

determination. 

2.10.7 Primer 3 

Primer 3 (Rozen et al., 2000) was used to identify regions of complementarity between the six 

oligonucleotides used as single stranded tails. Primer 3 was used to identify complementarity 

between the six tails and each primer targeting the Ψbig fiveΩ carbapenemases, and the sequences 

used for the capture and reporter probes.  

2.10.8 Expasy 

Expasy translate (Gasteiger et al., 2003) was employed to translate the coding regions of blaKPC-2, 

blaOXA-48, blaNDM-1, blaVIM-1, and blaIMP-1 into 6 frame amino acid translations. 

2.10.9 UCSF Chimera 

UCSF Chimera software (Pettersen et al., 2004) was used to visualise and annotate crystal structures 

taken from the protein database (PDB).  
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3 BIOINFORMATIC DESIGN OF PRIMERS TARGETING THE ΨBIG FIVEΩ 

CARBAPENEMASES 

3.1.1 Identifying all documented variants of each of the Ψbig fiveΩ carbapenemase genes 

¢ƘŜ ŦƛǊǎǘ ǎǘŜǇ ƛƴ ǘŀǊƎŜǘƛƴƎ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ carbapenemases was to identify all the variants of each gene 

documented. Variants can differ from the wild type carbapenemase by a single base mutation or 

more, to ensure all variants of the target carbapenemases are detected the coding regions of each 

variant must be obtained to identify the conserved regions to which primers can be designed. Gene 

variants and their nucleotide sequences were searched for within the Bioproject provided by NCBI 

database (https://www.ncbi.nlm.nih.gov/bioproject/). The Bioproject records the representative DNA 

sequences that encode resistance mechanisms towards antibiotics. Multiple sources were employed 

to collate the records but the main contributors are the Lahey group, Resfinder, the Center for 

Veterinary Medicine at the Food and Drug Administration, the Comprehensive Antimicrobial 

Resistance Database (CARD), and the Institute Pasteur. With multiple data sources and antimicrobial 

sentry surveillance programmes set up worldwide such as Fluit et al. (2000), Gales et al. (2012), and 

Diekema et al. (2001) which have screened patient with antimicrobial resistant bloodstream, skin, 

and soft tissue infections from European, Latin America, and the north American hospitals, 

respectively, to determine the AMR profile and input the genome sequences to NCBI and the 

bioproject. Initially, within this project searches were performed up to 03.04.2018 which retrieved a 

total of 33, 14, 21, 55, and 70 variants for blaKPC (Table 3.1), blaOXA-48 (Table 3.2), blaNDM (Table 3.3), 

blaVIM (Table 3.4), and blaIMP (Table 3.5), respectively.  
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Table 3.1: List of blaKPC variants identified and their associated accession numbers.  

Gene variant Accession number 

BlaKPC-1 AF297554.1 

BlaKPC-2 AY034847.1 

BlaKPC-3 AF395881.1 

BlaKPC-4 AY700571.1 

BlaKPC-5 EU400222.2 

BlaKPC-6 EU555534.1 

BlaKPC-7 EU729727.1 

BlaKPC-8 FJ234412.1 

BlaKPC-9 FJ624872.1 

BlaKPC-10 GQ140348.1 

BlaKPC-11 HM066995.1 

BlaKPC-12 HQ641421.1 

BlaKPC-13 HQ342889.1 

BlaKPC-14 JX524191.1  

BlaKPC-15 KC433553.1 

BlaKPC-16 KC465199.1 

BlaKPC-17 KC465200.1 

BlaKPC-18 KP681699.1 

BlaKPC-19 KJ775801.1 

BlaKPC-20 MF772496.1 

BlaKPC-21 LN609376.1 

BlaKPC-22 KM379100.1 

BlaKPC-23 NG_060569.1 

BlaKPC-24 KR052099.1 

BlaKPC-25 KX844826.1 

BlaKPC-26 KX619622.1 

BlaKPC-27 KX828722.1 

BlaKPC-28 KY282958.1 

BlaKPC-29 KY563764.1 

BlaKPC-30 KY646302.1 

BlaKPC-31 NG_055494.1 

BlaKPC-32 NG_055495.1 

BlaKPC-33 NG_056170.1 
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Table 3.2: List of blaOXA-48-like variants identified and their associated accession numbers.  

Gene variant Accession number 

BlaOXA-48 AY236073.2 

BlaOXA-162 HM015773.1 

BlaOXA-163 HQ700343.1 

BlaOXA-181 JN205800.1 

BlaOXA-199 JN704570.1 

BlaOXA-204 JQ809466.1 

BlaOXA-232 JX423831.1 

BlaOXA-244 JX438000.1 

BlaOXA-245 JX438001.1 

BlaOXA-247 JX893517.1 

BlaOXA-370 KF900153.1 

BlaOXA-405 KM589641.1 

BlaOXA-436 NG_049722.1 

BlaOXA-535 KX828709.1 

 

Table 3.3: List of blaNDM variants identified and their associated accession numbers. 

Gene variant Accession number 

BlaNDM-1 FN396876.1 

BlaNDM-2 JF703135.1 

BlaNDM-3 JQ734687.1 

BlaNDM-4 JQ348841.1 

BlaNDM-5 JN104597.1 

BlaNDM-6 JN967644.1 

BlaNDM-7 JX262694.1 

BlaNDM-8 AB744718.1 

BlaNDM-9 KC999080.2 

BlaNDM-10 KF361506.1 

BlaNDM-11 KP265939.1 

BlaNDM-12 AB926431.1 

BlaNDM-13 LC012596.1 

BlaNDM-14 KM210086.1 

BlaNDM-15 KP735848.1 

BlaNDM-16 KP862821.1 

BlaNDM-17 KX812714.1 

BlaNDM-18 KY503030.1 

BlaNDM-19 MF370080.1 

BlaNDM-20 KY654092.1 

BlaNDM-21 MG183694.1 
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Table 3.4: List of blaVIM variants identified and their associated accession numbers. 

Gene variant Accession number Gene Variant Accession number 

BlaVIM-1 Y18050.2 BlaVIM-29 JX311308.1 

BlaVIM-2 AF191564.1 BlaVIM-30 JN129451.1 

BlaVIM-3 AF300454.1 BlaVIM-31 JN982330.1 

BlaVIM-4 AY135661.1 BlaVIM-32 JN676230.2 

BlaVIM-5 AY144612.1 BlaVIM-33 JX258134.1 

BlaVIM-6 AY165025.1 BlaVIM-34 JX013656.1 

BlaVIM-7 AJ536835.1 BlaVIM-35 JX982634.1 

BlaVIM-8 AY524987.1 BlaVIM-36 JX982635.1 

BlaVIM-9 AY524988.1 BlaVIM-37 JX982636.1 

BlaVIM-10 AY524989.1 BlaVIM-38 KC469971.2 

BlaVIM-11 AY605049.2 BlaVIM-39 KF131539.1 

BlaVIM-12 DQ143913.1 BlaVIM-40 NG_050368.1 

BlaVIM-13 DQ365886.1 BlaVIM-41 KP771862.1 

BlaVIM-14 EF055455.1 BlaVIM-42 KP071470.1 

BlaVIM-15 EU419745.1 BlaVIM-43 KP096412.1 

BlaVIM-16 EU419746.1 BlaVIM-44 KP681696.1 

BlaVIM-17 EU118148.2 BlaVIM-45 KP681695.1 

BlaVIM-18 AM778091.1 BlaVIM-46 KP749829.1 

BlaVIM-19 FJ822963.1 BlaVIM-47 KT954134.1 

BlaVIM-20 GQ414736.1 BlaVIM-48 KT964061.1 

BlaVIM-21  BlaVIM-49 KU663374.1 

BlaVIM-22 FJ499397 BlaVIM-50 KU663375.1 

BlaVIM-23 GQ242167.1 BlaVIM-51 KU746270.1 

BlaVIM-24 HM855205.1 BlaVIM-52 KX349731.1 

BlaVIM-25 HM750249.1 BlaVIM-53 KX788872 

BlaVIM-26 FR748153.1 BlaVIM-54 KY508061.1 

BlaVIM-27 HQ858608.1 BlaVIM-55 MG552720.1 

BlaVIM-28 JF900599.1 BlaVIM-56 MG834535.1 
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Table 3.5: List of blaIMP variants identified and their associated accession numbers. 

Gene variant Accession number Gene variant Accession number 

BlaIMP-1 S71932.1 BlaIMP-38 HQ875573.1 

BlaIMP-2 AJ243491.1 BlaIMP-39 MK507818 

BlaIMP-3 AB010417.1 BlaIMP-40 AB753457.1 

BlaIMP-4 AF244145.1 BlaIMP-41 AB753458.1 

BlaIMP-5 AF290912.1 BlaIMP-42 AB753456.1 

BlaIMP-6 AB040994.1 BlaIMP-43 AB777500.1 

BlaIMP-7 AF318077.1 BlaIMP-44 AB777501.1 

BlaIMP-8 AF322577.2 BlaIMP-45 KJ510410.1 

BlaIMP-9 KC543497.1 BlaIMP-46 MK507819 

BlaIMP-10 AB074433.1 BlaIMP-47 KP050486 

BlaIMP-11 AB074436.1 BlaIMP-48 KM087857 

BlaIMP-12 NG_049175.1 BlaIMP-49 KP681694 

BlaIMP-13 AJ550807 BlaIMP-50  

BlaIMP-14 AY553332 BlaIMP-51 LC031883 

BlaIMP-15 AY553333 BlaIMP-52 LC055762 

BlaIMP-16 AJ584652 BlaIMP-53 NG_049215 

BlaIMP-17 NG_049180 BlaIMP-54 NG_049216 

BlaIMP-18 AY780674 BlaIMP-55 KU299753 

BlaIMP-19 EF118171 BlaIMP-56 KU351745 

BlaIMP-20 AB196988 BlaIMP-57  

BlaIMP-21 AB204557 BlaIMP-58 KU647281 

BlaIMP-22 DQ361087 BlaIMP-59 KX196782 

BlaIMP-23 NG_049187 BlaIMP-60 LC159227 

BlaIMP-24 EF192154 BlaIMP-61 KX462700 

BlaIMP-25 EU541448 BlaIMP-62 KX753224 

BlaIMP-26 GU045307.1 BlaIMP-63 KX821663 

BlaIMP-27 JF894248.1 BlaIMP-64 KX949735 

BlaIMP-28 JQ407409.1 BlaIMP-65 KY315991 

BlaIMP-29 HQ438058.1 BlaIMP-66 LC190726 

BlaIMP-30 NG_049195 BlaIMP-67 MF281100 

BlaIMP-31 KF148593.1 BlaIMP-68 NG_055584 

BlaIMP-32 JQ002629.1 BlaIMP-69 MF678349 

BlaIMP-33 JN848782.2 BlaIMP-70 MG748725 

BlaIMP-34 AB715422.2 BlaIMP-71 MG818167 

BlaIMP-35 JF816544.1 BlaIMP-72 MH021847 

BlaIMP-36  BlaIMP-73 MH021848 

BlaIMP-37 JX131372.1   
 

 

There are no records for blaVIM-21, blaIMP-36, blaIMP-50, and blaIMP-57 either in the literature or within the 

NCBI database, therefore, no sequences are available for these variants. It is possible that these 

variants are redundant and do not have associated genes. 

3.1.2 Nucleic acid alignment  

The coding regions of all variants for each ƻŦ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ carbapenemases were aligned and 

visualised within Jalview. The OXA-48-like family has been used as a representational example of the 

ŀƭƛƎƴƳŜƴǘ ǾƛǎǳŀƭƛǎŜŘ ƛƴ WŀƭǾƛŜǿ όCƛƎǳǊŜ оΦмύΣ ƛƳŀƎŜǎ ƻŦ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ΨōƛƎ ŦƛǾŜΩ alignments are 

provided in the Appendix (Figures 9.1-9.4).  
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Figure 3.1 Alignment of blaOXA-48-like variants.  
Alignment of blaOXA-48, blaOXA-162, blaOXA-163, blaOXA-181, blaOXA-199 blaOXA-204, blaOXA-232, blaOXA-244, blaOXA-245, blaOXA-247, 
blaOXA-370, blaOXA-405, blaOXA-436, and blaOXA-535 was performed using Jalview. Conserved bases are represented as clear 
blocks with a dot in the centre. Nucleotides are coloured individually guanine in red; cytosine in orange; adenosine in 
green; thymine in Blue. N residues are base deletions from the consensus sequence.  
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Conserved regions across all variants were manually identified. Figure 3.2 shows the conserved 

sequences which are potential biomarker primer binding sites across the variants. Across 33 variants 

of blaKPC only 20 base mutations reside within the first 721 bases providing 10 fully conserved 

regions to which primers can be designed against. Although blaOXA-48 has the least number of 

variants, blaOXA-436 shares 84.5 % sequence similarity with blaOXA-48, leaving only six conserved regions 

ranging from 17-20 bases in length throughout the entire alignment. Across 21 variants of blaNDM 

there only 17 base mutations across 813 total bases providing 10 large regions which primers can be 

designed against. It is impossible to design fully complementary forward and reverse primers that 

target all 55 variants of blaVIM, but if the most genetically distant variant, BlaVIM-7 is excluded, five 

conserved regions across the remaining 54 variants are available to design primers against. BlaVIM-7 

has only been documented three times, one isolate in Brazil (Balero de Paula et al., 2017) and two 

isolates in USA (Toleman et al., 2004; Aboufaycal et al., 2007). Furthermore blaVIM-7 remains 

susceptible to eǊǘŀǇŜƴŜƳ ŀƴŘ ƛǘΩǎ ƘȅŘǊƻƭȅǘƛŎ ŀŎǘƛǾƛǘȅ ƻŦ ŎŜǇƘƭŀǎǇƻǊƛƴǎ ƛǎ ǾŀǊƛŀōƭŜ (Borra et al., 2011) 

therefore, it is currently deemed to be of low clinical relevance. Therefore, blaVIM-7 was excluded 

from the primer design and Figure 3.2 due to its divergence which cause difficulties with primer 

design. Many multiplex PCR based assays do not detect blaVIM-7 (Table 1.2 of section 1.7) because of 

its high level of divergence from other variants within the VIM family (Lau et al., 2015; Girlich et al., 

2020; Probst et al., 2021). 

 

Figure 3.2: Conserved regions across the Ψbig 5Ω.  
Fully conserved regions across (33, 14, 21, 70, and 54 out of 55) variants identified up to 03.04.2018 of blaKPC, blaOXA-48, 
blaNDM, blaIMP and blaVIM respectively (blaVIM-7 excluded). Conserved regions are depicted in green with the base numbers 
labelled. SnapGene Viewer (Insightful Science. 2018). 
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3.1.3 9ǾŀƭǳŀǘƛƴƎ wŜŎƻƳōƛƴŀǎŜ tƻƭȅƳŜǊŀǎŜ !ƳǇƭƛŦƛŎŀǘƛƻƴΩǎ performance using conventional PCR 

length primers 

The lack of sequence homology between the 70 variants of blaIMP dictated only short fully conserved 

sequences (8 bp maximum), which is less than optimal for primer design, this led to the questions 

άƘƻǿ Ƴŀƴȅ ƳƛǎƳŀǘŎƘŜǎ ōŜǘǿŜŜƴ ǇǊƛƳŜǊ ŀƴŘ ǘŀǊƎŜǘ ǎŜǉǳŜƴŎŜ Ŏan ōŜ ǘƻƭŜǊŀǘŜŘ ƛƴ wt!Κέ !ƴŘ άǿƘŀǘ 

ǎƛȊŜ ǇǊƛƳŜǊǎ Ŏŀƴ ōŜ ǘƻƭŜǊŀǘŜŘ ƛƴ wt!Κέ. 

Piepenburg et al. (2006) states RPA performs optimally using primers between 30-35 bases but PCR 

length primers are compatible with RPA although, amplification kinetics will be slower (TwistDX, 

2021). As complementary regions across variants of blaOXA-48-like, blaVIM, and blaIMP are less than 30 

bases, the viability of using shorter primers in RPA must be investigated. 

To investigate amplification efficiency of RPA using primers sets shorter than 30 bases, four primer 

sets (Table 2.1) were designed to the same loci on a well-studied Legionella pneumophila serogroup 

1 gene, wzm. Forward and reverse primers 27, 23, 19, and 15 bases in length were incorporated into 

RPA reactions and analysed via agarose gel electrophoresis (2.5.1 and 2.5.2). 

RPA was able to amplify the target sequence to a detectable level on an agarose gel (Figure 3.3) 

when primers 15 bases in length were used. Less intense bands near the expected amplicon size 

(180 bp) are observed when primers shorter than 23 bases in length were used. Amplicons are 

separated on the agarose gel at a heavier than expected molecular weight, this anomaly could be 

due to the presence of crowding agents, single stranded binding proteins, and recombinase within 

the sample which retards the migration of DNA on the agarose gel. The retarded migration of RPA 

products is observed within the literature (Glais et al., 2015; Londoño et al., 2016; Babu et al., 2017) 

and will be described in more depth in section 4.4.1. With the understanding that RPA can amplify 

DNA using primers as short as 15 bases in length enabled the design of primers which target all 14 

variants of the blaOXA-48-like family and 54 variants of blaVIM. 

Interestingly, it appears that the longest primer pair (27 bases in length) produced low molecular 

weight products consistent with primer dimers which are represented as the bands between 

60-80 bp in Figure 3.3. Primer dimers are a re-occurring problem when using RPA and several 

examples can be found in the literature (Rohrman et al., 2012a; Kersting et al., 2014b; Hu et al., 

2017), the longer the primers are the higher the risk of producing secondary structures such as 

primer dimers. Despite blaKPC and blaNDM having large, conserved regions across all variants, shorter 

sequences around 23 bases in length will be targeted to design primers against with the aim of 

reducing the risk of forming primer dimers as described previously. Primers which are 23 bases in 

length produced a large amount of amplicon thus reassuring that primers at this length are 

appropriate. 
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Figure 3.3: Comparison of different primer lengths in an RPA assay performed for 20 min at 37°C. 
Agarose gel electrophoresis (3 %) for RPA products using 1 ng of template DNA. Lane M molecular weight marker. 
Primer sets were performed in duplicate with a no template control (NTC). Red marks highlight bands with saturated 
optical densities. The amplicon is predicted to be 180 bp. 

 

3.1.4 Evaluating Recombinase PolymeǊŀǎŜ !ƳǇƭƛŦƛŎŀǘƛƻƴΩǎ ǘƻƭŜǊŀƴŎŜ ŦƻǊ mismatches  

Reports in the literature of the number of mismatches tolerated within RPA is variable, using primers 

between 31 and 35 bases in length Abd El Wahed et al. (2013), Boyle et al. (2013a) and Daher et al. 

(2015) demonstrated amplification can still occur when using primers with 5, 6 and 9 mismatches to 

their target, respectively. Daher et al. (2015) ŜǎǘŀōƭƛǎƘŜŘ ǘƘŀǘ wt!Ωǎ ŀōƛƭƛǘȅ ǘƻ ǘƻƭŜǊŀǘŜ ƳƛǎƳŀǘŎƘŜǎ ƛǎ 

dependent on the location of the mismatches on the primer and the G/C content of the target 

sequence. Like PCR, mutations at the 3' end of the primer are more deleterious to wt!Ωǎ ŜŦŦƛŎƛŜƴŎȅ 

ǘƘŀƴ ƛƴǘǊƻŘǳŎƛƴƎ ƳƛǎƳŀǘŎƘŜǎ ƛƴǘŜǊƴŀƭƭȅ όп ōŀǎŜǎ ƻǊ ƳƻǊŜ ŦǊƻƳ ǘƘŜ оΩ ǘŜǊƳƛƴŀƭ ōŀǎŜύ ƻǊ ŀǘ ǘƘŜ рΩ ŜƴŘΦ 

Mutations at the 3' end of the primer interfere with Bsu polymerase elongation (Daher et al., 2015). 

However, Abd El Wahed et al. (2013), Boyle et al. (2013a), and Daher et al. (2015) all used primers 

which were 30+ bases in length as recommended by TwistDX. Due to the lack of homology between 

variants of blaOXA-48-like, blaVIM, and blaIMP, primers used within this project will be shorter than 

30 bases. 

To investigate the effect of using primers shorter than 30 bases in length with mismatches towards 

their target sequence, primer sets (Table 2.2) were designed to the same loci on a well-studied 

Legionella pneumophila serogroup 1 gene, wzm. Five sets of primers all 23 bases in length were 

investigated: a set that was fully complementary to the target sequence was used as a reference 

pair. Sets with either one or two mismatches were incorporated at the centre or the 3' end of both 

the forward and reverse primers to investigate the effect location and number of mismatches have 

on amplification. Each primer set was incorporated into RPA reactions as detailed in 2.5.1 and 

analysed via agarose gel electrophoresis (2.5.2).  

The primer sets were tested for RPA amplification efficiency against the wzm target gene and the 

quantity of amplicon at the expected product size (180 bp) was measured for each set. It was 

apparent that mismatches to the target sequence were poorly tolerated within RPA and only 

primers with one central mismatch were able to amplify the target to a detectable intensity 

(Figure 3.4). Furthermore, the quantity of amplicon was reduced when primers with a single central 

mismatch were used in RPA compared to fully complementary primers. The presence of DNA 

concatemers is observed when primer sets with 2 central mismatches and 1 mismatch at the 3' end 

were used. DNA concatemers have been observed within PCR and a possible explanation for this 
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anomaly could be due to recombination of primers onto random sequences within the reaction 

(Faulhammer et al., 2000; Sakamoto et al., 2000). RPA reactions contain a RecA recombinase 

protein, it is probable that base substitutions decrease the complementarity between primers and 

target and during RPA produce non-specific amplified products of different sizes creating the 

concatemer effect observed in Figure 3.4. Alternatively, the repetitive banding observed in 

Figure 3.4 is comparable to the banding pattern produced during arbitrarily primed PCR (AR-PCR). 

This phenomena is the result of amplification occurring at sufficiently low temperatures allowing 

primers to anneal to non-homologous sequences (mis-priming) producing stochastic amplified 

products (Welsh et al., 1990) which appear as repetitive concatemer like banding on agarose gels. 

The results demonstrate that it is advisable for primers which are shorter than 30 nucleotides in 

length to contain no mismatches with the target sequence; however, RPA can tolerate primers 

containing a single central mismatch but the amount of amplicon produced was reduced. 

 

 
Figure 3.4: Analysis of primers with mismatches.  
Agarose gel electrophoresis (3 %) for RPA products using 1 ng of template DNA. Lane Q - low range quantitation ladder; 
lane M - molecular weight marker; lane B - blank;. The amplification profile of each primer set was analysed in duplicate 
with a no template control (NTC). The amplicon is predicted to be 180 bp. 

 

3.1.5 Determining the most clinically relevant variants of blaIMP 

The longest conserved sequence across all 70 variants of blaIMP was eight nucleotides (Figure 3.2). As 

demonstrated in Figure 3.4 RPA can tolerate a single central mismatch in both primers and primers 

with 2 or more mismatches fail to amplify the target. Therefore, it is impossible to design primers 

that would target and successfully amplify all 70 variants.  

The global prevalence of each variant was recorded to determine clinical relevance (Table3.6). 

Within Table 3.6 the number of mismatches between variants and primers are listed, this column is 

relevant for the next section. After extensive literature searches and mining published sequences 

within the NCBI database only variants documented five or more times within clinical samples were 

considered for targeting primers against. For instance, out of the fifteen documented isolates of 

blaIMP-29 producing bacteria fourteen were detected in wastewater samples and only one was 
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observed in a human host (Jeannot et al., 2012; Slekovec et al., 2012; Khan et al., 2018). Thirty-six 

variants have only been documented once in human clinical samples and a total of 45 variants have 

been documented less than five times leaving 25 variants which are deemed as the most clinically 

relevant by the standards set out in this project.  
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Table 3.6: Overview of global incidence of each blaIMP variant and primer mismatches across those variants.  
Please note there are 52 variants with perfect primers (marked green) and 8 variants with one mismatch which are likely to 
yield positive assay coverage (marked orange) and variants with two or more mismatches are likely to yield poor assay 
coverage are marked in red of which 5 are against clinically significant variants. 

Documented cases Variant of blaIMP Number of mismatches 
between the sequence 
and the forward and 

reverse primer 
(forward,reverse) 

References 

20+ BlaIMP-1 0,0 (Matsumura et al., 
2017b; Wang et al., 

2020a) 

20+ BlaIMP-2 0,0 (Wang et al., 2020a) 

20+ BlaIMP-4 0,2 (Matsumura et al., 
2017b; Liu et al., 2021) 

20+ BlaIMP-6 0,0 (Seok et al., 2011; 
Matsumura et al., 

2017b) 

20+ BlaIMP-7 0,0 (Gibb et al., 2002; 
Papagiannitsis et al., 

2017b) 

20+ BlaIMP-8 0,0 (Yan et al., 2002; 
Chouchani et al., 2013; 

Matsumura et al., 
2017b) 

20+ BlaIMP-9 0,0 (Yang et al.; Xiong et al., 
2006; Qu et al., 2009) 

20+ BlaIMP-10 0,0 (Chouchani et al., 2013; 
Silva et al., 2015) 

20+ BlaIMP-13 0,1 (Chouchani et al., 2013; 
Matsumura et al., 

2017b) 

20+ BlaIMP-14 0,0 (Matsumura et al., 
2017b) 

20+ BlaIMP-15 0,0 (Garza-Ramos et al., 
2008; Gilarranz et al., 
2013; Bayssari et al., 

2014) 

20+ BlaIMP-18 0,0 (Wolter et al., 2009a; 
Martinez et al., 2012) 

41 BlaIMP-26 0,2 (Koh et al., 2010; Huang 
et al., 2012; Xia et al., 
2012; Kim et al., 2013; 

Lascols et al., 2013; 
Peirano et al., 2014; 
Dolejska et al., 2016; 
Kateete et al., 2016; 

Tada et al., 2016; 
Matsumura et al., 2017a; 

Gorrie et al., 2018) 

29 BlaIMP-19 0,0 (Neuwirth et al., 2007; 
Yamamoto et al., 2011; 

Pollini et al., 2012; 
Yamamoto et al., 2012) 

20 BlaIMP-11 0,0 (Jones et al., 2004; 
Sugimoto et al., 2010; 
Takahashi et al., 2010; 

Zhao et al., 2012; Koyano 
et al., 2013; Tunyapanit 
et al., 2013; Yamamoto 

et al., 2013) 
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Table 3.6 continued  

Documented cases Variant of IMP Number of mismatches 
between the sequence 
and the forward and 

reverse primer 
(forward,reverse) 

References 

18 + 2 in 
wastewater 

BlaIMP-22 0,0 (Duljasz et al., 2009; 
Pellegrini et al., 2009; 

Viedma et al., 2012; Miró 
et al., 2013; Pena et al., 
2014; Zamorano et al., 

2015; Ortega et al., 
2016) 

12 BlaIMP-5 0,0 (Da Silva et al., 2002; 
Brízio et al., 2006; Da 

Silva et al., 2010; Grosso 
et al., 2015) 

12 BlaIMP-25 0,0 (Liu et al., 2012; Yu et al., 
2016; Kim et al., 2017) 

12 BlaIMP-38 0,2 (Jian et al., 2014; Lai et 
al., 2017; Papagiannitsis 

et al., 2017a) 

7 BlaIMP-16 2,0 (Mendes et al., 2004; 
Eser et al., 2009; Ana et 
al., 2010; Scheffer et al., 

2010; Fehlberg et al., 
2012; Picão et al., 2012) 

8 + 18 in swine BlaIMP-27 1,2 (Dixon et al., 2016; 
Mollenkopf et al., 2017; 

Potter et al., 2018) 

6 BlaIMP-34 1,0 (Shigemoto et al., 2013; 
Tada et al., 2016) 

6 BlaIMP-48 0,0 (Kazmierczak et al., 
2016) 

5 BlaIMP-43 0,0 (Tada et al., 2013) 

5 BlaIMP-63 0,0 (Liapis et al., 2019) 

1 + 14 in 
wastewater 

BlaIMP-29 0,0 (Fournier et al., 2012; 
Jeannot et al., 2012; 
Slekovec et al., 2012; 
Gbaguidi-Haore et al., 

2018; Khan et al., 2018) 

2  BlaIMP-45 0,0 (Yuan et al., 2017; Liu et 
al., 2018a) 

2 BlaIMP-35 1,2 (Pournaras et al., 2013; 
Pfennigwerth et al., 

2015) 

2 BlaIMP-40 0,0 (Notake et al., 2013) 

2 BlaIMP-42 0,0 (Notake et al., 2013) 

2 BlaIMP-55 0,0 (Azizi et al., 2016; 
Shakibaie et al., 2017) 

2 BlaIMP-67 1,2 (Kubota, 2017; Stanton, 
2017) 

2 BlaIMP-70 0,0 (Iwata et al., 2020) 

1 + 1 in swine BlaIMP-64 1,2 (Deshpande, 2017; 
Pfaller et al., 2018; 

Poulin-Laprade, 2020) 

1 BlaIMP-3 1,0 (Iyobe, 2016) 
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Table 3.6 continued  

Documented cases Variant of IMP Number of mismatches 
between the sequence 
and the forward and 

reverse primer 
(forward,reverse) 

References 

1 BlaIMP-17 0,1 (Docquier, 2016) 

1 BlaIMP-20 0,0 (Shibata, 2004) 

1 BlaIMP-21 0,0 (Shibata, 2005) 

1 BlaIMP-23 0,0 (Xu, 2016; Perez-
Palacios, 2019) 

1 BlaIMP-24 0,0 (Lee et al., 2008) 

1 BlaIMP-28 0,0 (Pérez-Llarena et al., 
2012) 

1 BlaIMP-30 0,0 (Pegg et al., 2013) 

1 BlaIMP-31 1,2 (Pfennigwerth et al., 
2015) 

1 BlaIMP-32 0,0 (Prombhul et al., 2016) 

1 BlaIMP-33 0,1 (Deshpande et al., 2013) 

1 BlaIMP-37 0,1 (Fournier et al., 2012) 

1 BlaIMP-39 0,0 (Triponney, 2019a) 

1 BlaIMP-41 0,0 (Notake et al., 2013) 

1 BlaIMP-44 0,0 (Tada et al., 2013) 

1 BlaIMP-46 1,1 (Triponney, 2019b) 

1 BlaIMP-47 0,0 (Rabine, 2015) 

1 BlaIMP-49 0,0 (Kazmierczak et al., 
2016) 

1 BlaIMP-51 0,0 (Tada et al., 2015) 

1 BlaIMP-52 0,0 (Aoki, 2015) 

1 BlaIMP-53 0,0 NCBI Refseq Project 

1 BlaIMP-54 0,0 (Rabine, 2015) 

1 BlaIMP-56 0,0 (López-García et al., 
2018; Silveira et al., 

2021) 

1 BlaIMP-58 0,0 (Holmgaard, 2016) 

1 BlaIMP-59 0,2 (Kalamatas, 2016) 

1 BlaIMP-60 0,0 (Saito et al., 2021) 

1 BlaIMP-61 1,0 (Lange, 2016) 

1 BlaIMP-62 0,0 (López-García et al., 
2018) 

1 BlaIMP-65 0,0 (Khuntayaporn et al., 
2019) 

1 BlaIMP-66 0,0 (Saito et al., 2021) 

1 BlaIMP-68 0,0 (Kubota et al., 2019) 

1 BlaIMP-69 0,0 (Zhang et al., 2020) 

1 BlaIMP-71 0,0 (Bour, 2018) 

1 BlaIMP-72 0,0 (Kalamatas, 2018) 

1 BlaIMP-73 0,0 (Kalamatas, 2018) 

1 
(found in soil) 

BlaIMP-12 0,0 (Docquier et al., 2003; 
Willms et al., 2020) 

 BlaIMP-36   

 BlaIMP-50   

 BlaIMP-57   
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Attempts were made to design primers towards the top 25 most clinically relevant blaIMP variants 

(Table 3.6). Out of the 25 variants 20 could be targeted with a single pair of primers (Table 2.7) 

which have a maximum of 1 mismatch between each primer and the target sequences. The 

sequence alignment at the primer binding regions across the 25 most clinically relevant blaIMP 

variants are shown in Figure 3.5. BlaIMP-34 has a single base mismatch located within the centre of the 

forward primer binding region and blaIMP-13 has a single base mismatch at the centre of the reverse 

primer binding region. Based off the findings in Figure 3.4 these variants should be detected using 

RPA. BlaIMP-4, blaIMP-16, blaIMP-26, and blaIMP-38 all have a fully complementary primer and a primer with 

two central mismatches, this combination of mismatches has not been assessed previously and 

whether these variants can be detected using RPA will have to be confirmed in-vitro. BlaIMP-27 has a 

mismatch in the forward primer binding region and two mismatches in the reverse primer binding 

region, the mismatch analysis in Figure 3.4 suggest that this variant will not be detected. Across all 

70 variants 60 have 1 or less mismatches with each primer giving the primers a predicted 85.7 % 

coverage which is comparable to all the current commercial molecular assays (Table 1.2).  

Multiple primers could have been designed to ensure a wider coverage of blaIMP; however, 
producing a pentaplex molecular diagnostic is challenging and extending the multiplex capacity to a 
hexaplex or more would only add to the difficulty. Currently there are few commercially available 
molecular assays that detect some variants of blaIMP but not all (Tato et al., 2016a; Meunier et al., 
2018; Girlich et al., 2020; Probst et al., 2021), most commercially available assays are limited to the 

 
Figure 3.5: Sequence alignment of the most clinically relevant blaIMP variants within jalview.  
A ς Alignment across the 25 most clinically relevant blaIMP variants at the region the forward primer is targeted (307-
328); alignment labelled B is the region the reverse primer is designed against (477-495). Conserved bases are 
represented as dots. Nucleotides are coloured individually Guanine in red; Cytosine in orange; Adenosine in green; 
Thymine in blue. BlaIMP-1, 2, 5, 6, 7, 8, 9, 10, 11, 14, 15, 18, 19, 22, 25, 43, 48, 63 are fully complementary across both 
primer binding regions. BlaIMP-13, and blaIMP-34 have a single internal mismatch in one primer binding region. BlaIMP-4, 
16, 26, and 38 have two internal mismatches in one primer binding region and blaIMP-27 has a single internal mutation in 
the forward primer binding region and two internal mismatches in the reverse primer binding region. 

  



50 
 

ΨōƛƎ пΩ ŎŀǊōŀǇŜƴŜƳŀǎŜǎ (Table 1.2) commonly found in Enterobacteriaceae and do not detect blaIMP  
(García-Fernández et al., 2014; Huang et al., 2015; Lau et al.Σ нлмрΤ {ťƪƻǿǎƪŀ et al., 2020; Girlich et 
al., 2021). If a pentaplex assay is successfully developed, more primers targeting blaIMP can be 
explored to ensure more variants are detected. 

3.1.6 Designing primers to each of the Ψbig fiveΩ carbapenemase genes 

With the exception of Imipenemase multiple primers were designed against fully conserved regions 

within blaKPC, blaOXA-48, blaNDM, and blaVIM to carry out screening assays to determine the best pair in 

optimisation studies. Five primer sets were designed against blaKPC and blaNDM; however, the criteria 

for the amplicon length within RPA (<500 bp) and the lack of homology between the variants of 

blaOXA-48-like family and blaVIM restricted the number of viable primer sets targeting blaOXA-48 and blaVIM 

to four and three, respectively. Due to the lack of sequence similarity between all 70 variants of 

blaIMP only one set of primers were designed towards 20 of the 25 most clinically relevant variants. 

Were possible multiple primer sets were designed in an effort to increase the chances of identifying 

sensitive and robust primer sets when incorporated into RPA reactions. With the end-point goal of 

developing a one-pot multiplex POCT, it is beneficial to screen multiple primer sets to provide 

opportunities to change primer pairs in the event that some primers are not viable in multiplex 

reactions. 

Primers were designed against sequences with the least propensity to form secondary structures 

such as primer dimers and hairpin-loops. The propensity of each primer to form secondary 

ǎǘǊǳŎǘǳǊŜǎ ǿŀǎ ǇǊŜŘƛŎǘŜŘ ǳǎƛƴƎ LƴǘŜƎǊŀǘŜŘ 5b! ¢ŜŎƘƴƻƭƻƎƛŜǎΩ ƻƴƭƛƴŜ OligoAnalyzer 3.1 software as 

per section 2.10.2. The propensity to form secondary structures was calculated as the change in 

Gibbs free energy (ɲG) where a lower ɲG value (more negative) equates to a more stable structure 

forming and therefore, a greater propensity to form secondary structures. The accumulation of 

primer dimers within a reaction can decrease efficiency of the reaction and introduce false positive 

results (Liu et al., 2017b; Li et al., 2019a).  

Two types of primer dimers were predicted, homodimers which form between two of the same 

primers and heterodimers which form between two different primers. Primers dimers with ɲG value 

of -9.75 kcal/mole or less (more negative) are certain to form primer dimers and primer dimers with 

more positive predicted ɲG values are less likely to form (Johnston et al., 2019). Primers were 

initially designed to attain the highest ɲG value (least negative) for both homodimerisation and 

hairpin-loop formation. Were possible primers near 23 bases in length were designed; using primers 

shorter than recommended aims to decrease the overall nucleic acid complexity within RPA reaction 

thus reducing the risk of forming primer dimers. The lack of homology across blaOXA-48-like variants and 

blaIMP variants meant primers shorter than 23 bases in length were designed against each gene. 

Primers were paired to produce amplicons less than 250 bp in length, and the primer sets 

(Tables 2.3-2.7) which provided the highest ɲG value (least negative) for heterodimerisation 

(Tables 3.7-3.11) were taken forward for primer screening within the lab. 
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Table 3.7: Primer sets targeting blaKPC and their propensity to form secondary structures. 
The propensity to form homodimers, heterodimers, and hairpin formations are calculated for each primer set as the change 
in Gibbs free energy (ɲG). 

KPC primer set Amplicon 
(bp) 

Homodimerisation (ɲD)(Kcal/mol) Heterodimerisation 
(ɲD)(Kcal/mol) 

Hairpin (ɲD)(Kcal/mol) 

KPC 114 114 Forward: -5.38 Reverse: -5.02 -5.02 Forward: 0.61 Reverse: -1.17 

KPC 124 124 Forward: -3.61 Reverse: -3.91 -3.61 Forward: -1.16 Reverse: 1.36 

KPC 87 87 Forward: -3.91 Reverse: -3.61 -3.9 Forward: -0.86 Reverse: -1.51 

KPC 204 204 Forward: -3.61 Reverse: -3.14 -4.26 Forward: -1.25 Reverse: -0.18 

KPC 203 203 Forward: -3.61 Reverse: -3.14 -4.62 Forward: -1.25 Reverse: 0.29 

 

Table 3.8: Primer sets targeting blaOXA-48 and their propensity to form secondary structures. 
The propensity to form homodimers, heterodimers, and hairpin formations are calculated for each primer set as the change 
ƛƴ Dƛōōǎ ŦǊŜŜ ŜƴŜǊƎȅ όɲDύΦ 

OXA-48 primer set Amplicon 
(bp) 

Homodimerisation (ɲD)(Kcal/mol) Heterodimerisation 
(ɲD)(Kcal/mol) 

Hairpin (ɲD)(Kcal/mol) 

OXA 194 194 Forward: -7.81 Reverse: -3.14 -4.74 Forward: -4.67 Reverse: 1.35 

OXA 186 186 Forward: -3.14         Reverse: -3.9 -4.85 Forward: 1 Reverse: 0.31 

OXA 239 239 Forward: -3.9            Reverse: -5.38 -6.21 Forward: 0.35 Reverse: -0.13 

OXA 155 155 Forward: -5.38          Reverse: -5.02 -6.57 Forward: -1.32 Reverse: -0.76 

 

Table 3.9: Primer sets targeting blaNDM and their propensity to form secondary structures. 
The propensity to form homodimers, heterodimers, and hairpin formations are calculated for each primer set as the change 
ƛƴ Dƛōōǎ ŦǊŜŜ ŜƴŜǊƎȅ όɲDύΦ 

NDM primer set Amplicon 
(bp) 

Homodimerisation (ɲD)(Kcal/mol) Heterodimerisation 
(ɲD)(Kcal/mol) 

Hairpin (ɲD)(Kcal/mol) 

NDM 214 214 Forward: -4.74 Reverse: -4.62 -3.61 Forward: -1.92 Reverse: -0.22 

NDM 205 205 Forward: -4.62 Reverse: -3.9 -4.95 Forward: -1.25 Reverse: -1.47 

NDM 129 129 Forward: -4.62 Reverse: -3.9 -3.9 Forward: -2.54 Reverse: -1.76 

NDM 194 194 Forward: -4.62 Reverse: -3.61 -4.74 Forward: -2.54 Reverse: -0.98 

NDM 135 135 Forward: -3.61 Reverse: -3.61 -3.9 Forward: 0.19 Reverse: -0.98 

 

Table 3.10: Primer sets targeting blaVIM and their propensity to form secondary structures. 
The propensity to form homodimers, heterodimers, and hairpin formations are calculated for each primer set as the change 
ƛƴ Dƛōōǎ ŦǊŜŜ ŜƴŜǊƎȅ όɲD). 

VIM primer sets Amplicon 
(bp) 

IƻƳƻŘƛƳŜǊƛǎŀǘƛƻƴ όɲDύόYŎŀƭκƳƻƭύ Heterodimerisation 
(ɲD)(Kcal/mol) 

Hairpin (ɲD)(Kcal/mol) 

VIM 46 46 Forward: -3.61    Reverse: -3.14 -5.37 Forward: -0.76 Reverse: 1.79 

VIM 147 147 Forward: -3.61    Reverse: -8.53 -5 Forward: -0.76 Reverse: -0.3 

VIM 124 124 Forward: -3.14    Reverse: -8.53 -5.49 Forward: 1.34 Reverse: -0.3 

 

Table 3.11: Primer sets targeting blaIMP and their propensity to form secondary structures. 
The propensity to form homodimers, heterodimers, and hairpin formations are calculated for each primer set as the change 
in Gibbs free energy (ɲDύΦ 

IMP primer set Amplicon 
(bp) 

Homodimerisation (ɲD)(Kcal/mol) Heterodimerisation 
(ɲD)(Kcal/mol) 

Hairpin (ɲD)(Kcal/mol) 

IMP 189 189 Forward: -5.36 Reverse: -6.3 -7.96 Forward: -1.44 Reverse: 0.48 
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3.1.7 Assessing the specificity of each primer set from bioinformatic sequence data  

To determine if each primer set was specific to the target gene bespoke automated bioinformatic 

searches were performed as part of a false positive screen.  

The sequences of each primer were BLAST searched generating a list of all genes with homologous 

sequences (hits) within the NCBI nucleotide database. Due to the great number of carbapenemase 

variants and the vast number of sequenced genomes containing carbapenemase genes the task of 

identifying non-target genes within the list of hits was too laborious to do manually. In collaboration 

with Dr Matthew Pocock, Newcastle University a script was designed to eliminate the hits that were 

target gene specific leaving only the hits which were non-carbapenemases, for example, when BLAST 

searching primers targeting KPC all hits containing the KPC gene were excluded. The process of the 

script is detailed in section 2.8 and an illustration of the process within the script is depicted in 

Figure 3.6.  
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Figure 3.6: Flow diagram detailing the steps within the script designed to check the specificity of each primer. 
The processes built into a bioinformatic script cross-checks the specificity of each primer set to the target genes and 
searches for any homology to any non-related or closely related genes. Blue cylinder signifies the start of the script. 
White boxes are processes carried out by the script. Green diamonds are decisions made within the script. Red boxes 
signify termination of the process. 

 

The sequences of each primer sets (Tables 2.3-2.7) were searched within the NCBI nucleotide 

database and using the script detailed in section 2.7 and Figure 3.6 hits that were annotated with 

the target gene were removed. The output of the script retrieved zero hits for each primer pair 

meaning the primers were specific for their target gene. The raw data for each primer can be 

accessed through the following hyperlinks:  

1. KPC - https://figshare.com/s/cc8c649af003372302b8 

2. OXA-48 - https://figshare.com/s/91e51ca8221a50767503 

3. NDM - https://figshare.com/s/a189a58805125ad1d62b 

4. VIM - https://figshare.com/s/86785c1db387aba37939  

5. IMP - https://figshare.com/s/c6fb6f65837e745971dd 

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Ffigshare.com%2Fs%2Fcc8c649af003372302b8&data=04%7C01%7Cm.a.setterfield%40newcastle.ac.uk%7Cfeb64a1a0a0e46c7dcd708d9bbc9d24e%7C9c5012c9b61644c2a91766814fbe3e87%7C1%7C0%7C637747297746694857%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=xPr3WeU76vRmxwpX1yziDOO2nylaRoOaFGE2mDGUDjY%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Ffigshare.com%2Fs%2F91e51ca8221a50767503&data=04%7C01%7Cm.a.setterfield%40newcastle.ac.uk%7Cfeb64a1a0a0e46c7dcd708d9bbc9d24e%7C9c5012c9b61644c2a91766814fbe3e87%7C1%7C0%7C637747297746674934%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=wPQf%2BpPVpQBVVkSfqaSbBWTnZ9jME3uR5OmzHGXJFI4%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Ffigshare.com%2Fs%2Fa189a58805125ad1d62b&data=04%7C01%7Cm.a.setterfield%40newcastle.ac.uk%7Cfeb64a1a0a0e46c7dcd708d9bbc9d24e%7C9c5012c9b61644c2a91766814fbe3e87%7C1%7C0%7C637747297746664991%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=XKSaMYJkvZy5mm2tj%2BPin%2FkZWxyQovwiC70f%2BqxB9bE%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Ffigshare.com%2Fs%2F86785c1db387aba37939&data=04%7C01%7Cm.a.setterfield%40newcastle.ac.uk%7Cfeb64a1a0a0e46c7dcd708d9bbc9d24e%7C9c5012c9b61644c2a91766814fbe3e87%7C1%7C0%7C637747297746655017%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=AqHsc23bVreTaQ1%2BHEWI8w7yKq3W90GdPDwnKW1o0RA%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Ffigshare.com%2Fs%2Fc6fb6f65837e745971dd&data=04%7C01%7Cm.a.setterfield%40newcastle.ac.uk%7Cfeb64a1a0a0e46c7dcd708d9bbc9d24e%7C9c5012c9b61644c2a91766814fbe3e87%7C1%7C0%7C637747297746684908%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=IYNyHFmvllZrkE75GC2qdsdqd6mY7TvdEWFPXYa0UvI%3D&reserved=0
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3.2 DISCUSSION 

3.2.1 Coverage of primer sets 

The primers designed within this section target 100 % of blaKPC, blaOXA-48, and blaNDM variants, whilst 

the primer sets targeting blaVIM are predicted to detect 54 out of 55 variants providing a level of 

coverage of 98 % and the primer set targeting blaIMP can detect 85.8 %. The available commercial 

ŀǎǎŀȅǎ Ŏŀƴƴƻǘ ŘŜǘŜŎǘ ŀƭƭ ǾŀǊƛŀƴǘǎ ƻŦ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ carbapenemases as shown in Table 1.2.  

Studies performed by NICE (2016), Cepheid (2019), and Gill et al. (2020) have shown the Xpert 

Carba-R can detect 92.1 % and 87 % of blaVIM and blaIMP variants, respectively, whilst studies 

performed by Nijhuis et al. (2013) and MAX (2021) showed the check-points CPO can detect 36.4 % 

of blaIMP variants and neither BD check-points CPO or the superbug-CRE kit can detect blaVIM-7 (NICE, 

2017). This shows that the primers designed within this project have greater coverage than what is 

provided by the current commercial kits. Additional sets of primers could be designed to detect the 

remaining 14.2 % of blaIMP variants and 2 % of blaVIM variants ǘƘŀǘ ŀǊŜƴΩǘ ŎƻǾŜǊŜŘ ōȅ ƻǳǊ primers but 

producing a pentaplex assay will be challenging and adding further primers within the reaction adds 

to the complexity and increases the risk of producing primer dimers. 

The following variants exhibit low levels of hydrolytic activity towards carbapenems but they are 

classed as carbapenemases: BlaOXA-163 (Poirel et al., 2011a), blaOXA-405 (Dortet et al., 2015),  blaKPC-28 

(Oueslati et al., 2019), blaKPC-14, and blaKPC-33 (Bianco et al., 2020). Detecting variants with low levels 

of carbapenemase activity is of importance which is why the commercial molecular assays detect for 

these variants as observed in the Xpert Carba-R, BDMax check-points CPO, and check-direct CPE kit 

which all detect blaOXA-163 and blaKPC-14  (Huang et al., 2015; Cepheid, 2019; Chung et al., 2020). 

Additional carbapenemase variants have arisen since the primer sets (Tables 2.3-2.7) were designed. 

The prevalence of these variants is yet to be determined and new variants will always emerge if 

there is a selective pressure to mutate. It is likely that in the future variants with mutations at the 

primer binding sites will be discovered and these mutations will prevent amplification, but this is a 

risk that cannot be avoided when using molecular techniques. Primers within assays can be changed 

to improve coverage of the assay and detect new variants; previously, manufacturers such as 

Cepheid and eazyplex have altered commercial assays from their original release to increase the 

coverage that they provide (Dortet et al., 2016; Tato et al., 2016b; NICE, 2017). 

3.2.2 Using PCR length primers within RPA 

¢ƘŜ ǇǊƛƳŜǊǎ ǘƘŀǘ ƘŀǾŜ ōŜŜƴ ŘŜǎƛƎƴŜŘ ǘƻ ǘŀǊƎŜǘ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ carbapenemases are between 17 to 

26 bases which are shorter than what is typically used within RPA, the recommended length for each 

primer is 30-35 bases (Piepenburg et al., 2006). Despite reports that using shorter primers in RPA 

reactions reduces the rate of amplification (Li et al., 2019a; TwistDX, 2021) several groups have 

demonstrated using conventional PCR primers (17-23 bases) within RPA reactions, which provide 

sensitive molecular tests (Mayboroda et al., 2016; Fuller et al., 2017; Wang et al., 2017b; Martorell 

et al., 2018). Wang et al. (2017a) and Fuller et al. (2017) demonstrated that RPA is more analytically 

sensitive than PCR when using conventional PCR primers by up two orders of magnitude (Fuller et 

al., 2017; Wang et al., 2017b). Using primers which are the length of conventional PCR primers 

rather than RPA primers both decreases the cost of the assay and reduces the risk of primer dimer 

forming thus increasing the capacity to multiplex. The most targets that have been detected in a 

multiplex RPA reaction are three (Crannell et al., 2016; Lau et al., 2016) the latter study uses primers 

ranging from 24-34 bases, and contrary to what TwistDX (2021) have stated the shorter primer set 

(24 and 26 bases) provided the most sensitive assay. 
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3.2.3 In-silico design of primer set 

Each primer set has been designed using the Oligoanalyzer software which based on PCR conditions 

predicts secondary structures forming between primers. This in-silico analysis calculates the stability 

of each possible structure as the change in Gibbs free energy (ɲG) under constant conditions; 

however, RPA utilises proteins to process pairing and facilitate strand exchange which is not 

accounted for. Therefore, the in-silico analysis is an estimate of how primers will interact and cannot 

predict with certainty the pattern of amplification when performing RPA in-vitro. Higgins et al. 

(2018) have developed a bespoke programme (PrimedRPA) which aids the design of RPA primers; 

what separates PrimedRPA from previous primer design software such as primer3 (Untergasser et 

al., 2012) is the ability to automatically design RPA primers and exo probes (Higgins et al., 2018). 

However, our decision to evade using exo probes, use shorter primers, and the limited conserved 

regions across blaOXA-48-like, blaVIM, and blaIMP meant little would have been gained from using 

PrimedRPA.  
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4 VALIDATING PRIMERS TARGETING THE ΨBIG FIVEΩ CARBAPENEMASES 

WITHIN RPA 

4.1 PRIMER SCREEN  

Each primer set listed in Table 2.3-2.7 were empirically evaluated for the purpose of selecting the 

most sensitive and robust primer set for each target gene. The selected primer sets will be modified 

with single stranded oligonucleotides used to mediate capture and detection of the amplicon. 

The nucleotide sequences for blaKPC-2, blaOXA-48, blaNDM-1, blaVIM-2, and blaIMP-1 were each synthesised 

into separate individual pUCIDT plasmids and used as the template DNA within RPA reactions. From 

this point on the blaKPC-2, blaOXA-48, blaNDM-1, blaVIM-2, and blaIMP-1 containing plasmids will be referred 

to as KPC, OXA-48, NDM, VIM and IMP, respectively. Each primer set was incorporated into duplicate 

RPA reactions with 90 pM of template DNA added to the reaction mix, alongside a single negative 

control containing no template DNA. Each RPA reaction was performed as per 2.5.1, analysed on 

agarose gels as detailed in 2.5.2, and densitometry was performed as detailed in 2.10.4 to calculate 

the amount of amplicon produced. 

4.1.1 Assessment of primers designed against blaKPC 

All five sets of primers amplified KPC and produced bright bands near the expected amplicon size of 

each primer pair in Figure 4.1. Each amplicon is running at a higher molecular weight than the 

expected size but all amplicons remain in the correct incremental order compared to each other 

providing confidence that the desired amplicons have been generated. A possible explanation for 

the amplicons running at higher than expected molecular weights is due to the presence of RPA 

proteins and crowding agents within the RPA solution forming a DNA-protein-crowding agent 

complex which migrates slower in gel electrophoresis (Kersting et al., 2014b; Glais et al., 2015; 

Londoño et al., 2016; Babu et al., 2017; Liu et al., 2018b; Li et al., 2019a). Visually, KPC 203 and 

KPC  114 produced the most amplicon; this observation is supported by the quantitative data show 

in Figure 4.1B with 402 ng and 292 ng of amplicon produced by KPC 203 and KPC 114, respectively. 

Banding is observed in the NTC lanes of each primer set, these bands are likely amplified primer 

dimers. The primer set KPC 203 produced the most amplicon and therefore, was selected for further 

assays within this project. 
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A 

 

B 

 
Figure 4.1: KPC primer screen. 
A - Agarose gel electrophoresis (3 %) of RPA reactions performed at 37 °C for 20 min using five different sets of primers 
targeted to the blaKPC gene. RPA reactions were performed in duplicate alongside a negative control for each primer pair. 
Lane M ς 20 bp molecular weight marker; lane Q - low range quantitation ladder. Primer sets are aptly named after the 
size of the amplicon they produce. B- Densitometry measuring the quantity of amplicon from an agarose gel 
electrophoresis loaded with RPA reactions containing 90 pM of KPC template DNA. Error bars represent the standard 
deviation between duplicates. 
 

4.1.2 Assessment of primers designed against blaOXA-48 

All primer sets targeting OXA-48 template produced amplicons near the expected size (Figure 4.2), 

as stated previously in section 4.1.1 the migration of DNA is retarded by the presence of RPA 

proteins and crowding agents. The OXA 239 primer set yielded 343 ng of amplicon which is 2, 2.5 

and 2.9-fold more than the OXA 186, OXA 194, and OXA 155 primer sets, respectively, these figures 

are represented in Figure 4.2B. Primer set OXA 194 was the only set not to produce detectable 

bands in the NTC; however, a low quantity of amplicon was produced using these primers. If 

OXA 194 were to be selected, RPA would have to be performed for longer to achieve comparable 

amplification to that of OXA 239 after only 20 min reaction. Furthermore, performing RPA for longer 

may see the emergence of bands in the NTC of OXA 194 were there are currently none. High 
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molecular weight bands at 440 bp and 500 bp are present when OXA 155 and OXA 186 are used, 

respectively; these bands are only present when template DNA is added and are not seen in the NTC 

lanes indicating that the high molecular weight bands may be the product of hairpin-mediated 

duplication and triplication (Piepenburg et al., 2006; Salazar et al., 2021). The amplicon band 

produced by OXA 239 is far more intense than the faint bands in the NTC which might be amplified 

primer dimers and could translate as low-level background in the enzyme-linked oligonucleotide 

assays (ELONA), for this reason the primer set OXA 239 was selected for further assessment. 

A 

 

B 

 
Figure 4.2: OXA-48 primer screen. 
A - Agarose gel electrophoresis (3 %) of RPA reactions performed at 37 °C for 20 min using four different sets of primers 
targeted to the blaOXA-48 gene. RPA reactions were performed in duplicate alongside a negative control for each primer 
pair. Lane M ς 20 bp molecular weight marker; lane Q - low range quantitation ladder. Primer sets are aptly named after 
the size of the amplicon they produce. B- Densitometry measuring the quantity of amplicon from an agarose gel 
electrophoresis loaded with RPA reactions containing 90 pM of OXA-48 template DNA. Error bars represent the standard 
deviation between duplicates. 
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4.1.3 Assessment of primers designed against blaNDM 

All five primer sets targeting NDM template amplified the target gene, this is represented as the 

bright bands forming near the expected amplicon size for each primer set in Figure 4.3. Visually, 

primer set NDM 205 produced the most amplicon followed by NDM 214 this is further supported by 

the quantitation data shown in Figure 4.3B were NDM 205 and NDM 214 produced 304 ng and 

242 ng, respectively. Prominent bands are observed in the NDM 214 NTC lane and faint bands are 

present in the NTC lanes of primer sets NDM 135, NDM 194, and NDM 205 indicating the formation 

of secondary structures between primers such as amplified primer dimers. Bands forming in the 

NTCs are common across all primer sets but NDM 205 produced the most amplicon and was 

therefore, selected for future assays.  

A 

 

B 

 
Figure 4.3: NDM primer screen. 
A - Agarose gel electrophoresis (3 %) of RPA reactions performed at 37 °C for 20 min using five different sets of primers 
targeted to the blaNDM gene. RPA reactions were performed in duplicate alongside a negative control for each primer set. 
Lane M ς 20 bp molecular weight marker; lane Q low range quantitation ladder. Primer pairs are aptly named after the 
size of the amplicon they produce. B - Densitometry measuring the quantity of amplicon from an agarose gel 
electrophoresis loaded with RPA reactions containing 90 pM of NDM template DNA. Error bars represent the standard 
deviation between duplicates. 
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4.1.4 Assessment of primers designed against blaVIM 

The optimal size of the target amplicon is within 80-500 bp (Piepenburg et al., 2006); the possibility 

of targeting sequences less than 80 bp using RPA could be of interest. With the lack of sequence 

homology between all variants of blaVIM only a few primers could be designed, as a result two 

primers were paired together (VIM 46) which would produce an amplicon only 46 bp in length. As 

shown in Figure 4.4 amplification of a 46 bp product was possible although less amplicon was 

produced compared to primer sets VIM 124 and VIM 147. RPA reactions using either VIM 124 or 

VIM 147 produced a large quantity of amplicon (shown in Figure 4.4B). High molecular weight bands 

at 320 bp and 380 bp are observed when template DNA is added to reactions containing VIM 46 and 

VIM 124 primer sets, and further bands (120 bp and 140 bp) are visible when VIM 46 is used. The 

cause of these non-specific bands are unknown but VIM 46 and VIM 124 share the same forward 

primer, therefore, the banding may be mediated by the forward primer binding non-specifically. 

Bands in NTCs of all three primers are visible indicating amplified primer dimers were formed in the 

absence of template. In addition to VIM 147 producing the most amplicon (313 ng), no non-specific 

high molecular weight bands are present in the template containing reactions. Despite the NTC of 

VIM 147 showing some limited undesired bands which are possibly amplified primer dimers, 

VIM 147 will be carried forward in future assays targeting VIM.  
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A 

 

B 

 
Figure 4.4: VIM primer screen. 
A- Agarose gel electrophoresis (3 %) of RPA reactions performed at 37 °C for 20 min using three different sets of primers 
targeted to the blaVIM gene. RPA reactions were performed in duplicate alongside a negative control for each primer 
pair. Lane M ς 20 bp molecular weight marker; lane Q - low range quantitation ladder. Primer pairs are aptly named 
after the size of the amplicon they produce. B - Densitometry measuring the quantity of amplicon from an agarose gel 
electrophoresis loaded with RPA reactions containing 90 pM of VIM template DNA. Error bars represent the standard 
deviation between duplicates. 

 

4.1.5 IMP 189 assessment  

As only one primer pair was designed to target the 20 most clinically relevant blaIMP variants a primer 

screen was not necessary but characterising the primer set within RPA reactions was still required. 

The primer pair was incorporated in RPA reactions as detailed in 2.5.1 and the products of each 

reaction were analysed via agarose gel electrophoresis as per 2.5.2 and densitometry was performed 

as detailed in 2.10.4 to calculate the quantity of amplicon produced. The primer pair targeting IMP 

amplified the target sequence producing an amplicon slightly above the predicted molecular weight 

(Figure 4.5). The shift from the expected molecular weight is due to the DNA interacting proteins and 

crowding agents within RPA as described in section 4.1.1. Visually, intense bands were produced at 
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200 bp which is near the expected amplicon size (189 bp) generating an average of 116 ng of 

amplicon (Figure 4.5B). The appearance of high molecular weight bands (460 bp) when template is 

present are twice the size of the amplicon, therefore they may correspond to hairpin-mediated 

duplications. The appearance of bands at 60, 160, and 240/260 bp in the NTC lane indicate 

secondary structures forming between primers. Many groups have encountered off-target 

amplification observed on agarose gels and have still developed sensitive diagnostic assays (Kersting 

et al., 2014b; Jauset-Rubio et al., 2017). 

A                                                                                   B 

 
Figure 4.5: IMP primer screen. 
Agarose gel electrophoresis (3 %) for RPA reactions performed at 37 °C for 20 min using a primer set targeting blaIMP 
gene. RPA reactions were performed in duplicate alongside a negative control. Lane M - 20 bp molecular weight ladder; 
lane Q - low range quantitation ladder. B - Densitometry measuring the quantity of amplicon from an agarose gel 
electrophoresis loaded with RPA reactions containing 90 pM of IMP template DNA. Error bars represent the standard 
deviation between replicates. 

 

4.2  TRIPLEX RPA ASSESSED VIA AGAROSE GELS 

One-pot multiplex amplification involves simultaneous amplification of multiple targets in a single 

reaction. To achieve a one-pot multiplex reaction multiple primer sets and multiple templates are 

incorporated into a single solution (Mahony et al., 1995). Increasing the number of primers and DNA 

within a reaction can give rise to cross-hybridisation of primers and mis-priming with other 

templates (Bishop et al., 2008) translating to false positive signals and/or reduced amplification of 

the target (Liu et al., 2017b; Li et al., 2019a). Therefore, it is prudent to assess the primers within 

one-pot multiplex conditions prior to modification with single stranded tails. 
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Of the five primers sets, three (KPC 203, NDM 205, and IMP 189) produce amplicons of a similar size, 

making it difficult to decipher their products from one another on an agarose gel, therefore, these 

primer sets were not assessed in the same assay. Alternatively, three triplex assays were performed 

in which OXA 239 and VIM 146 were incorporated into each triplex assay and the third primer set 

(KPC 203, NDM 205, and IMP 189) was interchanged.  

The recommended concentration of primers within a single RPA reaction is 480 nM (Piepenberg 

2006); however, previous groups who have published literature on multiplex RPA have addressed 

the need to alter the primer concentration from what is recommended (Kersting et al., 2014b; 

Crannell et al., 2016; Kunze et al., 2016). Multiplex amplification increases the sequence complexity 

within the reaction which increases the risk of forming primer dimers and secondary structures 

decreasing both specificity and sensitivity of the assay (Markoulatos et al., 2002). Optimising primer 

concentration was tested by performing RPA with either 480, 240, or 120 nM of each primer.  

Singleplex reactions containing a single set of primers were performed in parallel with the triplex 

assays under the same conditions set out in 2.5.1. All three DNA templates were present in 

singleplex reactions as well as triplex reactions. Products formed in both the singleplex and triplex 

reactions were compared to assess any impact on amplification of the amplicon or cross-reactivity 

when the nucleotide complexity is increased. 

4.2.1 Triplex RPA assay targeting KPC, OXA-48, and VIM 

Singleplex and triplex RPA reactions targeting KPC, OXA-48, and VIM templates were performed in 

parallel and analysed via agarose gel electrophoresis as per 2.5.2. Multiplexed amplification of all 

three target amplicons was achieved, this is represented by bands forming near the expected size in 

Figure 4.6. Bands highlighted by red, yellow, and blue boxes are the amplicons produced by the 

KPC 203, OXA 239, and VIM 147 primer sets, respectively. Visible amplicons were still generated for 

all three targets when the lowest primer concentrations (120 nM) were used. When comparing 

triplex and singleplex reactions, amplification of KPC, OXA-48, and VIM looks to be largely unaffected 

when performed in triplex although additional bands are present.  

Bands at 180 bp and 460 bp are produced when amplification is performed in triplex. These bands 

are only observed when template DNA is present, consequently, they must be products of the 

amplified genes. The band at 460 bp is double the size of the amplicon produced by KPC 203 primers 

which suggests it might be the product of hairpin-mediated duplication between two KPC amplicons. 

Visually, few bands are visible in the triplex NTC lanes when 480 nM and 120 nM of primers were 

used but surprisingly, more bands are present in the NTC when 240 nM of primers were used.  
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Figure 4.6: Triplex assay with KPC 203 primers incorporated. 
Agarose gel electrophoresis (3 %) with RPA products from singleplex RPA reactions targeting KPC, OXA-48, or VIM and 
triplex RPA reactions targeting KPC, OXA-48, and VIM spiked with either 480, 240, or 120 nM of each primer. Reactions 
were seeded with 90 pM of KPC, OXA-48, and VIM template DNA alongside a NTC. Amplicons produced by KPC 203 
primer set are highlighted by red boxes; amplicons produced by the OXA 239 primer set are highlighted by yellow boxes; 
amplicons produced by the VIM 147 primer set are highlighted by light blue boxes. Singleplex reactions for each target 
gene were perfomed once alongside a NTC and triplex reactions were performed in duplicate alongside a single NTC. 
Lane M - 20 bp molecular marker. 

 

4.2.2 Triplex RPA assay targeting NDM, OXA-48, and VIM 

Singleplex and triplex RPA reactions targeting NDM, OXA-48, and VIM templates were performed in 

parallel and analysed via agarose gel electrophoresis as per 2.5.2. Bands near the expected amplicon 

sizes (Figure 4.7) are present in both triplex and singleplex reactions. The amplicon produced by 

NDM 205, OXA 239, and VIM 147 are highlighted in red, yellow, and blue boxes, respectively. 

Amplification of all three targets look largely unaffected when performed in triplex. Amplification of 

the target sequences improved when 240 nM of primers were used. Reducing the concentration of 

primers reduces the number of oligonucleotides within the reaction; fewer oligonucleotides 

decreases the chance of obtaining spurious amplification products and forming primer dimers, 

therefore, increasing both specificity and sensitivity of the reaction (Markoulatos et al., 2002). 

Amplified products which are not of the predicted amplicon size (180 bp and 420 bp and >500 bp) 

are formed during triplex amplification when template DNA is present. Reducing the primer 

concentration to 120 nM eliminates the band at 180 bp but the high molecular weight bands are still 

visible. The high molecular weight bands are mediated only in the presence of other primers when 

template DNA is added to RPA reactions, therefore, they are likely a result of secondary structures 

forming between different amplicons and primers. Banding is observed in the NTC lanes of all triplex 

and singleplex reactions. Surprisingly, the NTC lane with the fewest and faintest bands are observed 

when 480 nM of primers were used. 
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Figure 4.7: Triplex assay with NDM 205 primers incorporated. 
Agarose gel electrophoresis (3 %) with RPA products from singleplex RPA reactions targeting NDM, OXA-48, or VIM and 
triplex RPA reactions targeting NDM, OXA-48, and VIM spiked with either 480, 240, or 120 nM of each primer. Reactions 
were seeded with 90 pM of KPC, OXA-48, and VIM template DNA. Amplicons produced by NDM 205 primer set are 
highlighted by red boxes; amplicons produced by the OXA 239 primer set are highlighted by yellow boxes; amplicons 
produced by the VIM 147 primer set are highlighted by light blue boxes. Singleplex reactions for each target gene were 
perfomed once alongside a NTC and triplex reactions were performed in duplicate alongside a single NTC. Lane M - 20 bp 
molecular marker. 
 

4.2.3 Triplex RPA assay targeting OXA-48, VIM, and IMP templates 

Singleplex and triplex RPA reactions targeting OXA-48, VIM, and IMP templates were performed in 

parallel and analysed via agarose gel electrophoresis as per 2.5.2. The image of the gel is shown in 

Figure 4.8 with amplicons produced by OXA 239, VIM 147, and IMP 189 primers highlighted in 

yellow, blue, and red boxes, respectively. Amplification of target sequences were greatly reduced 

when performing triplex amplification this is represented by the fainter bands near each amplicon 

size compared to those produced in a singleplex reactions.  

RPA triplex reactions produced the most amplicon when 240 nM of each primer was used, this 

observation was made previously in Figure 4.7 and a potential explanation for the increase in 

amplification was discussed in 4.2.2. Reducing the concentration of primers to 120 nM eliminated 

any visible bands in the NTC lane of the triplex reactions. 

A high molecular weight band in the singleplex reaction targeting OXA-48 has not been observed in 

previous gels, the band is roughly double the molecular weight of the amplicon generated by 

OXA 239, therefore, it is plausible to suggest that this band is a duplicate amplicon which may have 

been generated through interactions with IMP 189 primers. Faint bands in the NTCs in OXA 239 and 

VIM 147 singleplex reactions are consistent with amplified primer dimers. Repetitive banding is 

present in the NTC when IMP 189 was used in singleplex reactions. The repetitive banding was 

observed in Figure 3.4 of section 3.1.3 it was hypothesised that some primers bind non-specifically 

to template DNA and initiate DNA elongation producing different sized products which appear as 

repetitive concatemer like banding on an agarose gel. 
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Bands separated at 180 bp, 240 bp, and 300 bp are not amplicons and are observe in triplex 

amplifications but not in either of the three singleplex amplifications. These bands only form when 

template DNA is present and the band at 180 bp is not visible when the primer concentration is 

reduced to 120 nM. The band at 180 bp is present in all three triplex assays (Figures 4.6-4.8). The 

primer sets OXA 239 and VIM 147 are the only constant within all three assays and the 180 bp is not 

present when OXA-48 or VIM is amplified in singleplex reactions, therefore, this band must be an 

amplified product of both VIM 147 and OXA 239 primers. 

 
Figure 4.8: Triplex assay with IMP 189 primers incorporated. 
Agarose gel electrophoresis (3 %) with RPA products from singleplex RPA reactions targeting IMP, OXA-48, or VIM and 
triplex RPA reactions targeting IMP, OXA-48, and VIM spiked with either 480, 240, or 120 nM of each primer. Reactions 
were seeded with 90 pM of IMP, OXA-48, and VIM template DNA. Amplicons produced by IMP 189 primer set are 
highlighted by red boxes; amplicons produced by the OXA 239 primer set are highlighted by yellow boxes; amplicons 
produced by the VIM 147 primer set are highlighted by light blue boxes. Singleplex reactions for each target gene were 
perfomed once alongside a NTC and triplex reactions were performed in duplicate alongside a single NTC. Lane M - 20 bp 
molecular marker. 
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4.3 MAPPING THE SELECTED PRIMERS ONTO THEIR RETROSPECTIVE 

CRYSTAL STRUCTURE 

Analysis by agarose gel electrophoresis identified five sensitive primer sets, KPC 203, OXA 239, 

NDM 205, VIM 147, and IMP 189 which amplified their corresponding target sequences both in 

singleplex and triplex reactions. The primer binding regions within the crystal structures were 

assessed to gain information on the structure and functionality of these regions in the enzyme to 

better understand why these regions are conserved across the variants and gauge how likely it is 

that mutations will occur in these regions. 

4.3.1 Protein alignment of all five primer sets 

The coding regions of blaKPC-2, blaOXA-48, blaNDM-1, blaVIM-2, and blaIMP-1 were obtained from NCBI 

nucleotide database and translated into amino acid sequences using Expasy. The primer sets 

selected from the primer screens were translated to identify the amino acid residues that each 

primer coded. A summary of the amino acid sequences that each primer covers are listed in 

Table 4.1 

Table 4.1: Summary of nucleotide and amino acid sequences each primer covers within each carbapenemase gene.  
Codons that are only partially covered by the primer are depicted as amino acids in red. 

Primer pair FWD primer 
nucleotide 
sequence 

FWD primer 
amino acid 
sequence 

REV primer 
nucleotide 
sequence 

REV primer 
amino acid 
sequence 

KPC 203 AA TAC AGT GAT AAC 
GCC GCC GCC 

Q Y S D N A A A  
(128-135) 

C AGA GCC CAG TGT 
CAG TTT TTG TAA G 

S L Q K L T L G S A 
(189-198) 

OXA 239 GTT GTG CCT GTT 
TAT CAA 

V V P V Y Q  
(119-124) 

TC GGT CAG CAT GGC 
TTG TTT 

K Q A M L T E 
(192-198) 

NDM 205 C GGT TTG ATC GTC 
AGG GAT GGC 

N G L I V R D G 
(76-83) 

CAA CGC ATT GGC 
ATA AGT CGC AA 

I A T Y A N A L 
(137-144) 

VIM 147 AT GGT CTC ATT GTC 
CGT GAT GG 

N G L I V R D G 
(70-77) 

G GTC GTC ATG AAA 
GTG CGT GGA G 

V S T H F H D D R 
(111-119) 

IMP 189 GGA ATA GAG TGG 
CTT AAT TCT CG 

G I E W L N S R 
(85-92) 

CCA AAC CAC TAC 
GTT ATC T 

P D N V V V W 
(141-147) 

 

4.3.2 Crystal structure of KPC-2 

Using UCSF chimera software, crystal structures of each carbapenemase was examined and the 

functionality of each residue within the primer binding regions were analysed based on their locus 

within the structure.  

Figures 4.9 and 4.10 depicts the crystal structure of KPC-2 in complex with phenyl boronic inhibitor. 

Phenyl boronic inhibitor is a competitive inhibitor and binds in the active site of KPC-2. Residues 

which the forward (128-135) and reverse primers (189-198) cover, are in red and orange, 

respectively. Sequences covered by the forward primer are located within alpha helix 5 which forms 

part of the active site. Serine 130 and asparagine 132 from alpha helix 5 (Figure 4.10) form bonds 

with the phenyl boronic molecule. The carbonyl oxygen of the phenyl ring forms cationς̄  

interactions with asparagine 132, this action is conserved across other serine beta-lactamases (Ke et 

al., 2012). The C3 carboxylate of beta-lactams interact with serine 130, this region is known as the 

beta-lactam carboxylate binding pocket. Avibactam and other class A inhibitors are known to bind at 

this site (Celenza et al., 2018). The residues covered by the reverse primer resides within alpha 

helix 7 and the curve between alpha helix 7 and 8; the function of these residues are structural.   
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Figure 4.9: Crystal structure of KPC-2 in complex with phenyl boronic inhibitor, PDB ID: 5MGI. 
The phenyl boronic molecule and main residues directly interacting with the phenyl boronic molecule are shown as stick 
(carbon atoms in beige, oxygen atoms in red, and nitrogen atoms in blue) whilst the rest of KPC-2 is depicted as ribbon 
structure. Residues that the KPC-203 forward primer cover are in red and residues that the KPC-203 reverse primer cover 
are in orange. Illustrations were prepared using UCSF Chimera. 

 

 
Figure 4.10: Magnified crystal structure of KPC-2 in complex with phenyl boronic inhibitor focusing on interactions 
between Serine 130 and Asparagine 132, PDB ID: 5MGI.  
The phenyl boronic molecule and main residues directly interacting with the phenyl boronic molecule are shown as stick 
(carbon atoms in beige and grey, oxygen atoms in red, and nitrogen atoms in blue) whilst the rest of KPC-2 is depicted as 
ribbon structure. Residues that the KPC-203 forward primer cover are in red. Illustrations were prepared using UCSF 
Chimera. 
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4.3.3 Crystal structure of OXA-48 

The crystal structure of OXA-48 in complex with imipenem is illustrated in Figures 4.11 and 4.12. The 

residues covered by the reverse primer (192-198) are shown in orange, this region spans part of the 

9th alpha helix and 4th beta strand. The residues covered by the forward primer (119-124) form part 

of the 6th alpha helix and are illustrated in red. Valine 120 resides in the forward primer binding 

region and is associated with the hydrophobic pocket which the methyl group of carbapenems sit in 

during hydrolysis (Stojanoski et al., 2021). Serine 118 is directly adjacent to the residues covered by 

the forward primer; serine 118 residue directly interacts with imipenem through hydrogen bonds 

(see Figure 4.12). The residues covered by the reverse primer contains two charged residues (lysine 

and glutamic acid) and two polar residues (glutamine and threonine). Polar residues form hydrogen 

bonds within the structure and charged residues form salt bridges between opposing charged amino 

acids stabilising the tertiary structures. Despite a lack of evidence that suggests why the sequence 

covered by the reverse primer is conserved the residues might be structurally important as they 

provide hydrogen and salt bridge bonds. 

 
Figure 4.11: Magnified image of the OXA-48 crystal structure in complex with imipenem, PDB ID: 7KH9.  
The imipenem molecule and main residues directly interacting with the imipenem are shown as stick (carbon atoms in 
grey, oxygen atoms in red, nitrogen atoms in blue, and sulfur atoms in yellow) whilst the rest of OXA-48 is depicted as 
ribbon structure. Residues which the OXA 239 forward primer cover are in red and residues that OXA 239 reverse primer 
cover are in orange. Illustrations were prepared using UCSF Chimera. 
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Figure 4.12: A magnified image of the OXA-48 crystal structure in complex with imipenem, PDB ID: 7KH9.  
The imipenem molecule and main residues (Ser 118 and Val 120) directly interacting with imipenem are shown as stick 
structure (carbon atoms in grey, oxygen atoms in red, and nitrogen atoms in blue) whilst the rest of OXA-48 is depicted 
as ribbon structure. Residues which the OXA 239 forward primer cover are in red. Illustrations were prepared using UCSF 
Chimera. 

 

4.3.4 Crystal structure of NDM-1 

Figure 4.13 depicts the crystal structure of NDM-1 in complex with hydrolysed meropenem. The 

NDM structure is made up of 5 alpha helixes and 12 beta strands (Guo et al., 2011) of which the 

forward (76-83) and reverse primer (137-144) cover residues on the 3rd (red) and 6th (orange) beta 

strand, respectively. Mutational studies have shown aspartate 84 is an essential residue, base 

substitutions at this residue result in a lack of hydrolytic activity towards all beta-lactams (Sun et al., 

2018). Aspartate 84 forms hydrogen bonds with the following residues histidine 55, valine 113, 

threonine 115, and lysine 121 to make the shell surrounding the second zinc binding site (Sun et al., 

2018). Aspartate 84 is a residue upstream of the forward primer binding site, this region is 

structurally important to maintain the position of aspartate 84. It is not obvious why the region 

which the reverse primer covers is conserved, it is made up of five hydrophobic residues (isoleucine, 

alanine x3, and leucine) and two polar residues (threonine and asparagine) which may be important 

for structural integrity. 



71 
 

 
Figure 4.13: Crystal structure of NDM-1 in complex with hydrolysed meropenem, PDB ID 4EYL.  
The hydrolysed meropenem is shown as stick structure (carbon atoms in grey, oxygen atoms in red, nitrogen atoms in 
blue, and sulfur atoms in yellow) whilst NDM-1 is depicted as ribbon structure. Residues which the NDM 205 forward 
primer cover are in red and residues which NDM 205 reverse primer cover are in orange. Illustrations were prepared 
using UCSF Chimera. 
 

4.3.5 Crystal structure of VIM-1 

The crystal structure of VIM-1 in complex with hydrolysed meropenem is displayed in Figures 4.14 

and 4.15. The VIM-м ǎǘǊǳŎǘǳǊŜ ŜȄƘƛōƛǘǎ ǘƘŜ ʰʲκʲʰ ŦƻƭŘ ŎƻƴǎŜǊǾŜŘ across the MBL superfamily 

(Salimraj et al., 2019). The forward (70-77) and reverse primer (111-119) cover residues that form 

the 3rd beta strand (red) and the 5th beta strand/4th alpha helix (orange), respectively. Histidine 114, 

histidine 116, and aspartate 118 are situated in the binuclear zinc centre that form the active site 

(see Figure 4.15). Histidine 114 and 116 interact with the first zinc ion whilst aspartate 118 interacts 

with the second zinc ion and forms hydrogen bonds with a water molecule. Given the proximity and 

involvement within the active site, it can be ascertained that the amino acids covered by the reverse 

primer are essential during hydrolysis of carbapenems.  

The sequence covered by the forward primer is adjacent to the active site loop (60-68), which 

through mutational analysis has been identified as essential for maintaining hydrolytic activity 

against extended-spectrum cephalosporins. Further, mutational analysis on each residue covered by 

the forward primer has returned negative fitness scores when mutated and challenged with 

meropenem. Low fitness scores are directly correlated with weaker hydrolytic activity than the 

wildtype (VIM-2) (Chen et al., 2020). The region covered by the forward primer contains non-polar 

residues (glycine, leucine, isoleucine, valine) which are buried at the core of the structure. Residues 

situated at the core of VIM have high mutational sensitivity and on average have a high deleterious 

fitness effect (Chen et al., 2020). 
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Figure 4.14: Crystal structure of VIM-1 in complex with hydrolysed meropenem, PDB ID: 5N5I.  
The hydrolysed meropenem and main residues directly interacting with the meropenem or zinc ions (grey) are shown as 
stick structure (carbon atoms in beige, oxygen atoms in red, nitrogen atoms in blue, and sulfur atoms in yellow) whilst 
the rest of VIM-1 is depicted as ribbon structure. Residues that the VIM 147 forward primer cover are red. Residues that 
the VIM 147 reverse primer cover are orange. Illustrations were prepared using UCSF Chimera. 
 

 
Figure 4.15: A magnified image of the VIM-1 crystal structure in complex with hydrolysed meropenem, PDB ID: 5N5I.  
The hydrolysed meropenem and main residues directly interacting with meropenem (His 114, His 116, and Asp 118) or 
zinc ions (grey) are shown as stick structure (carbon atoms in grey, oxygen atoms in red, nitrogen atoms in blue, and 
sulfur atoms in yellow) whilst the rest of VIM-1 is depicted as ribbon structure. Residues that the VIM 147 reverse primer 
cover are in orange. Illustrations were prepared using UCSF Chimera. 
 

 

4.3.6 Crystal structure of IMP-1 

The crystal structure of IMP-1 in complex with 3-aminophtalic acid inhibitor is illustrated in 

Figures 4.16 and 4.17. Amino acids covered by the forward primer (85-92) form part of the 2nd helix 

(red). Two residues on helix 2, aspartate 81 and serine 80 form interactions with a zinc ion in the first 

ion binding site and the inhibitor, respectively. Residues covered by the reverse primer (141-147) 
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form the 10th beta-strand and part of the loop connecting beta-strands 9 and 10 (orange). 

Histidine 139 interacts with zinc in the second ion binding site (Hiraiwa et al., 2014). Histidine 139 is 

situated in the loop connecting beta strands 9 and 10, it is likely that beta strands 9 and 10 are 

essential to maintain structural folding of the second ion binding site. It appears that the primers are 

cover regions within IMP-1 that are fundamental to ƛǘΩǎ ƘȅŘǊƻƭȅǘƛŎ ŀŎǘƛǾƛǘȅ ǘƻǿŀǊŘǎ ŎŀǊōŀǇŜƴŜƳǎ 

which would explain why they are highly conserved across the most clinically relevant variants. 

 
Figure 4.16: Crystal structure of IMP-1 in complex with 3-aminophtalic acid inhibitor, PDB ID: 3WXC.  
The 3-aminophtalic acid and main residues directly interacting with the 3-aminophtalic acid or zinc ions (grey) are shown 
as stick structure (carbon atoms in beige, oxygen atoms in red, and nitrogen atoms in blue) whilst the rest of IMP-1 is 
depicted as ribbon structure. Residues which the IMP 189 forward primer cover are in red and residues which the 
IMP-189 reverse primer cover are in orange. Illustrations were prepared using UCSF Chimera. 
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Figure 4.17: Magnified image of the IMP-1 crystal structure in complex with 3-aminophtalic acid inhibitor, 
PDB ID: 3WXC. 
The main residues (Ser 80, Ser 81, and His 139) directly interact with the 3-aminophtalic acid molecule and the zinc ions 
(grey) are shown as stick structure (carbon atoms in beige, oxygen atoms in red, and nitrogen atoms in blue) whilst the 
rest of IMP-1 is depicted as ribbon structure. Residues that the IMP 189 forward primer cover are in red and residues 
that the IMP 189 reverse primer cover are in orange. Illustrations were prepared using UCSF Chimera. 
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4.4  DISCUSSION 

The primer screens performed in 4.1.1-4.1.5 have identified five primer pairs which produce a large 

amount of desired amplicon and therefore, have the potential to work in a parallel multiplex assay. 

The five primer pairs, KPC 203, OXA 239, NDM 205, VIM 147, and IMP 189 have been selected for 

the next stage of assay development. In addition, the multiplex screens in 4.2.1-4.2.3 shows one-pot 

triplex assays format is possible if the off-ǘŀǊƎŜǘ ŀƳǇƭƛŦƛŎŀǘƛƻƴ ŘƻŜǎƴΩǘ ƛƴǘŜǊŦŜǊŜ ǿƛǘƘ ŦǳǘǳǊŜ ŀǎǎŀȅ 

formats. 

4.4.1 Aberrant migration of RPA amplicons 

Within this project RPA products were mixed with an excess of nucleic acid loading buffer; this 

excess was used to dilute the crowding agents present in the RPA mixture. The Carbowax20M 

crowding agent used within RPA mimics in vivo conditions to enhance catalytic activity of the 

enzymes (Li et al., 2019a) but also makes the RPA solution viscous which effects the migration of 

DNA through agarose gels and often presents as smearing on the gel. Diluting the RPA reaction prior 

to gel electrophoresis generated distinct bands with no evidence of smearing on the gel but each 

amplicon separated at higher than expected molecular weights. The viscosity of the DNA-crowding 

agent complex could account for a slower migration through the gel. The T4gp32 single-stranded 

binding proteins form weak interactions with double-stranded DNA, these proteins bind as 

multimers along DNA with a monomer binding every 8th nucleotide (Jose et al., 2015). This 

DNA-protein-crowding agent complex retarded the migration of each amplicon and consequently, 

each amplicon separated at higher than expected molecular weights. DNA could be released from 

the DNA-protein-crowding agent complex by performing post-amplification purification steps such 

as heat treatment to denature RPA proteins, centrifugation to sediment the protein components 

(Babu et al., 2017), proteinase K treatment to digest the proteins (Liu et al., 2018b), SDS treatment 

(Glais et al., 2015; Kapoor et al., 2017), or use a commercial PCR clean-up kit (Piepenburg et al., 

2006; Londoño et al., 2016; Martorell et al., 2018). The purpose of performing primer screens was to 

identify the primer set which yielded the most amplicon and to identify any non-specific amplified 

by-products generated in the absence of a target. The concentration of DNA which is eluted from 

PCR clean-up kits can be variable (Glais et al., 2015; Verma et al., 2020). Introducing this variability is 

not appropriate for a primer screen when attempting to quantify amplicon production. PCR clean-up 

kits purify at specific molecular weights and DNA which is higher or lower than the target molecular 

weight will be eliminated (Londoño et al., 2016), therefore, PCR clean-up kits do not provide a 

holistic view of RPA amplification and off-target amplified products such as primer dimers may be 

missed. Furthermore, PCR clean-up kits increase the time, cost and complexity of the assay (Kersting 

et al., 2014b; Londoño et al., 2016) which is why they were not used in the primer screens.  

4.4.2 High molecular weight bands observed in reactions containing template DNA 

High molecular weight bands have been documented in the RPA literature (Jaroenram et al., 2014; 

Evans et al., 2018; Li et al., 2020) with groups referring to them by different nomenclature such as 

non-specifically amplified bands (Kim et al., 2018), spurious RPA products (Chaijarasphong et al., 

2019), and artefacts of the assay (Sharma et al., 2014). Despite their reoccurring appearance within 

the literature there is little evidence to suggest what causes the high molecular weight bands. 

Piepenburg et al. (2006) encountered the high molecular weight bands and ascertained that their 

appearance was the result of hairpin mediated duplications or triplications of the product. Hairpin 

mediated duplication could explain the high molecular weight bands which were double the size of 

the amplicon but for all other bands there is no obvious explanation. To determine if the 
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non-specifically amplified bands impact on some assay formats the primers will be modified with 

tails and detected on ELONA. 

4.4.3 Primer dimers  

Evidence of primer dimers in the NTC was observed for most primer sets. Primer dimers are the 

result of primers hybridising to each other, this is a common issue within DNA amplification and is 

observed frequently when amplification occurs at low temperatures (Welsh et al., 1990). Through 

agarose gel electrophoresis primer dimers were discernible from each amplicon; however, 

alternative forms of read-out which are more suited to POCT such as colorimetric assays, typically 

modify primers with recognition molecules to mediate capture and detection of amplified products, 

within these assays primer dimers can produce a false positive signal (illustrated in Figure 4.18). 

Primer dimers forming during RPA is common within the literature (Jaroenram et al., 2014; Kersting 

et al., 2014b; Londoño et al., 2016; Ma et al., 2018) and many groups have employed nfo probes 

(Rohrman et al., 2012b; Jaroenram et al., 2014; Li et al., 2020), Exo probes (Ma et al., 2018), base 

mutations (Wu et al., 2020), CRISPR-cas12a (Chaijarasphong et al., 2019), and self-avoiding 

molecular recognition system (SAMRS) (Sharma et al., 2014) to eliminate the high levels of 

background produced by primer dimers. SAMRS primers contain modified nucleotides 

(2-aminopurine-Ґἤ<=GPQJA:GKA<= Ӧ ӰӧӅ Ґἤ-deoxy-2-L@AGL@QEA<AF= Ӧ2ӰӧӅ Ґἤ-deoxyinosine (G*) 

and N4-thyl-Ґἤ-deoxycytidine (C*)) that form hydrogen bonds with their corresponding natural 

bases. SAMRS nucleotides only form a single hydrogen bond with another SAMRS nucleotide, 

therefore, SAMRS primers only interact with target DNA. If primer dimers impact future assays 

designing SAMRS primers may eliminate the issues caused by primer dimers. 

 
Figure 4.18: Schematic representation of how false positive signals can arise from primer dimers forming. 
A typical RPA reaction using primers modified with recognition molecules. A - both forward and reverse primers bind to 
the target and the resulting amplicon produces a positive signal. B ς the modified primers bind to each other forming a 
heterodimer primer dimer, the primer dimer has both recognition molecules and can, therefore, be captured and 
detected producing a false positive signal. 

 

All primers sets except VIM 46 produced sufficient amplicon when incorporated into RPA reactions 

spiked with 90 pM of template DNA. To achieve sensitive assays primer sets that produced the most 

amplicon were selected for further investigation. Some of the primers chosen for further assessment 

show bands forming in the NTCs which are consistent with primer dimers. Formation of primer 

dimers reduces the number of free primers available to amplify the target gene, therefore, 

decreasing the sensitivity of the assay and as detailed above can generate non-specific signal 

translating as a false-positive result.  



77 
 

The primers that were selected produced amplicon bands which were significantly more intense 

than the bands present in the NTC. Sensitive primers which produce large quantities of amplicon 

aims to limit the impact primer dimers may cause on the limit of detection (LOD) of ELONA assay 

formats. Without modifying the primers with tails to mediate capture and detection on an ELONA 

plate it is not possible to determine if the primer dimers observed in the agarose gels will produce 

non-specific signal and impact further assays. 

4.4.4 Multiplex primers within RPA 

Multiplexing aims to reduce cost and time required to detect multiple targets as well as making an 

assay more user-friendly. Three triplex RPA assays were performed as a preliminary screen to assess 

if amplification of the target sequences were affected when multiple primers were present in a 

single reaction. Multiplex amplification of all three target amplicons were achieved across the three 

triplex assays, even at the lowest concentrations (120 nM) of primers tested. Transferring from 

singleplex to multiplex reactions greatly increases the sequence complexity within the reaction 

which can lead to non-specific amplification and the formation of primer dimers. To reduce 

non-specific amplification the concentration of primers must be optimised and typically it has been 

found that lower concentrations of primers are required (Crannell et al., 2016; Li et al., 2019b; 

Larrea-Sarmiento et al., 2021). This observation was made in the triplex reactions (Figure 4.6-4.8) in 

which performing RPA reactions with 240 nM of each primer yielded more amplicon for most 

targets. Using lower concentrations of primers reduced the sequence complexity within the 

reaction, and fewer non-specific products were observed, this shows less primers bound 

non-specifically, and more free primers were available to bind the target sequence. Performing RPA 

with 120 nM of each primer greatly reduced the appearance of non-specific amplified products, 

amplicons were produced for all targets but the yield of each was reduced.  

The preliminary triplex assays suggest that a one-pot amplification strategy has potential provided 

the additional bands do not interfere with the final assay readout 

4.4.5 Crystal structures  

The primers were initially designed as they were conserved across the maximum number of variants 

in each gene family and therefore, provided the maximum sequence coverage. By mapping the 

primer DNA sequences onto the respective crystal structures it is clear that most of the selected 

primers target sequences that translate to regions essential for structural integrity of the 

carbapenemase and hydrolytic activity towards carbapenems. Despite little information provided on 

the sequences covered by the reverse primers of KPC 203, OXA 239, and NDM 205 the sequences 

are highly conserved across 33, 14, and 21 variants, respectively, which suggests they may be 

essential in the proteinΩǎ structural integrity. Mapping each primer binding region on crystal 

structures has provided a degree of confidence that mutations in these regions are unfavourable for 

carbapenemase activity ensuring that the primers will continue to have good coverage in the short 

to medium term. However, selective pressure could force changes in these areas if alternative or 

new antibiotics come into play, therefore, regular screening for new variants that become 

increasingly prevalent is paramount.  
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5 ASSESSING RPA IN SOLUTION AND ELONA DETECTION USING TAILED 

PRIMERS 

5.1 5ŜǎƛƎƴƛƴƎ р  ǎƛƴƎƭŜ ǎǘǊŀƴŘŜŘ oligonucleotide tails 

5.1.1 Generating six unique oligonucleotide sequences 

Rather than using hapten based recognition molecules such as biotin, р single stranded 

oligonucleotides (tails) were chosen to modify primers. The forward and reverse primers are 

modified with р tails separated by a C3 spacer which blocks the polymerase from elongating the 

tails. Incorporating tailed primers within RPA produces a duplex amplicon flanked with tails at 

opposing р ends which can mediate both capture and detection (Figure 1.6). 

A bioinformatics driven approach was used to design six unique oligonucleotide sequences. 

Typically, groups who have successfully used tailed primers within RPA have used tails between 

17-22 nucleotides in length (Ahmed N. et al. 2020; Kortlia S. et al. 2020; Toldra, A. et al. 2019; Toldrà, 

A. et al. 2019; Jauset-Rubio, M. et al. 2018; Jauset-Rubio, M. et al. 2016). The highest number of 

targets amplified in a single one-pot RPA reaction using tailed primers is two (Jauset-Rubio, M. et al. 

2018; Toldrà, A. et al. 2018; Toldrà, A. et al. 2019). With the aim of performing a one-pot pentaplex 

assay, shorter tails (15 nucleotides in length) were designed with the hypothesis that using shorter 

tails will reduce the oligonucleotide complexity within the assay and therefore, mitigate non-specific 

amplification.  

A bespoke programme that utilised Primer3 and NCBI nucleotide blast in tandem was created by 

Dr Matthew Pocock, Newcastle University. The process performed by the script to generate six 

unique tails is represented as a flow chart in Figure 5.1. Briefly, the script randomly generated six 

sequences each 15 nucleotides in length and searched the sequences for guanine-rich regions. 

Guanine-rich regions can form G4 quadruplex structures (Spiegel J. et al. 2019), a secondary 

structure which could compromise the sensitivity of the assay. If a guanine-rich region was found the 

oligonucleotide was rejected, and another random 15 nucleotide sequence was generated until six 

oligonucleotide sequences absent of guanine-rich sequences were produced. To prevent 

non-specific binding of the tails Primer3 was used to assess the 6 sequences using the following 

criteria: Each sequence cannot bind to 5 or more consecutive bases with either itself, any of primers 

(KPC 203, OXA 239, NDM 205, VIM 147, or IMP 189), any of the remaining five sequences, or the 

reverse complement of each sequence (the reverse complement sequences will either be the 

capture or reporter probes). If any of the oligonucleotides failed to meet the criteria all six 

sequences were discarded, and the process would start again with six more randomly generated 

oligonucleotides. Lastly, homology between the oligonucleotide sequences and all representative 

genomes within the NCBI nucleotide database were searched and all 6 oligonucleotides were 

discarded if one or more sequence shared significant homology with any known gene. 

This approach produced six unique sequences, each fifteen nucleotides in length that can be used as 

tails to modify the р end of each primer.  
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Figure 5.1: Flow diagram detailing the process of designing six unique oligonucleotide sequences. 
Light blue cylinder signifies the start of the script. White boxes are processes carried out by the script. Green diamonds 
are decisions made within the script. Red cylinder signifies termination of the process. 
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5.1.2 Pairing tails with primers  

The proposed method of capturing each amplicon was to modify the forward primers with a tail 

which is unique to the target gene. By spatially separating capture probes which are cognate to the 

unique tails on a detection platform such as a lateral flow strip each target amplicon can then be 

captured at different sites on the same platform (Figure 1.9). Modifying the reverse primers with a 

tail which is universal for all five targets enables detection with the same reporter probe. 

Each tail-primer combination was computationally assessed using Integrated DNA TechnologiesΩ 

Oligonalayzer software to predict the propensity of each combination forming homodimers and 

heterodimers. As described previously in section 3.1.6 the software calculates the propensity to 

form secondary structures between sequences ŀǎ ǘƘŜ ŎƘŀƴƎŜ ƛƴ DƛōōΩǎ ŦǊŜŜ ŜƴŜǊƎȅ όɲG). According 

to Johnston et al. (2019) the ɲG threshold for primers dimers to form when using the oligoanalyzer 

software is -9.75 kcal/mole (Johnston 2019), primer dimers may still form between primers that 

return ɲG values that are more positive than -9.75 kcal/mole but they are less likely to do so. The ɲG 

values for each oligonucleotide is calculated differently when using alternative dimer prediction 

software such as primerROC, Oligo 7 and Primer3 and therefore the threshold value of producing 

primer-dimers with absolute certainty differs (Johnston et al., 2019). Furthermore there is little in 

the way of literature and studies to validate or state what the threshold value is for forming primer-

dimers but generally primers that generate the most positive ɲG values are more favourable for RPA 

reactions. 

Initially, the reverse primer of KPC 203 was modified with each tail individually and using the 

Oligoanalyzer tool the propensity to form homodimers was assessed and a ɲG value for each 

combination of KPC 203 tailed reverse primer was documented. This process was repeated for the 

reverse primers of OXA 239, NDM 205, VIM 147, and IMP 189 and the ɲG values for each 

combination are listed in Table 5.1. The sequence, TCAGGACACACTCTT (tail 5) provided on average 

the most positive ɲG value for forming homodimers across all five reverse primers and was selected 

to modify each reverse primer as a universal tail to facilitate detection with a cognate universal 

reporter probe. 

Table 5.1: Computationally assessing the propensity of tailed reverse primers to form homodimers.  
Sequences listed in the tails column are modified onto the 5 end of the KPC 203, OXA 239, NDM 205, VIM 147, and IMP 189 
reverse primers and the propensity of each to form homodimers was calculated as the change in Gibbs free energy (ɲG) 
calculated as kcal/mole. The values/sequence in green represent the sequence chosen to modify the corresponding reverse 
primers.  

Tails KPC 203 OXA 239 NDM 205 VIM 147 IMP 189 

1.CTACATTACGAAGTT -4.26 -7.13 -5.19 -8.53 -6.3 

2.GACCTGTGCTATCAA -4.89 -6.69 -5.09 -8.53 -6.3 

3.CGAACCTTCCACTCG -5.19 -5.38 -5.12 -8.53 -6.3 

4.TAGTTGGAACACCTT -5.02 -5.38 -5.24 -8.53 -10.49 

5.TCAGGACACACTCTT -6.24 -5.38 -3.9 -8.53 -6.3 

6.GAAGACCCAACAGAG -3.9 -5.99 -6.97 -9.06 -6.3 

 

Next homodimers forming between every combination of tail and forward primers targeting each of 

ǘƘŜ ΨōƛƎ ŦƛǾŜΩ carbapenemase was assessed and ɲG values for each combination are listed in 

Table 5.2. The unique tail modified on each forward primer will facilitate capture at different 

detection sites, therefore, the forward primers of KPC 203, OXA 239, NDM 205, VIM 147, and 

IMP 189 must be modified with different tails.  
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Tail 5 (TCAGGACACACTCTT) was selected to modify the reverse primers and therefore, was not 

assessed to modify the forward primers. Tails 6, 4, and 2 provided the most positive ɲG values when 

modified to the forward primers of KPC 203, NDM 205, and IMP 189, respectively, and were selected 

to modify those primers. Tail 4 provided the most positive ɲG value when modified to the forward 

primers of VIM 147 and NDM 205, as a compromise tail 1 was chosen to modify VIM 147 as this 

provided a more positive ɲG value than modifying the forward primer of NDM 205 with the next 

best tail. The forward primer of OXA 239 was modified with tail 3 despite it providing the second 

lowest (more negative) ɲG value, this was the best possible combination of tailed primers to ensure 

low ɲG values for all five tailed primers. The sequences of all tailed primers, capture and reporter 

probes are listed in Table 2.8. 

Table 5.2: Forward primers (possible capture).  
Sequences listed in the tails column are modified onto the 5 end of the KPC 203, OXA 239, NDM 205, VIM 147, and IMP 189 
forward primers and the propensity of each to form homodimers was calculated as the change in Gibbs free energy (ɲG) 
calculated as kcal/mole. The values in green represent the sequences chosen to modify the corresponding forward primers. 

Tails KPC 203 OXA 239 NDM 205 VIM 147 IMP 189 

1.CTACATTACGAAGTT -4.85 -3.9 -7.13 -4.95 -5.36 

2.GACCTGTGCTATCAA -5.96 -3.9 -6.95 -5.99 -5.36 

3.CGAACCTTCCACTCG -6.76 -6.36 -10.36 -6.76 -9.54 

4.TAGTTGGAACACCTT -4.85 -5.24 -4.67 -4.64 -5.36 

6.GAAGACCCAACAGAG -3.61 -6.84 -6.14 -7.58 -6.14 

 

As a prediction of how each tailed primer would interact with each other in a one-pot multiplex 

reaction, the ɲG values for heterodimers forming between each tailed forward primer (Table 5.3), 

tailed reverse primer (Table 5.4), and tailed forward and tailed reverse primers (Table 5.5) were 

calculated. 

Table 5.3: Listing the propensity of each forward tailed primers interacting with each other represented as ɲG values. 
Values are the change in Gibbs free energy (ɲD ǾŀƭǳŜǎ) calculated as kcal/mole. 

FWD tailed primers KPC 203 OXA 239 NDM 205 VIM 147 IMP 189 

KPC 203 -3.61     

OXA 239 -7.91 -6.36    

NDM 205 -8.31 -8.54 -4.67   

VIM 147 -7.58 -6.68 -8.73 -4.95  

IMP 189 -8.17 -9.54 -6.95 -5.99 -5.36 
 

Table 5.4: Listing the propensity of each tailed reverse primers interacting with each other represented as ɲG values. 
Values are the change in Gibbs free energy (ɲD ǾŀƭǳŜǎ) calculated as kcal/mole. Values in red are above the -9.75 kcal/mole 
threshold. 

REV tailed primers KPC 203 OXA 239 NDM 205 VIM 147 IMP 189 

KPC 203 -6.24     

OXA 239 -7.81 -5.38    

NDM 205 -6.24 -3.9 -3.9   

VIM 147 -6.24 -7.06 -10.05 -8.53  

IMP 189 -6.24 -5.23 -6.97 -6.97 -6.3 
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Table 5.5: Listing the propensity of tailed forward and tailed reverse primers interacting with each other represented as 
ɲG values. 
Values are the change in Gibbs free energy (ɲD ǾŀƭǳŜǎ) calculated as kcal/mole. Values in red are above the -9.75 kcal/mole 
threshold. 

 FWD 
KPC 203 

FWD 
OXA 239 

FWD 
NDM 205 

FWD 
VIM 147 

FWD 
IMP 189 

REV KPC 203 -6.69 -6.62 -6.21 -7.94 -8.07 

REV OXA 239 -6.69 -7.13 -5.24 -7.94 -8.07 

REV NDM 205 -6.69 -8.16 -5.24 -7.94 -8.07 

REV VIM 147 -8.09 -7.94 -4.67 -7.94 -8.07 

REV IMP 189 -10.91 -6.62 -10.49 -7.94 -8.07 

 

In Table 5.4 the ɲG value calculated between the tailed reverse primers of NDM 205 and VIM 147 is 

higher than -9.75 kcal/mole. By inspecting the predicted hybridisation of these tailed primers (data 

not shown) it was shown that the primers were complementary which could be the cause of the high 

ɲG value rather than the tails. Due to the lack of available conserved sequences across all variants of 

blaVIM only one region was available to design a reverse primer to and therefore, the reverse primer 

of VIM 147 cannot be changed to reduce the ɲG value. 

From Table 5.5 three primers are predicted to form primer dimers with ɲG values higher 

than -9.75 kcal/mole (more negative) the first primer dimer of concern forms between the forward 

primer of KPC 203 and reverse primer of IMP 189, whilst the second primer dimer of concern forms 

between the reverse primer of IMP 189 and the forward primer of NDM 205. Further analysis of the 

hybridisation between the primer dimers shows complementarity between the primers and not the 

tails, which could be the cause of the high ɲG values. The primer sequence of IMP 189 was dictated 

by the narrow-conserved sequences between the 25 most clinically relevant variants and therefore, 

the primers cannot be redesigned to reduce the ɲG values. 

The primers have been designed with 5  tails (Table 2.8) to limit non-target interactions between 

tailed primers in a one pot multiplex assay. Some tailed primers produce high negative ɲG values 

which suggest they will form primer dimers but due to the sequence complexity of a pentaplex assay 

this could never be perfect. 

5.2 ASSESSING TAILED PRIMERS USING ELONA DETECTION AND AGAROSE 

GEL ELECTROPHORESIS 

In previous experiments RPA reactions were analysed using agarose gel electrophoresis. 

Incorporating a pair of tailed primers into RPA reactions enables other forms of readout such as 

ELONA. An ELONA is a sandwich based assay, like an ELISA it relies on capturing the target analyte 

onto a solid surface and detecting the immobilised analyte with target specific reporter probes 

conjugated to an enzyme (Drolet et al., 1996). Rather than using antibodies, ELONA employs 

oligonucleotides to capture and detect target analytes (see figure 5.2).  

The most commonly used enzyme within ELONAs is horseradish peroxidase (HRP) the presence of 

which is measured through the addition of a chromogenic substrate most commonly 

3,3 ΣрΣр-tetramethylbenzidine (TMB). In the presence of hydrogen peroxide, HRP catalyses the 

oxidation of TMB which in turn causes a colour change which is measured in a spectrophotometer. 
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ELONAs provide quantitative data in the form of an absorbance measurement. The quantity of 

oxidised TMB in a reaction is proportionate to the intensity of the absorbance measured at 630 nm.  

As a proof-of-principle ELONAs were performed to validate RPA and end-point detection using tailed 

primers (see Figure 5.2). As described in 1.11 and 5.1.1 introducing primers modified with tails 

ǎŜǇŀǊŀǘŜŘ ōȅ ŀ /о ǎǇŀŎŜ ǇǊƻŘǳŎŜǎ ŀ ŘǳǇƭŜȄ ŀƳǇƭƛŎƻƴ ŦƭŀƴƪŜŘ ǿƛǘƘ р  ǘŀƛƭǎΦ A tail on the amplicon is 

free to hybridise to complementary single-stranded oligonucleotides functionalised onto the surface 

of the ELONA plate (Figure 5.2B). Once captured onto the surface of the ELONA plate the opposing 

tail is free to hybridise to a complementary oligonucleotide conjugated to a HRP reporter probe 

(Figure 5.2C). Calibration curves can be generated by measuring the absorbance emitted from RPA 

reactions which are spiked with different concentrations of template DNA ranging from high to low 

and analysed on an ELONA plate. Both dynamic range and the LOD can be determined using 

calibration curves which will determine if the tailed primers are a viable system to facilitate 

detection. 

 
Figure 5.2: Schematic of the ELONA detection using р single strand tailed amplicon approach. 
A - The surface of a streptavidin coated well is functionalised with single stranded oligonucleotides (capture probe) 
through biotin-streptavidin interactions. B ς Tailed amplicons are captured on the surface through complementary 
hybridisation. C ς HRP-linked reporter probe hybridises to the opposing tail of the immobilised amplicon. 

5.2.1 Assessing RPA in solution using tailed KPC 203 primers 

Tailed KPC 203 primers were incorporated into RPA reactions (2.5.1). Tenfold serial dilutions of KPC 

template were added to RPA reactions with the starting concentration ranging from 89 pM ς 8.9 aM. 

Agarose gel electrophoresis and ELONA were carried out as per 2.5.2 and 2.5.3 to analysis the RPA 

reactions. To ensure amplicons hybridised to the capture and reporter probes efficiently 4x SSC 

buffer was chosen to both dilute RPA reactions post-amplification and the reporter probe. Groups 

who have previously published work on RPA-ELONA using tailed primers have documented that 

4x SSC buffer provided the optimal salt concentration to facilitate DNA hybridisation on ELONA 

(Jauset-Rubio et al., 2016; Jahanpeyma et al., 2019). 

Visual observations of the agarose gel (Figure 5.3) showed the amplicon separated at a higher 

molecular weight (280 bp) than predicted (233 bp) and visible amplicon was generated down to 

8.9 fM of starting template. Low molecular weight bands between 60-120 bp are consistent in each 

reaction. However, ELONA (Figure 5.3B) showed no correlation between template concentration and 

absorbance; consequently, a curve could not be fitted to this data. High levels of background noise 
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in the NTCs translated to a calculated LOD of 2.02 a.u. which was higher than all but one 

measurement. The absorbance emitted from wells containing buffer only (no RPA components or 

oligonucleotides) remained low (0.048 a.u.) which shows the background is not caused by 

non-specific binding of the reporter probe. The non-specific signal generated on the ELONA could be 

caused by primer dimers forming between the forward and reverse primer pairs which have both 

tails exposed to facilitate capture and detection (see Figure 5.4). 

A 

 
B                                                                        C 

 
Figure 5.3: Assessing tailed KPC 203. 
A ς Agarose gel electrophoresis (3 %) visualising the products of RPA reactions using tailed KPC 203 primers, across a 
range of template DNA concentrations (89 pM ς 8.9 aM). B ς ELONA analysis measuring the absorbance at 630 nm of 
the same RPA reactions. Absorbance was measured 5 min after the addition of TMB substrate. Each point is the average 
of duplicates and error bars represent the standard deviation between duplicates. The LOD is represented as the 
horizontal red line and the average absorbance produced by buffer only is represented as the green line. C ς is an image 
of a 96-well microtitre plate after TMB was added as part of the last step in the ELONA. From left to right the 
concentration of KPC template seeded into the RPA reactions decreases from 89 pM-8.9 aM and from visual observation 
a colour change has occurred in all wells. 
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Figure 5.4: Schematic diagram demonstrating the mechanism in which primer dimers can cause false positive signal. 
The Biotin-Teg single-stranded oligonucleotide capture probe (green) is functionalised onto the surface of the microtitre 
well through streptavidin-biotin interactions. A ς Primer dimers formed from RPA reactions are transferred to the 
functionalised well. B - The tail (grey) of the forward primer (red) hybridises to the capture probe. C - The HRP conjugated 
reporter probe (yellow) hybridises to the tail (grey) modified to the reverse primer (blue).  
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5.2.2 Assessing RPA in solution with tailed OXA 239 primers 

The sensitivity of tailed OXA 239 primers was assessed by incorporating them into RPA reactions 

spiked with tenfold serially diluted OXA-48 template DNA ranging from 91 pM ς 9.1 aM. Agarose gel 

electrophoresis was performed as per 2.5.2 to visualise the products of each RPA reaction and 

ELONA was performed as per 2.5.3 to quantify the levels of amplicon in each reaction. 

Visible amplicons are produced at 280 bp which is higher than the expected amplicon size (269 bp). 

Amplicon bands were visually observed at starting template concentrations as low as 9.1 fM on the 

agarose gel (Figure 5.5). Faint low molecular weight bands (80 bp) are observed when 91 fM or 

lower concentrations of template DNA was used in the RPA reactions. When measured by ELONA, 

high absorbances were measured in all wells (Figure 5.5B) including the NTCs which produced a high 

LOD of 1.2 a.u. The absorbance emitted from wells containing buffer only (no RPA components or 

oligonucleotides) remained low (0.046 a.u.) which shows the background is not caused by 

non-specific binding of the reporter probe or insufficient washing of the samples. This suggests that 

the high background observed in the ELONA could be caused by the formation of primer dimers. No 

calibration curve can be determined across the range as all reactions containing primers reached 

saturation levels just 1 min after the addition of TMB. 

A 

 
B 

 
Figure 5.5: Assessing tailed OXA 239 primers. 
A ς Agarose gel electrophoresis (3 %) visualising the products of RPA reactions using tailed OXA 239 primers, across a 
range of template DNA concentrations (91 pM ς 9.1 aM). B ς ELONA analysis measuring the absorbance at 630 nm of 
the same RPA reactions. Absorbance was measured 1 min after the addition of TMB substrate. Each point is the average 
of duplicates and error bars represent the standard deviation between duplicates. The LOD is represented as the 
horizontal red line and the average absorbance produced by buffer only is represented as the green line.  
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5.2.3 Assessing RPA in solution with tailed NDM 205 primers 

Tailed NDM 205 primers were incorporated into RPA reactions performed as detailed in 2.5.1. 

Tenfold Serial dilutions of NDM template DNA ranging from 90 pM ς 9 aM were spiked into RPA 

reactions and the resulting products were visually assessed by agarose gel electrophoresis as 

detailed in 2.5.2 and quantitatively assed by ELONA as per 2.5.3.  

The amplicon separated at 260 bp which is higher than the predicted amplicon size (235 bp). The 

visual detection limit represented as the faint bands at 260 bp (Figure 5.6) was 0.9 pM. Low 

molecular weight bands (80-120 bp) were observed in all reactions but the quantity and intensity of 

low molecular weight bands increased when lower concentrations of template were used. No 

correlation between template concentration and the absorbance could be ascertained from the 

ELONA (Figure 5.6B). As a result of the high levels of background in the NTC the calculated LOD is 

higher (2.3 a.u.) than any template containing measurement. Minimal absorbance was measured in 

wells containing no primers (buffer only) (0.055 a.u.) which shows that the background is not caused 

by non-specific binding of the capture and reporter probe. 

A 

 
B 

 
Figure 5.6: Assessing tailed NDM 205 primers. 
A ς Agarose gel electrophoresis (3 %) visualising the products of RPA reactions using tailed NDM 205 primers, across a 
range of template DNA concentrations (90 pM ς 9 aM). B ς ELONA analysis measuring the absorbance at 630 nm of the 
same RPA reactions. Absorbance measurements were taken 10 min after the addition of TMB substrate. Each point is 
the average of duplicates and error bars represent the standard deviation between duplicates. The LOD is represented as 
the horizontal red line and the average absorbance produced by buffer only is represented as the green line.  
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5.2.4 Assessing RPA in solution with tailed VIM 147 primers 

Tailed VIM 147 primers were incorporated into RPA reactions as detailed in 2.5.1. RPA reactions 

were spiked with tenfold serially diluted VIM template DNA ranging from 91 pM ς 9.1 aM and 

visually analysed on agarose gel electrophoresis as per 2.5.2, followed by quantitative analysis via 

ELONA as per 2.5.3. 

RPA produced detectable bands at 190 bp which is near the near the expected amplicon size 

(177 bp). Visible bands near the expected amplicon size were observed when 91 aM of starting 

template was added (Figure 5.7). Low molecular weight bands (60-100 bp) begin to appear in 

reactions spiked with 0.91 pM of template DNA, the intensity of the bands increase when lower 

concentrations of template are used with the most intense bands appearing in the NTC. No 

correlation between absorbance and starting template concentration was ascertained from the 

ELONA (Figure 5.7B). High absorbance measurements were recorded in all template containing 

reactions and NTCs which translated to a high LOD of 1.46 a.u. The buffer controls which did not 

contain RPA components or oligonucleotides emitted low absorbances, 0.048 a.u. showing that the 

background was not due to non-specific binding of the capture and reporter probes. 

A 

 
B 

 
Figure 5.7: Assessing tailed VIM 147 primers. 
A ς Agarose gel electrophoresis (3 %) visualising the products of RPA reactions using tailed VIM 147 primers, across a 
range of template DNA concentrations (91 pM ς 9.1 aM). B ς ELONA analysis measuring the absorbance at 630 nm of 
the same RPA reactions. Absorbance measurements were measured 1 min after the addition of TMB substrate. Each 
point is the average of duplicates and error bars represent the standard deviation between duplicates. The LOD is 
represented as the horizontal red line and the average absorbance produced by buffer only is represented as the green 
line.  
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5.2.5 Assessing RPA in solution with tailed IMP 189 primers 

Tailed IMP 189 primers were incorporated into RPA reactions as described in 2.5.1. RPA reactions 

were spiked with tenfold serially diluted IMP template DNA ranging from 92 pM to 9.2 aM and 

subsequent visual and quantitative analysis was performed by agarose gel electrophoresis and 

ELONA as detailed in 2.5.2 and 2.5.3, respectively. 

No visible bands at the predicted amplicon size, 219 bp (189 bp duplex amplicon flanked by two 15 

nucleotide single stranded oligonucleotides) are observed on the agarose gel (Figure 5.8) which 

suggests that amplification failed to generate an unaltered amplicon. Multiple amplified products at 

molecular weights 140 bp, 300 bp, 480 bp, >500 bp were generated in reactions containing high 

template concentrations (92 pM and 9.2 pM) (Figure 5.8). High molecular weight bands at 460 bp 

and >500 bp were observed when IMP 189 primers were assessed in Figure 4.5. Bands at 140 bp and 

300 bp are only observed when tails were used. The bands observed at high concentrations of 

template DNA could be products from primers annealing to non-target sequences (mis-priming). 

ELONA analysis (Figure 5.8B) shows minimal signal was generated at all template concentrations and 

a calculated LOD which is higher (0.428 a.u.) than any of the absorbances measured in the template 

containing wells. The cause of the low absorbances measured within the ELONA could be due to tails 

hybridising to non-target sequences such as primers. If primers bind to the tails it prevents the tail 

from hybridising to either the capture or reporter probe and is therefore, not detected. Binding 

between primers and tails would also sequester free primers available to amplify the target gene 

and/or lead to concatemers forming between amplicons which would lead to an assay with low 

sensitivity and amplicons of various sizes forming which is what is observed in Figure 5.8. 
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A  

 
B 

 
Figure 5.8: Assessing IMP 189 tailed primers. 
A ς Agarose gel electrophoresis (3 %) visualising the products of RPA reactions using tailed IMP 189 primers, across a 
range of template DNA concentrations (92 pM ς 9.2 aM). B ς ELONA analysis measuring the absorbance at 630 nm of 
the same RPA reactions. Absorbance measurements were taken 15 min after the addition of TMB substrate. The LOD is 
represented as the red horizontal line and the average absorbance produced by buffer only is represented as the green 
line. Each point is the average of duplicates and the error bars represent the standard deviation between duplicates.  

 

5.2.6 Preliminary investigation into the background generated in ELONA detection 

To identify the cause of the background exhibited in the calibration curve attempts (Figure 5.3B and 

Figures 5.5B-5.8B), more controls were introduced. A simple yet potentially informative experiment 

was designed, consisting of twelve RPA reactions. Three reactions contained 0.912 pM of OXA-48 

template while nine reactions contained no template at all. For the nine NTCs, three contained all 

the components of RPA including primers, three contained all components of RPA but no primers; 

and three contained primers and all components of RPA except magnesium acetate. Magnesium 

acetate is an essential cofactor for the Bsu polymerase used within RPA, without it amplification will 

not occur (Li et al., 2019a). All RPA reactions were executed as per 2.5.1 and incorporated into 

ELONAs as detailed in 2.5.3. The average absorbance for each control is presented as a column chart 

depicted in Figure 5.9. As observed in previous experiments high absorbance was measured in the 

NTC wells containing both primers and magnesium acetate. Negligible absorbance was measured 
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when no primers were present confirming that background is not caused by the contents of the RPA 

mastermix. When RPA was performed with no magnesium acetate negligible absorbance was 

measured which shows that the background is caused by non-specific amplification of primer dimer 

complexes rather than simple hybridisation of free primers to the capture probes. 

 
Figure 5.9: Column chart assessing the cause of high background observed in the ELONA.  
An array of controls within RPA reactions were assessed using ELONA. The controls were: RPA reactions containing all 
RPA components and 0.912 pM of OXA-48 template; reactions containing no template DNA (NTC); reactions containing 
no template DNA (NTC) or primers, reactions containing no template DNA (NTC) or MgAOc and wells that contained only 
Buffer. Each control was performed in triplicate and the products of each were transferred to an ELONA plate for 
analysis. Error bars represent the standard deviation between triplicates. 
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5.2.7 Diluting RPA prior to performing ELONA detection 

In an attempt to reduce the background signal observed in previous ELONAs, the concentration of 

RPA reactions transferred to the ELONA plate was investigated. Diluting RPA reactions prior to 

analysis varies in the literature from groups transferring undiluted reactions onto the ELONA plate 

(Jauset-Rubio et al., 2016; Jauset-Rubio et al., 2018; Toldrà et al., 2018; Toldrà et al., 2019; Kortli et 

al., 2020) to groups diluting the reactions by up to a factor of 50 (Skouridou et al., 2019; Wang et al., 

2020b; Wang et al., 2021). Post amplification, RPA reactions were diluted by factors of 5, 10, 50, 100, 

250, 500, or 1000 in 4x SSC buffer and incorporated into ELONA as described in 2.5.3.  

Figure 5.10 shows diluting RPA by a factor 5 or 10 produced negligible difference between the signal 

generated in template containing RPA reactions and the background observed in the NTC, this 

observation is in keeping with previous assays which diluted RPA products by a factor of 5 and 

exhibited high levels of background. The background observed in the NTCs are reduced when the 

RPA products are diluted in increasingly more 4x SSC and when diluted by a factor of 50 or more a 

clear difference between the background absorbance measured in the NTC and the signal of the 

template containing wells is observed. The biggest distinction between overall signal and 

background was observed when RPA was diluted by a factor of 100. Despite a reduced background 

when RPA reactions were diluted 50 fold or more the absorbance emitted in the NTCs is still too high 

to produce a specific and sensitive assay. Going forward 100 fold dilutions will be implemented in 

further ELONAs but further measures are required to reduce the background to an acceptable level.  

 
Figure 5.10: Comparing dilutions of RPA reactions prior to transferring onto ELONA plate.  
RPA reactions were spiked with 91 pM of VIM template DNA and pooled together. Pooled RPA reactions containing no 
template were used for each NTC. Both template containing and NTC RPA reactions were diluted by factors of 5, 10, 50, 
100, 250, 500 or 1000 before ELONA analysis. Absorbance measurements were taken 5 min after the addition of TMB 
substrate. The columns represent an average of two readings and the error bars represent the standard deviation of the 
duplicates.  

 

5.2.8 Optimising RPA reaction time prior to ELONA detection 

Incubating RPA reactions at 37 °C for longer periods of time will generate more product but will also 

increase amplified by-products in assays suffering from off target amplification which can cause 

higher levels of background. Adjusting the reaction time of RPA was assessed with the aim of 

reducing the accumulation of amplified primer dimers and consequently, reduce the background 

observed in the ELONA. RPA reactions were spiked with 91 pM of VIM template. After the reactions 

were initiated with magnesium acetate the RPA reactions were incubated at 37 °C for either 5, 10, 

15, or 20 min before stopping the reaction at 4 °C. Agarose gel electrophoresis was performed on 
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the RPA reactions as per 2.5.2 and RPA reactions were diluted by a factor of 100 in 4x SSC followed 

by ELONA analysis which was performed as detailed in 2.5.3. 

Amplicons were generated at 200 bp which is near the expected amplicon size (177 bp) when RPA 

was performed for 10 min or more, and the intensity of the amplicon bands increase across the time 

range (Figure 5.11). A faint band near the amplicon size is shown in one duplicate when RPA was 

performed for 5 min whilst the second duplicate failed to amplify the target gene. Low molecular 

weight bands (100 bp) appear in the NTCs when RPA is performed for 10 min or more. ELONA 

detection showed the background in the NTC remained high when RPA reactions were performed 

for 20 min (Figure 5.11B). The signal generated from RPA reactions performed for 10 min or more is 

near saturation, and although performing RPA for 10 min and 15 min reduced the background 

without greatly affecting the signal, the background is still considered too high (Figure 5.11B). 

Minimal background was measured when RPA was performed for 5 min; however, only one 

duplicate generated a signal when template DNA was present. One of the 10 min duplicates shows 

poor amplification on the agarose gel but this is not reflected in the errors bars on the ELONA which 

suggests that the difference in intensity of the bands may be due to a loading artefact. Performing 

RPA for 15 min reduced the background but not to a level which would produce a sensitive and 

specific assay, therefore, further optimisation of the assay is required. 

A 

 
B 

 
Figure 5.11: Time-course assay of RPA in solution. 
A ς Agarose gel electrophoresis (3 %) visualising the products generated from RPA reactions performed for 5, 10, 15 or 
20 min using tailed VIM 147 primers with a starting template concentration of 91 pM alongside a NTC for reaction time 
tested. B ς ELONA analysis measuring the absorbance at 630 nm of the same RPA reactions. Absorbance was measured 
5 min after the addition of TMB substrate. Columns are averages of duplicates and the error bars are representative of 
the standard deviation between duplicates. 
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5.2.9 Optimising primer concentrations used within RPA in solution 

High concentrations of primers drive weak interaction between primers producing amplified primer 

dimers (Chou et al., 1992; Brownie et al., 1997; Poritz et al., 2014). Lower concentrations of primers 

used in RPA reactions were investigated with the hypothesis that reducing the concentration of 

primers should reduce primer dimers forming and the resulting background. RPA reactions were 

performed with 91 pM of VIM template DNA and were spiked with either 240, 160, 120, or 96 nM of 

tailed VIM 147 primers and RPA was performed at 37 °C for 15 min before stopping the reaction at 

4 °C. RPA reactions were diluted by a factor of 100 in 4x SSC and transferred to a functionalised plate 

were ELONA was performed as per 2.5.3. 

The strength of the positive signal decreased as lower concentrations of primers were used and the 

strongest positive signal was generated when 240 nM of each tailed primer were used in RPA 

reactions (Figure 5.12). Reducing the primer concentration to 240 nM or less greatly reduced the 

background observed in previous assays which used 480 nM of primers (Figures 5.9-5.11). RPA 

reactions containing 240 nM produced the strongest signal and consequently, has the large 

distinction between signal and background, therefore, going forward RPA reactions will be 

performed for 15 min using 240 nM of each primer and RPA reactions will be diluted by a factor of 

100 prior to ELONA detection.  

 
Figure 5.12: Assessing primer concentrations in RPA reactions. 
ELONA detection measuring the absorbance emitted from RPA reactions performed for 15 min using either 240, 160, 
120, or 96 nM of VIM 147 tailed primers. RPA reactions containing 91 pM of VIM template DNA were compared against 
reactions which contain no template DNA (NTC) for each primer concentration. Absorbances were measured 5 min after 
the addition of TMB substrate. Each column represents duplicate reactions with error bars representing the standard 
deviation.  

 

5.3 RPA CALIBRATION CURVE USING OPTIMISED ASSAY CONDITIONS 

Using the optimised conditions, tenfold serially diluted VIM template ranging from 91 pM ς 9.1 aM 

were spiked into RPA reactions containing 240 nM of each primer and were performed for 15 min at 

37 °C. The amplified products were visually analysed by agarose gel electrophoresis as described in 

2.5.2. RPA reactions were diluted by a factor of 100 in 4x SSC prior to performing ELONA as per 2.5.3.  
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Observable amplicons were produced at 200 bp which is near the predicted size (177 bp). Visible 

amplicons were observed when 91 aM of template DNA was added (Figure 5.13). Low molecular 

weight bands (80-100 bp) are first introduced when 0.91 pM of template DNA is added and as the 

concentration of template DNA decreases the intensity of the low molecular weight bands increase. 

Despite performing RPA under optimised conditions high levels of background were still observed. 

This is shown visually as the LOD which was calculated as 2.25 a.u. (red horizontal line) (5.13B) and 

no correlation between template concentration and absorbance was ascertained. 

A 

 
B 

 
 

Figure 5.13: Determining the sensitivity of VIM 147 tailed primers with optimised RPA conditions. 
Tenfold serial dilutions of VIM template DNA (91 pM ς 9.1 aM) were spiked into RPA reactions which were performed for 
15 min using 240 nM of tailed primers. A ς Agarose gel electrophoresis (3 %) used to separate DNA fragments by size 
and visualise the amplified products of RPA. Absorbances were measured 1 min after the addition of TMB substrate. 
B - Absorbance measurement taken from ELONA detection of each RPA reaction. Each point is the average of duplicate 
reactions with the error bars representing the standard deviation.  



96 
 

5.4 DISCUSSION 

5.4.1 Designing six unique oligonucleotide sequences that can be used as tails 

The bioinformatic driven approach illustrated in Figure 5.1 generated six unique oligonucleotide 

sequences which can be used as tails with the intention of modifying the forward and reverse primer 

with said tails to mediate capture and detection of the amplicons. The tails were designed with four 

or less consecutive complementarity bases towards each other, the primers, and the reverse 

complement sequence of the tails. Sequences 15 nucleotides in length were chosen as tails to 

modify the primers. Choosing shorter sequences than groups who have published assays utilising 

tailed primers (Jauset-Rubio et al., 2016; Jauset-Rubio et al., 2018; Toldrà et al., 2018; Magriñá et al., 

2019; Skouridou et al., 2019; Toldrà et al., 2019; Ahmed et al., 2020; Kortli et al., 2020; Liu et al., 

2020; Wang et al., 2020b; Wang et al., 2021) aims to decrease complexity within the one-pot 

multiplex assay and reduce the risk of non-specific binding and the consequential false positive 

signal. 

5.4.2 Oligoanalyzer as a tool to assess complementarity between primers and tails 

The Oligoanalyzer tool was used to computationally assess complementarity between tails and 

primers, tails were chosen to modify primers on the basis of which tailed primer provided the most 

positive ɲG value. Sequences which return more positive ɲG values are in theory less likely to form 

secondary structures such as primer dimers. By comparing in-silico analysis using the Oligoanalyzer 

and performing in-vitro PCR amplification Johnston et al. (2019) calculated that sequences which 

returned a ɲG value of -9.75 kcal/mole or more were certain to form secondary structures during 

amplification. All selected tailed primers except VIM 147 and IMP 189 scored ɲG values less 

than -9.75 kcal/mole for both homodimersation and heterodimerisation. Upon investigation the high 

negative values predicted for VIM 147 and IMP 189 were caused by primer-primer interactions and 

not interactions with the tails which could potentially cause false positive signal within a multiplex 

assay. The few conserved sequences across blaIMP variants meant only one set of primers could be 

designed and only two robust sets of primers targeting blaVIM were identified in the primer screen 

Figure 4.4; both primer sets targeting blaVIM use the same reverse primer sequence and therefore, 

VIM 147 and IMP 189 cannot be changed for primers that produce lower ɲG values. 

Since modifying the primers with tails new software PrimerROC has been released which performed 

better in predicting primer dimers forming in-vitro than the Oligoanalyzer (Johnston et al., 2019). 

PrimerROC has been designed to determine whether primers will form dimers under PCR conditions 

and not RPA but it could be beneficial to investigate incorporating PrimerROC into the script 

(Figure 5.1) to design tailed primers in the future. 

5.4.3 Non-specific signal generated in ELONAs 

With the exception of the IMP 189 primers which failed to produce an amplicon, performing RPA 

using tailed primers looked promising on agarose gels producing a concentration dependant 

calibration series with visual detection limits of 8.9 fM, 9.1 fM, 0.9 pM, and 91 aM for KPC, NDM, 

OXA-48, and VIM templates, respectively. As predicted, decreasing the concentration of starting 

template DNA decreased the amount of amplicon generated, and conversely the amount and 

intensity of low molecular weight bands increased. The low molecular weight bands are consistent 

with primer dimers which caused high levels of background when analysed on ELONA, as a result of 

the high background no correlation between template concentration and absorbance could be 

ascertained and the calculated LODs were too high. Performing RPA with tailed IMP 189 primers 

failed to produce an amplicon and non-specific amplified products were identified in the agarose gel 
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when high concentrations of template DNA were present. The non-specific amplified products are a 

result of mis-priming, and the subsequent ELONA produced very weak absorbances. The low signal 

generated by tailed IMP 189 primers may be caused by primers non-specifically binding to the tails. 

Using Oligoanalyser the predicted primer dimer structures between IMP 189 primers were 

investigated and the most stable primer dimer formed between the forward primer hybridising 

across both the reverse primer and reverse tail which would block detection. 

5.4.4 Optimising RPA conditions to reduce background 

Exhaustive measures were explored to reduce the level of background observed in ELONA detection 

such as altering salt concentrations of the buffer, primer concentration, RPA reaction time, 

concentration of probes, investigating diluting the RPA products, alternative buffers (NaCl and 

MgCl2), introducing more stringent wash steps, and the addition of additives to the SSC buffer (EDTA, 

Tris, Triton x100). In the absence of magnesium acetate, no absorbance was measured (Figure 5.9) 

confirming the background was mediated by amplification and was not due to non-specific 

hybridisation of free primers and probes. Although, diluting RPA reactions by a factor of 100, 

reducing the concentration of primers to 240 nM, and reducing the RPA reaction time to 15 min 

showed a reduction in background in preliminary optimisation experiments (Figure 5.12), when 

these conditions were used to assess the sensitivity of RPA the levels of background remained high 

(LOD absorbance of 2.25 a.u.) and no correlation between template DNA and absorbance was 

ascertained (Figure 5.13). Further conditions could have been investigated such as increasing the 

temperature, but the assay was deemed to be too variable to continue assay development. 

Performing optimisation assays using high concentrations of template may have produced biased 

results and exploring lower template concentrations may have provided a better comparison 

between signal and background. Some groups who have produced sensitive assays using tailed 

primers have used PCR clean-up kits to remove low molecular weight primer dimers prior to ELONA 

(Toldrà et al., 2018; Toldrà et al., 2019). As stated in 4.4.1 PCR clean-up kits adds to the complexity, 

cost and time of the assay taking it away from the POC (Kersting et al., 2014b; Londoño et al., 2016) 

which is why PCR clean-up kits were not explored in this project. 

Using tailed primers avoids the need for labelling primers and using antibodies which reduces time, 

cost, and cold storage requirements (Toldrà et al., 2018). Single stranded nucleotides were chosen to 

facilitate capture and detection because they are more stable, less affected by temperature, and 

have a greater potential for multiplexing than antibodies (Wang et al., 2021). However, complex 

kinetics of hybridisation-based capture and detection adds to the difficulty of producing sensitive 

and specific POCTs which is reflected by the few published studies using tailed primers (Corstjens et 

al., 2003). Performing RPA in solution using tailed primers saw absorbance measurements for 

template containing reactions and NTCs saturate 1 min after the addition of TMB. Due to the 

difficulty of performing singleplex RPA reactions in solution, further attempts at performing RPA in 

solution using tailed forward and reverse primers were abandoned; alternatively, solid-phase RPA 

will be investigated going forward. 

5.4.5 Solid-phase amplification  

False positive signals arising from non-specific amplified products are abundant in the RPA literature 

and many groups have transferred amplification onto the solid phase to combat mis-priming and 

primer dimers from forming (Adessi et al., 2000; Shapero et al., 2001; del Río et al., 2014; Kersting et 

al., 2014b; Khater et al., 2019). During solid-phase amplification one primer is immobilised onto a 

solid surface whilst the opposing primer remains in solution. Anchoring one of the primers to a solid 

surface limits the diffusion of one primer and eliminates one of the tails thus reducing sequence 

complexity within the reactions and decreasing the overall interactions between primers which 
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should reduce the levels of background caused by primer dimers (Shapero et al., 2001; Shin et al., 

2013; Kersting et al., 2014b). Because amplification occurs directly on the surface, the assay does 

not require a capture probe as the target is amplified whilst captured to the surface thus reducing 

the number of binding events required to detect the amplicon, therefore, improving the chance of 

success whilst making the assay more user-friendly (Shin et al., 2013). 
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6 RECOMBINASE POLYMERASE AMPLIFICATION AND DETECTION OF 

CARBAPENEMASE GENES ON A SOLID PLATFORM 

As previously stated in section 5.4.5, performing solid-phase RPA was investigated to overcome the 

high background observed when RPA was performed in solution. The high background was shown to 

be a result of non-specific amplified primer dimers. As a proof-of-principle solid-phase RPA was 

performed with the рΩ biotin-TEG modified forward primer immobilised onto the surface of a 96-well 

microtitre plate through streptavidin-biotin interactions whilst the tailed reverse primer remained in 

solution (Figure 6.1). The resulting amplified products are duplex amplicons ǿƛǘƘ ŀ ǎƛƴƎƭŜ рΩ ǘŀƛƭ 

immobilised on a solid surface negating the use of a secondary tail on the forward primer to capture 

the product onto a surface via a nucleic acid capture probe. Triethylene glycol (TEG) is a 15 molecule 

spacer which is used to separate the primer from the biotin molecule to prevent steric hinderance 

allowing biotin to bind streptavidin unimpeded (Peeters et al., 2008). 

 
Figure 6.1: Diagram of solid-phase RPA and ELONA detection. 
A - Streptavidin coated microtitre wells are functionalised with рΩ biotin-TEG modified forward primers (red). B ς 
Solid-phase RPA occurs with the reverse tailed primer (blue and grey) in solution, the end product is an immobilised 
ŘǳǇƭŜȄ ŀƳǇƭƛŎƻƴ όōƭŀŎƪύ ǿƛǘƘ ŀ рΩ single stranded tail (grey). C - A HRP probe conjugated to a single stranded 
oligonucleotide hybridises to the complementary tail. D ς TMB is added to the rection and catalysed into the oxidised 
form by the HRP causing a colour change. 

In the forthcoming proof-of-principle experiments the reverse primers of KPC 203, OXA 239, 

NDM 205, VIM 147, and IMP 189 ǿŜǊŜ ƳƻŘƛŦƛŜŘ ŀǘ ǘƘŜ рΩ ŜƴŘ ǿƛǘƘ ŀƴ ƛŘŜƴǘƛŎŀƭ nucleotide tail 

(universal tail) which was designed in section 5.1.1 (Table 2.9). Using a tail which is universal for all 

five targets allows detection of each gene using a single reporter probe provided the reporter probe 

is tethered to an oligonucleotide which is the reverse complement of the reverse primer tail 

sequence. An assay performed in this manner has the capacity to perform multiplex amplification 

and detection in parallel where each gene is detected in separate reactions which are spatially 

separated, using the same reporter probe. Performing parallel multiplex amplification of all five 

genes is a good proof-of-principle experiment and many research groups have published assays 

using solid-phase RPA to amplify multiple targets in parallel (Kersting et al., 2014b; Choi et al., 2016). 

If amplification in parallel is successful unique tails can be assigned to each carbapenemase gene 

which facilitate differentiation taking the assay further towards a one-pot multiplex assays. 
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6.1 OPTIMISING CONDITIONS OF SOLID-PHASE RPA 

6.1.1 Determining solid-phase RPA reaction time  

The conditions of combined solid-phase RPA and ELONA detection were optimised prior to 

performing calibration curves to identify the parameters which yield the most sensitive assays. The 

RPA reaction time, amount of biotinylated forward primer functionalised to the ELONA plate, and 

concentration of reporter probe were all evaluated in preliminary optimisation experiments.  

Using VIM template as the target a time-course assay was executed to determine the optimum time 

required to amplify a range of template concentrations (455 pM ς 45.5 fM) to a detectable level 

using ELONA. To meet the REASSURED criteria a POCt must deliver results within 15-60 min without 

compromising sensitivity (Land et al., 2019)Φ ²ƛǘƘ ǘƘƛǎ ƛƴ ƳƛƴŘΣ wt!Ωǎ ŀōƛƭƛǘȅ ǘƻ ŀƳǇƭƛŦȅ ŀ ǊŀƴƎŜ ƻŦ 

starting template concentrations (455 pM, 4.55 pM, and 45.5 fM) on the solid phase were assessed 

at incubation times of 20, 30, and 40 min. Combined solid-phase RPA and ELONA detection was 

carried-out as per 2.5.4 and the results are represented as the ratio of signal to background were 

background is derived from the absorbance generated in the NTC (Figure 6.2). 

Performing RPA for 20 min produced the highest signal to background ratio (67:1) at 455 pM of 

starting template but minimal signal was produced at the lower concentrations of template 4.55 pM 

and 45.5 fM. The findings in Figure 6.2 suggests performing amplification for 30 or 40 min would 

produce an assay with a wider dynamic range than an assay performed at 20 min. The preliminary 

findings illustrated in Figure 6.2 suggests RPA should be allowed to proceed for 40 min because a 

higher signal was produced at the lowest concentration of starting template which should translate 

to a more sensitive assay.  

 
Figure 6.2: Time-course assay for solid-phase RPA. 
RPA reactions were performed for either 20, 30, or 40 min against high (455 pM), medium (4.55 pM), and low (45.5 fM) 
concentrations of VIM template DNA. Absorbance was measured 5 min after the addition of TMB substrate. Ratios of 
signal and background at each time and template concentration were compared. Each reaction time and concentration 
were assessed in singular reactions. 
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6.1.2 Assessing the optimal concentration of forward primer and reporter probe  

The concentration of forward primer tethered to the surface of microtitre wells and the 

concentration of reporter probe used for detection was assessed to find the optimum 

concentrations which provide the most sensitive assay whilst avoiding non-specific background. 

Streptavidin coated wells were functionalised with either 960, 720, 480, or 240 nM of рΩ biotin-TEG 

modified KPC 203 forward primer. Solid-phase amplification was performed with an RPA mastermix 

containing 8.9 pM of KPC template and 480 nM of universal tailed KPC 203 reverse primer. The 

checkerboard assay was completed by adding either 20, 10, 5, or 2.5 nM of reporter probe to the 

ELONA plate. The absorbance of oxidised TMB was measured at 630 nm in each well and the 

signal:background ratios were calculated for each concentration of forward primer/reporter probe 

(Figure 6.3). The highest signal:background ratio (22.8:1) was observed when 480 nM and 20 nM of 

forward primer and reporter probe were used, respectively. The signal did not saturate at the 

highest concentration of reporter probe (20 nM) when 480 nM and 720 nM of forward primer were 

used but there is a clear distinction between absorbance produced by template containing and NTC 

reactions.  

 
Figure 6.3: Forward primer (capture probe) and reporter probe optimisation. 
RPA reactions were performed for 40 min at 37 °C on ELONA plates functionalised with either 960, 720, 480, or 240 nM 
of forward primer (biotin-Teg capture) subsequent detection with either 20, 10, 5, and 2.5 nM of reporter probe was 
added in a checkerboard assay. Absorbance was measured 5 min after the addition of TMB substrate. The difference in 
absorbance between reactions containing 8.9 pM of KPC template and NTC was assessed as a ratio. Due to the 
complexity of the assay each concentration tested was only performed singularly.   

 

In the initial optimisation experiments, we have demonstrated amplification of both VIM and KPC 

template DNA through elongation of surface tethered primers. Performing RPA on the solid phase 

has significantly reduced the background which was observed when RPA was performed in solution. 

The most sensitive assays occurred when RPA was performed for 40 min using 480 nM of forward 

primer and 20 nM of reporter probe, therefore, these conditions will be used in future solid-phase 

RPA assays. 
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6.2 ASSESSING THE SENSITIVITY OF EACH PRIMER SET MODIFIED WITH A 

UNIVERSAL TAIL USING COMBINED SOLID-PHASE RPA AND ELONA 

DETECTION 

6.2.1 Combined solid-phase amplification and ELONA detection of KPC using a reverse primer 

modified with the universal tail 

Serial dilutions of KPC template DNA ranging from 445.4 pM - 98.9 fM were spiked in solid-phase 

RPA reactions containing KPC 203 primers (Table 2.9) and ELONA detection was performed as per 

2.5.4. Five minutes after the addition of TMB substrate the absorbance of each reaction was 

measured and plotted against the concentration of starting template shown in Figure 6.4. 

 

 
Figure 6.4: Calibration curve of KPC using a universal tail. 
A dose-response curve of KPC template (concentration range 445.4 pM ς 98.9 fM) obtained from combined solid-phase 
RPA and ELONA detection. The curve is fitted to a semi-log sigmoidal dose response and the LOD calculated as the sum 
of the average absorbance exhibited in the NTC plus three times the standard deviation and is represented as a red line 
in the graph. Each point is representative of three independent replicates and the error bars represent the standard 
deviation of the replicates. Measurements were taken 5 min after the addition of TMB. 

 

A sigmoidal dose-response model was used to plot the curve in Figure 6.4, how well the curve fits 

the data set is determined by the coefficient of determination, R squared. R squared is calculated as 

ǘƘŜ άproportƛƻƴ ƻŦ ǾŀǊƛŀǘƛƻƴ ƛƴ ǘƘŜ ǊŜǎǇƻƴǎŜ ǘƘŀǘ Ŏŀƴ ōŜ ŜȄǇƭŀƛƴŜŘ ōȅ ǘƘŜ ƳƻŘŜƭέ (Alexander. D. L. J. 

et al. 2015). The calculated R squared from Figure 6.4 is 0.99086 which infers a close fit of the curve 

to the points and therefore, a small degree of variability is observed between each concentration.  
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The analytical performance of this assay can be characterised by ƛǘΩǎ LOD. The LOD is assumed to be 

the value above the blank measurement denoting the threshold from which the assay can detect the 

presence or absence of an analyte (Armbruster et al., 2008). The simple model for determining the 

LOD relies on calculating the mean measurements and standard deviation from blank replicates. The 

standard deviation is multiplied by a factor of 2-10 and added to mean of the replicates (CLSI, 2012). 

Throughout this project the LOD will be calculated as the mean of the blank + 3xstandard deviation 

of the blank, multiplying the standard deviation by a factor of three will find the concentration 

where measurements are very likely to exceed the highest expected value of the blanks (Armbruster 

et al., 2008). The LOD calculated for the KPC detection assay is 157 fM (Figure 6.4). 

6.2.2 Combined solid-phase amplification and ELONA detection of OXA-48 using a reverse primer 

modified with the universal tail 

Combined solid-phase RPA and ELONA detection were performed as per 2.5.4 using OXA 239 

primers (Table 2.9). Serial dilutions of OXA-48 template DNA ranging from 456 pM to 91.1 fM were 

spiked into each reaction and the absorbance was measured 30 min after the addition of TMB 

substrate producing a calibration curve with an R squared value of 0.99155 (Figure 6.5) showing a 

closeness of fit and an LOD of 7.265 pM. Thirty minutes after the addition of TMB the background 

observed in the NTC wells remained low but a weak signal was generated even when high 

concentrations of template (456 pM) were spiked into RPA reactions thus providing a narrow 

dynamic range for the assay. The narrow dynamic range and weak signal generated in Figure 6.5 

could be the consequence of using short primers. The forward and reverse primers targeting OXA-48 

are 18 bases and 20 bases, respectively, and are shorter than those targeting KPC (23 and 26 bases), 

NDM (22 and 23 bases), VIM (21 and 23 bases), and IMP (23 and 19 bases). Previous experiments 

within this project showed using primers shorter than 23 bases in length decreases amplification 

rate within RPA (Figure 3.3), this is further substantiated by (Fuller et al., 2017) who showed using 

primers shorter than 20 bases significantly impacts amplification. As previously stated, shorter 

primers were designed due to the lack of homology between the identified variants of blaOXA-48, 

therefore, primers cannot be extended in length to increase amplification as this would compromise 

the detection of some clinically relevant variants.  
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Figure 6.5: OXA-48 calibration curve using a universal tail. 
The absorbance measured from solid-phase RPA reactions spiked with varying concentrations of OXA-48 template DNA 
(456 pM ς 91.1 fM). Absorbance measurements were taken 30 min after the addition of TMB substrate. The curve is 
fitted to a semi-log sigmoidal dose response and the LOD calculated as the sum of the average absorbance exhibited in 
the NTC plus three times the standard deviation and is represented as a red line in the graph. Each point is 
representative of 3 individual measurements (n=3) and the error bars represent the standard deviation of the replicates. 

As a proof-of-principle experiment, Figure 6.5 shows OXA-48 template was successfully amplified 

using an immobilised forward primer and tailed reverse primer; and validates the detection of 

amplified products through hybridisation of a HRP-linked reporter probe to the tailed amplicon. 

Furthermore, the high levels of background observed when RPA was performed in solution have 

reduced significantly in a solid phase format. 
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6.2.3 Combined solid-phase amplification and ELONA detection of NDM using a reverse primer 

modified with the universal tail 

Attempts to generate a calibration curve against NDM were made by spiking solid-phase RPA 

reactions containing NDM 205 primers (Table 2.9) with different concentrations of NDM template 

ranging from 91 pM ς 910 aM (Figure 6.6) followed by ELONA detection as per 2.5.4. A calibration 

curve was produced with an R square value of 0.4767 which shows the points do not fit to the curve. 

A weak absorbance was measured when high concentrations of NDM template were used, 90.8 pM.  

Evidence of non-specific amplification is shown by the increasing absorbance measured at lower 

concentrations of template DNA (91 fM - 910 aM). The increase in absorbance at concentrations 

below 910 fM could be due to the formation of primer dimers at lower template concentrations. 

Primer dimers can cause non-specific signal within solid-phase amplification if the immobilised 

forward primer binds to the primer region of the reverse tailed primer leaving the tail exposed to 

bind the reported probe. Further investigations such as altering the sequence of the tail are required 

to assess if this is the case. The increasing background signal at low concentrations of template DNA 

meant the calculated LOD did not cross the curve and no concentration for LOD could be confidently 

calculated. 

 
Figure 6.6: NDM calibration curve using a universal tail. 
The absorbance measured from solid-phase RPA reactions spiked with varying concentrations of NDM template DNA 
(91 pM ς 910 aM). The curve is fitted to a semi-log sigmoidal dose response. The LOD calculated as the sum of the 
average absorbance exhibited in the NTC plus three times the standard deviation and is represented as a red line in the 
graph. Measurements were taken 10 min after the addition of TMB. Each point is representative of 3 individual 
measurements (n=3) and the error bars represent the standard deviation of the replicates. 
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6.2.4 Combined solid-phase amplification and ELONA detection of VIM using a reverse primer 

modified with the universal tail 

Combined solid-phase RPA and ELONA detection were performed as per 2.5.4 using the VIM 147 

primers (Table 2.9). Serial dilutions of VIM template DNA ranging from 456 pM ς 91.1 fM were 

spiked into each reaction producing a calibration curve (Figure 6.7) with an R squared value of 

0.98864 fit to a sigmoidal dose/response curve suggesting a closeness of fit. Absorbance 

measurements were taken 3 min after the addition of TMB substrate and a LOD of 407 fM was 

achieved thus demonstrating the assay is both rapid and sensitive. 

 
Figure 6.7: VIM calibration curve. 
The absorbance measured from solid-phase RPA reactions spiked with varying concentrations of VIM template DNA 
(456 pM ς 91.1 fM). Absorbance was measured at 630 nm 3 min after the addition of TMB substrate. The curve is fitted 
to a semi-log sigmoidal dose response and the LOD calculated as the sum of the average absorbance exhibited in the 
NTC plus three times the standard deviation and is represented as a red line in the graph. Each point is representative of 
3 individual measurements (n=3) and the error bars represent the standard deviation of the replicates. 
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6.2.5 Combined solid-phase amplification and ELONA detection of IMP using a reverse primer 

modified with the universal tail 

Combined solid-phase RPA and ELONA detection were performed as per 2.5.4 using IMP 189 primers 

(Table 2.9). Serial dilutions of IMP template DNA ranging from 463 pM ς 93 fM were spiked into each 

reaction and the absorbance was measured 20 min after the addition of TMB substrate producing a 

calibration curve with an R squared value of 0.98125 and a LOD of 4.076 pM was obtained from the 

curve (Figure 6.8). Figure 6.8 shows amplification and detection of IMP on the solid phase was 

successful although a weak signal was generated at the highest template concentration. Much like 

the OXA 239 primer pair, the reverse primer of IMP 189 is shorter (19 bases) than those of KPC 203, 

NDM 205, and VIM 147, which could account for the weak signal observed in Figure 6.8. Further 

possibilities include the tail hybridising non-specifically with either the forward or reverse primers, 

therefore, limiting the number of primers available to amplify the target. To evaluate the cause of 

the weak signal the sequence of the tail should be altered and assessed in combined solid-phase RPA 

and ELONA detection assays. 

 

 
Figure 6.8: IMP calibration curve. 
The absorbance measured from solid-phase RPA reactions spiked with varying concentrations of IMP template DNA 
(463 pM ς 93 fM). Absorbance was measured at 630 nm 20 min after the addition of TMB substrate. The curve is fitted 
to a semi-log sigmoidal dose response and the LOD calculated as the sum of the average absorbance exhibited in the 
NTC plus three times the standard deviation and is represented as a red line in the graph. Each point is representative of 
3 individual measurements (n=3) and the error bars represent the standard deviation of the replicates. 
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6.2.6 Summary of solid-phase RPA using primers modified with a universal tail 

Performing RPA on the solid phase has reduced the non-specific background observed when RPA 

was performed in solution to low levels making solid-phase RPA a promising platform. Four out of 

five targets were successfully amplified in solid-phase RPA reactions and detected via ELONA using 

reverse primers modified with a universal tailed primer. Solid-phase RPA assays targeting KPC and 

VIM were highly sensitive with low femtomolar LODs while, LODs for assays targeting OXA-48 and 

IMP had picomolar LODs. Solid-phase RPA targeting NDM produced low absorbance measurements 

at high concentrations of NDM template and non-specific amplification was observed at low 

concentrations of template DNA. Because of the low signal and non-specific amplification, a 

calibration curve with a poor R squared value was produced, to overcome these issues the tail 

modified to the reverse primer will be changed. The tails for four out of the five genes must be 

changed to differentiate each gene in a one-pot multiplex reaction. It was decided that KPC 203 

should remain paired with the universal tail and going forward the tails modified to the reverse 

primers of OXA 239, NDM 205, VIM 147, and IMP 189 pairs would be changed to unique sequences. 

The high sensitivity and low variability achieved by the universal tailed KPC 203 primers as 

determined by the LOD (157 fM) and R squared value (0.99086) influenced the decision to keep the 

reverse primer targeting KPC paired with the universal tail. Furthermore, it would be beneficial to 

investigate what affect changing the tail has on the amplification of OXA-48 and IMP; changing the 

tail could reduce any primer-dimers from forming making more primers available to hybridise to the 

target thus improving the rate of amplification.  

6.3 ASSESSING THE SENSITIVITY OF PRIMERS MODIFIED WITH UNIQUE 

TAILS USING COMBINED SOLID-PHASE RPA AND ELONA DETECTION  

6.3.1 Selecting unique sequences that can be used as tails to modify the reverse primers of 

OXA 239, VIM 147, and IMP 189 

To achieve the end-point goal of producing a one-pot multiplex assay the sequences of the tails must 

be changed to ones that are unique to the target gene. Amplification using a unique tail and 

detection with a cognate probe conjugated to a complementary oligonucleotide will enable 

differentiation of each carbapenemase gene. 

Tails generated by the script in 5.1.1 were modified ŀǘ ǘƘŜ рΩ ŜƴŘ ƻŦ ǘƘŜ ǊŜǾŜǊǎŜ ǇǊƛƳŜǊǎ of OXA 239, 

VIM 147, and IMP 189. The tails which were best matched to each primer were assessed using the 

Oligoanalyser software and the tailed primers which preferentially formed homodimers over 

heterodimers at low analyte concentrations were chosen for further assessment in combined 

solid-phase RPA and ELONA detection. Of interest, the ɲG values for the predicted 

homodimerisation and heterodimerisation between the reverse primers modified with unique tails 

and their cognate forward primers are presented in Table 6.1. 

Table 6.1: Computationally assessing the propensity of unique tailed reverse primers forming homodimers and 
heterodimers. 
¢ƘŜ ǇǊƻǇŜƴǎƛǘȅ ƻŦ ŜŀŎƘ ǘŀƛƭŜŘ ǊŜǾŜǊǎŜ ǇǊƛƳŜǊ ǘƻ ƘȅōǊƛŘƛǎŜ ǿƛǘƘ ƛǘΩǎ ǎŜƭŦ ŦƻǊƳƛƴƎ ƘƻƳƻŘƛƳŜǊǎ ŀƴŘ ǿƛǘƘ ǘƘŜ ŦƻǊǿŀǊŘ ǇǊƛƳŜǊ 
forming heterodimers was calculated as the changes in Gibbs free energy (ɲG) calculated as kcal/mole. 

Primer pair Homodimerisation between 
tailed reverse primers 

(kcal/mole) 

Heterodimerisation between 
forward and tailed reverse 

primers (kcal/mole) 

OXA 239 -7.13 -6.21 

VIM 147 -8.53 -5.99 

IMP 189 -10.49 -7.96 
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6.3.2 Combined solid-phase amplification and ELONA detection of OXA-48 using a reverse primer 

modified with a unique tail 

The unique tailed OXA 239 primers (Table 2.10) were validated by combined solid-phase RPA and 

ELONA detection performed as per 2.5.4. Serial dilutions of OXA-48 template concentrations ranging 

from 456 pM - 91.1 fM were spiked into the RPA reactions and the absorbance was measured 5 min 

after the addition of TMB substrate producing a calibration curve with an R squared value of 0.98343 

(Figure 6.9). The LOD calculated from calibration curve in Figure 6.9 was 2.88 pM. 

 
Figure 6.9: OXA-48 calibration curve using unique tail. 
Calibration curve generated from solid-phase RPA reactions seeded with OXA-48 template ranging from 456 pM ς 
91.1 fM. The absorbance of each reaction was measured at 630 nm, 5 min after the addition of TMB substrate. Each 
point is representative of three independent replicates (n=3) and the error bars represent the standard deviation of the 
replicates. The curve is fitted to a semi-log sigmoidal dose response. The limit of detection was calculated as the average 
absorbance of the no template controls plus three times the standard deviation and is represented as the red line 
crossing the curve. 

The assay using the unique tail produced a detectable signal 5 min after the addition of TMB, at this 

time an absorbance of 0.48 was measured at the highest template concentration (456 pM). When 

the universal tail was used TMB was allowed to develop for 30 min and achieved an absorbance of 

0.49 at the highest template concentration. The assay using the unique tail produced an equivocal 

signal 25 min faster than using a universal tail. The narrow dynamic range can be attributed to the 

short primer length used to target blaOXA-48; as previously stated, the OXA 239 primers are shorter 

(18 and 20 bases) than those targeting the remaining four carbapenemase genes and therefore, a 

reduced amplification is expected. Alternatively, primer dimers could form between the tailed 

reverse primers sequestering them and reducing the number of reverse primers available to amplify 

the target sequence. 
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6.3.3 Combined solid-phase amplification and ELONA detection of NDM using a reverse primer 

modified with a unique tail 

Previous attempts at solid-phase amplification of the NDM template using a reverse primer modified 

with a universal tail sequence (Figure 6.6) exhibited background noise at low concentrations of 

template and minimal signal at high concentrations of template when tested in ELONA, suggesting 

negligible amplicon was produced. Potential unique tail candidate sequences produced by the 

bioinformatic script in section 5.1.1 were assessed in the NDM assay; however, all sequences tested 

generated minimal signal in ELONA. Therefore, a tail which our group have previously successfully 

used in publications (Jauset-Rubio et al., 2016) ǿŀǎ ǳǎŜŘ ǘƻ ƳƻŘƛŦȅ ǘƘŜ рΩ ŜƴŘ ƻŦ ǘƘŜ b5a 205 

reverse primer (Table 2.10). As this tail has successfully been used in the past, using this tail aims to 

resolve the lack of signal and background observed in Figure 6.6. The ɲG values for 

homodimerisation and heterodimerisation are both below the -9.75 kcal/mole threshold as shown in 

Table 6.2. 

Table 6.2: Computationally assessing the propensity of unique tailed NDM 205 reverse primer of forming homodimers 
and heterodimers. 
The propensity of the NDM нлр ǘŀƛƭŜŘ ǊŜǾŜǊǎŜ ǇǊƛƳŜǊ ǘƻ ƘȅōǊƛŘƛǎŜ ǿƛǘƘ ƛǘΩǎ ǎŜƭŦ ǘƘǳǎ ŦƻǊƳƛƴƎ ƘƻƳƻŘƛƳŜǊǎ ŀƴŘ ǿƛǘƘ ǘƘŜ 
forward primer forming heterodimers was calculated as the changes in Gibbs free energy (ɲG) calculated as kcal/mole. 

Homodimerisation between unique tailed 
NDM 205 reverse primers (kcal/mole) 

Heterodimerisation between unique tailed 
reverse NDM 205 primer and NDM 205 

forward primer (kcal/mole) 

-6.53 -6.53 

 

The reverse NDM 205 primer modified with the unique tail was incorporated into combined 

solid-phase RPA reactions and ELONA detection as per 2.5.4. Serial dilutions of NDM template 

ranging from 454 pM ς 91 fM were spiked into RPA reactions and the absorbance measured 10 min 

after the addition of TMB substrate. The results of the assay are shown in Figure 6.10 from which the 

LOD was calculated as 702 fM and the R squared value is 0.96433. Changing the sequence of the tail 

to a unique sequence has eliminated the background signal observed when the universal tail was 

used (Figure 6.6). The assay has an LOD in the femtomolar range and an R squared of 0.96433 which 

suggests a closeness of fit of the points to the curve which is much improved from the assay using 

the universal tail. 
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Figure 6.10: NDM calibration curve using a unique tail 
Calibration curve generated from solid-phase RPA reactions seeded with NDM template ranging from 454 pM ς 91 fM. 
The absorbance of each reaction was measured at 630 nm, 10 min after the addition of TMB substrate. Each point is 
representative of three independent replicates (n=3) and the error bars represent the standard deviation of the 
replicates. The curve is fitted to a semi-log sigmoidal dose response. The limit of detection was calculated as the average 
absorbance of the no template controls plus three times the standard deviation and is represented as the red line 
crossing the curve. 

 

6.3.4 Combined solid-phase amplification and ELONA detection of VIM using a reverse primer 

modified with a unique tail 

Previously, a calibration curve was successfully generated using the VIM 147 primers modified with a 

tail which was universal for all five carbapenemase genes. The universal tail modified to the reverse 

primer (Table 2.9) was changed to one that was unique to the blaVIM target gene (Table 2.10).  

Reverse primers modified with the unique tail were incorporated into combined solid-phase RPA 

reactions and ELONA detection were performed as per 2.5.4. RPA reactions were spiked with 

different concentrations of VIM template DNA ranging from 456 pM to 911 aM, the results of the 

assay are shown in Figure 6.11. The calibration curve has an R squared value of 0.98977 fit to a 

sigmoidal dose/response curve and an LOD of 557 fM was calculated from curve, which is 

comparable to the LOD achieved (407 fM) using the universal tail (Figure 6.7). 
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Figure 6.11: VIM calibration curve using unique tail. 
Calibration curve generated from solid-phase RPA reactions seeded with VIM template ranging from 456 pM ς 911 aM. 
The absorbance of each reaction was measured at 630 nm, 5 min after the addition of TMB substrate. Each point is 
representative of three independent replicates (n=3) and the error bars represent the standard deviation of the 
replicates. The curve is fitted to a semi-log sigmoidal dose response. The limit of detection was calculated as the average 
absorbance of the no template controls plus three times the standard deviation and is represented as the red line 
crossing the curve. 

6.3.5 Combined solid-phase amplification and ELONA detection of IMP using a reverse primer 

modified with a unique tail 
The unique tailed IMP 189 reverse primer (Table 2.10) was incorporated into combined solid-phase 

RPA reactions with ELONA detection and performed as per 2.5.4. Serially diluted IMP template DNA 

ranging from 463 pM ς 93 fM was spiked into solid-phase RPA reactions and the average absorbance 

of each reaction was plotted in a calibration curve (Figure 6.12). The LOD obtained from Figure 6.12 

was 275 fM which is a significant improvement over using the universal tail which obtained an LOD 

of 4.076 pM. The R squared in Figure 6.12 was calculated as 0.99475 which shows a closeness of fit 

of the points to the curve. 
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Figure 6.12: IMP calibration curve using a unique tail. 
Calibration curve generated from solid-phase RPA reactions seeded with IMP template ranging from 463 pM ς 93 fM. 
The absorbance of each reaction was measured at 630 nm, 5 min after the addition of TMB substrate. Each point is 
representative of three independent replicates (n=3) and the error bars represent the standard deviation of the 
replicates. The curve is fitted to a semi-log sigmoidal dose response. The limit of detection was calculated as the average 
absorbance of the no template controls plus three times the standard deviation and is represented as the red line 
crossing the curve. 

6.3.6 Summary of solid-phase RPA 

The assay targeting KPC had the lowest LOD and therefore, the reverse primer remained modified 

with the universal tail whilst the reverse primers targeting the remaining four carbapenemases were 

modified with unique tails. Changing the tail modified to reverse primer of OXA-48 and IMP to 

unique sequences improved the signal strength and decreased the LODs for both assays (Table 6.5). 

Changing the tail on the NDM reverse primer to a unique sequence eliminated the non-specific 

background which was generated at lower template concentrations and consequently an LOD was 

calculated for the assay. The solid-phase RPA assay targeting VIM remained sensitive when the 

universal tail was changed for a unique tail and the LODs were comparable. Solid-phase RPA 

reactions were performed for 40 min and when unique tails were used all five targets were detected 

within 10 min. Overall it takes under an hour to amplify and detect each gene which meets the rapid 

criteria of REASSURED (Land et al., 2019). 

 

 

 

 

 



114 
 

Table 6.3 Summary of the LODs calculated from combined solid-phase RPA and ELONA detection ǘŀǊƎŜǘƛƴƎ ǘƘŜ ΨōƛƎ ŦƛǾŜΩ 
using reverse primers modified with either universal or unique tails. 

 Universal tail Unique tail 

Target Time TMB was 
left to develop 

(min) 

LOD Time TMB was 
left to develop 

(min) 

LOD 

KPC 5 157 fM 5 157 fM 

OXA-48 30 7.265 pM 5 2.88 pM 

NDM 10 N/A 10 702 fM 

VIM 3 407 fM 5 557 fM 

IMP 20 4.076 pM 5 275 fM 

 

6.4 RESONANCE RAMAN SPECTROSCOPY 

In an effort to increase the sensitivity of each assay alternative methods of detection were explored. 

Resonance Raman spectroscopy (RRS) is a highly selective technique that excites molecules at a 

specific frequency in resonance with an electronic excited state of the molecule (Jensen et al., 

2005b). Each compound has a unique vibrational fingerprint in the form of sharp peaks across the 

ǊŜǎƻƴŀƴŎŜ ǿŀǾŜƭŜƴƎǘƘΦ 9ȄŎƛǘŀǘƛƻƴ ƻŦ ƳƻƭŜŎǳƭŜǎ ǿƛǘƘ ƛǘΩǎ ǎǇŜŎƛŦƛŎ ŦǊŜǉǳŜƴŎȅ ŜƴƘŀƴŎŜ ǘƘŜ wŀƳŀƴ ǇŜŀƪǎ 

of that particular chromophore only. This provides clear differentiation between target molecules 

and their background constituents.  

Catalysed oxidation of TMB substrate yields multiple oxidised states. The first step in oxidation yields 

a radical cation in equilibrium with a charge transfer complex (CTC), it is this CTC molecule that 

elicits the blue colour charge. The proposed target compound within our study is the CTC oxidised 

form of TMB which has an electronic transition at ˂ max 650 nm. Previous researchers have 

documented a 50-fold increase in sensitivity when using RRS compared to the sensitivity achieved by 

ELISA using a HRP probe. Within this study the group excited CTC using a laser excitation wavelength 

of 633 nm and measured the Raman spectral peaks which were exclusive to CTC, 1191 cm-1, 

1336 cm-1, and 1609 cm-1 (Laing et al., 2011). 

Portable handheld Raman readers have successfully been employed for the detection and 

differentiation of target analytes by many research groups (Owens et al.Σ нлмуΤ WŜƘƭƛőƪŀ et al., 2019; 

Sanchez et al., 2019b). Miniaturisation of Raman spectroscopy into a portable handheld reader 

ƳŀƪŜǎ ww{ ƳƻǊŜ ŀǇǇƭƛŎŀōƭŜ ǘƻ ǘƘŜ th/ ǘƘǳǎ ŀŎƘƛŜǾƛƴƎ ǘƘŜ ΨŘŜƭƛǾŜǊed to the end-ǳǎŜǊΩ ŎǊƛǘŜǊƛŀ ƻŦ 

REASSURED. RRS can characterise multiple compounds in a single solution based on their unique 

Raman peaks within a complex spectra and does so in real-time providing the potential for 

multiplexed analysis (Edwards, 2005).  
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6.4.1 Resonance Raman Spectroscopy detection of OXA-48 

Solid-phase RPA was performed as stated in 2.5.4 and subsequent detection by resonance RRS was 

performed as per 2.5.5. A range of OXA-48 template concentrations, 456 pM ς 9.12 fM were spiked 

into solid-phase RPA reactions, the results of the assay are shown in Figure 6.13. Figure 6.13A shows 

the Raman vibrational spectra produced using the 633 nm laser, from which the highest signal 

unique to CTC generated was at the wavelength 1609 cm-1 and therefore, measurements at 

1609 cm-1 were chosen to produce the calibration curve depicted in Figure 6.13B. From the curve, 

the LOD was calculated at 12.72 pM which is slightly higher than the LOD when a benchtop 

spectrophotometer was used to detect oxidised TMB (2.88 pM shown in Figure 6.9) but still in the 

picomolar range. An accurate plot of the curve to the data points within this assay is shown by the 

high R squared value of 0.99722. 
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A 

 
B 

 
Figure 6.13: Calibration curve of OXA-48 using Resonance Raman Spectroscopy. 
A ς Is a representative example of the Raman vibration spectra produced when oxidised TMB was excited with 633 nm 
laser, this example was taken from combined RPA-ELONA spiked with 456 pM of OXA-48 template (n of 3). B - The dose 
response curve generated from solid-phase RPA reactions seeded with OXA-48 template ranging from 456 pM ς 9.12 fM. 
The resonance peak at 1609 cm-1 was measured 5 min after the addition of TMB substrate. Each point is representative 
of three independent replicates (n = 3) and the error bars represent the standard deviation of the replicates. The curve is 
fitted to a semi-log sigmoidal dose response. A limit of detection calculated as three times the standard deviation of the 
NTC plus the mean of the NTC is illustrated as the red line crossing the curve. 

 

6.4.2 Resonance Raman spectroscopy detection of VIM 

Resonance Raman spectroscopy was performed as per 2.5.5 to detect CTC produced from 

solid-phase RPA reactions spiked with VIM template concentrations ranging from 455 pM to 911 aM 

the results of the assay are shown in Figure 6.14. Figure 6.14A shows the Raman vibrational spectra 

produced using the 633 nm laser, from which the highest signal unique to CTC was generated at 

1609 cm-1 and therefore, measurements at 1609 cm-1 wavelength were chosen to produce the 

calibration curve depicted in Figure 6.14B. A calibration curve was fitted from the RRS 

measurements with an R squared value of 0.98188 (Figure 6.14). The LOD obtained from Figure 6.14 
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was 826 fM which is marginally higher than the LOD achieved by the assay using benchtop plate 

reader to measure oxidised TMB (557 fM shown in Figure 6.11). 

A 

 
B 

 
 
Figure 6.14: Calibration curve of VIM using Resonance Raman Spectroscopy. 
A ς Is a representative example of the Raman vibrational spectra produced when an oxidised TMB solution is excited 
with a laser set to 633 nm. The example given is of a combined RPA-ELONA spiked with 455 pM VIM template DNA (n of 
3). B - The dose response curve was generated from solid-phase RPA reactions seeded with VIM template ranging from 
455 pM ς 911 aM. The resonance peak at 1609 cm-1 was measured 5 min after the addition of TMB substrate. Each 
point is representative of three independent replicates (n = 3) and the error bars represent the standard deviation of the 
replicates. The curve is fitted to a semi-log sigmoidal dose response. A limit of detection calculated as three times the 
standard deviation of the NTC plus the average of the NTC is illustrated as the red line crossing the curve. 
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