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Abstract

Specific, sensitive identification of nucleic targets is an invaluable tool across numerous
disciplines, including the forensic and clinical communities. The conventional assays and
detection methods for these purposes are laborious, destructive, typically have single target
detection, lack specificity and sensitivity, and are time-consuming for the scientist. The
development of novel biochemical assays to alleviate these shortcomings can provide faster,
multi-target reactions with minimal manual steps and are highly specific and sensitive for
identification purposes. Biocompatible technology, such as microfluidics, can enhance an assay
by providing rapid, multi-sample, cost-efficient automation for unique bioanalytical techniques.
The work outlined in this dissertation discusses development of such centrifugal microdevices for
novel amplification and separation methods and subsequent application to differentiation
between forensically relevant body fluids, testing tolerance of transplanted organs, and
detection of viral targets. Specifically, this dissertation presents two distinct approaches to
forensic body fluid identification (bfID) using (1) an isothermal amplification method with
colorimetric image analysis and (2) a polymerase chain reaction (PCR)-based primer panel for
messenger RNA (mRNA) amplification followed by electrophoretic fluorescent detection.
Additionally, this dissertation explores two microfluidic approaches identifying RNA targets in

clinical characterization of SARS-CoV-2 infection status and transplanted organ tolerance.

Conventional methods for forensic bflD are ubiquitous, but reply upon time-consuming,
laborious microscopic analysis or presumptive (bio)chemical, enzymatic, orimmunological assays

that are generally limited in specificity and lacking in sensitivity. The work presented in Chapter
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2 details a novel method for forensic bfID via the optimization of the detection of five mRNA
targets using loop-mediated amplification (LAMP) with a colorimetric indicator and image
capture and analysis. This method allows for amplification of the mRNA target in <15 min
providing single-fluid specificity and sensitivity in the picogram range for venous blood, semen,
saliva, vaginal fluid, and menstrual blood. Chapter 3 describes the construction of a 3D-printed
system for isothermal heating and automated image analysis. Along with the optimized
amplification method described in Chapter 2, the combined system was evaluated via a single-
blind mock study and compared to ‘gold standard’ conventional approaches. Chapter 4 details
the adaptation of a panel of primers specific to five mRNA targets in various body fluids integral
to forensic analysis to a portable, microfluidic platform. The time required for analysis was greatly
diminished relative to traditional methods; while the conventional approach requires 23 hours
of analytical time, the approach described herein is complete in less than 30 minutes, with on-
disc reverse transcription and electrophoresis complete in 11 and <15 min, respectively. Finally,
Chapter 5 shows successful detection of an RNA target for SARS-CoV-2 identification in clinical
samples using an amplification method 2X faster on-disc than in-tube. This chapter also provides
justification for a second clinical application to continue PCR optimization efforts, with the goal
of a significantly reduced overall time and reagent cost, that assesses whether a transplanted
liver is being tolerated or rejected. The results in this chapter demonstrate the utility of adapting
biochemical assays to microfluidic platforms for rapid, point-of-care target for rapid pathogen

detection and establishing patient tolerance of a transplanted organ.

Page iii of 200



Acknowledgements

This journey would not have been possible without the support, motivation, and
encouragement from my research advisor, Professor James Landers. | first learned about the
research in your lab at AAFS during my master’s career at VCU and was very interested and
intrigued, as | knew nothing of microfluidic technology. Over the past five years, your mentoring,
guidance, and many chocolate sprinkled donuts have shaped me into a hard-working, detail-
oriented research scientist. | am incredibly grateful and honored to have had the opportunity to
perform research in your laboratory, with access to innovative solutions and state-of-the-art
instrumentation. This experience has allowed me to collaborate with scientists across the world,
dine and converse with founding members of scientific communities, and attend numerous
conferences gaining knowledge on a vast number of topics. Thank you so much for everything

you have taught me and making this a memorable journey.

| also had the opportunity to work alongside the incredible scientists and engineers in the
Landers lab on various projects while at UVA and throughout collaborations. My sincerest thanks
and gratitude to each member, past and present, of the Landers lab for your friendship, Friday
group lunches, and late nights in the laboratory. Specifically, a huge thank you to my partner-in-
crime and confidant for four years Dr. Anchi Scott, and my coffee-loving, Rams turned Hoos co-
alumni Dr. Shane Woolf. For their specific contributions to this research and my mental health
over the past five years, Killian O’Connell, Jamila Marshall, Leah Dignan, Dr. Nathan Tanner, Dr.
Rachel Fleming, Dion Sheppard, Dr. Joan Bienvenue, Jeff Hickey, Orion Scott, Daniel Mills, Aeren

Nauman, Dr. Dan Nelson, Dr. Delphine Le Roux, and various undergraduate students.

Page iv of 200



Lastly, | would not have completed the past five years without the love, drive, and
strength from my friends and family. Thank you to my colleagues and friends from VCU that have
listened to my ramblings and lifted my spirits when needed, Samantha Jacobs, April Solomon,
Jena Baldaino, Dave and Megan Millard, Dr. Sarah Seashols-Williams, and Dr. Tracy Dawson
Green. Thank you to all the friends | have made in Charlottesville who shared margaritas, late
nights, sporting events, and concerts; to name a few: Christina Mehrtens, Dr. Reilly Sonstrom, Dr.
Spenser Simpson, Taylor Sealy, Dr. Kevin Mayer, Dr. Channing West, and Dr. Philip Hahn. My
family has been extremely helpful throughout this journey, from moving into my first apartment
in Charlottesville to celebrating new family members to memorable family vacations. My twin
pillars, Dad and Mom, there will never be enough words to thank you for all the love and support
throughout this time. To my crazy, beautiful family, Jen, Tyler, Grayson, Scott, Aunt Peggy, Aunt
Rene and Uncle George, Patti, Franny, and many others, thank you for always supporting my
dreams. | have made fun memories, gained scientific knowledge, and accomplished dreams
during my time in Charlottesville, and will take the values and lessons from this journey with me

into my future endeavors.

Page v of 200



Table of Contents

Y < 1 - ot U i
ACKNOWIEAZEMENTS ....cccuuiiiiieiiiiiiiiiiiiii it siirreeeserrresssssrresssssersasssssnnessssssnrasssssssnansssnns iv
LI 1o (= 0T =T Y vi
LISt Of FIBUIES «..uiiiiieeeiiiiiieeiiiiiiieiiiniinieiininnesissinseasestnesssssstssasssssssenssssssnesssssssssnnssssssennsssssnnns xi
LTS o 1= o =N Xv
List of Original PUDIICAtioNS ........ciieuiiiieiiiieiiieeieteeicrreneetteeteesserenseeseessrensesenssesenssessnssesennns XVi
ADDBrEeVIatioNS.....cciiiiiiieiiiiii i e e s e e e s e s s aaas xvii

Chapter 1: Emerging Forensic Body Fluid Identification Methods and Rapid Microscale

BTl 3 T e (o -4V 1
1.1 OVEIVIEW uuiiieeiiiieiiiiiniiiieneciieeiiiensisiensisiessiosssssrsssssssasssssssssasssssassssensssssnsssssssssannssssanssns 1
1.2  Forensic Body Fluid Identification..........ccivueeiiiiiieniiiiiinniiiiiinniiniieneee. 2
1.2.1 Conventional approaches tO BFID ........cooii e e e e e e e e e e rra e e e e e s e eanraeeeas 2
1.2.11 Presumptive and confirmatory tests for blood ...........ueiieiir i 4
1.2.1.2 Presumptive and confirmatory tests for seminal fluid...........cccoveeiiiiiierci e 6
1.2.1.3 Presumptive test Or SAlIVa .....occuiiiiie e e e e e e arae e e e e ean 8
1.2.1.4  Antigen tests for body fluid deteCtion..........cueeiiiiiieciie e e 9
1.2.2  Alternative approaches t0 BfID.......cooiiiociie ettt e e s e e et e e e e e nreeean 10
1.2.3  Isothermal amplification MEthOAS........cooii i e e e e e e e e arrae s 13
1.3  Advantages of Centrifugal Microfluidics for Clinical Diagnostics .........ccceeueiiireneniinnees 17
1.3.1  Advantages of microfluidic teChNOIOZY .........uvviiiiiiiee e e e 17
1.3.2  Isolation and detection Of SARS-COV-2 ......ciiiiiiiiiiiiieiiitee ettt et e e sare e s sbee e e s baeessateeesbaeeeeas 21

Page vi of 200



1.3.3  Gene monitoring for transplanted organ tolEranCe ..o iiiiiie i e e e e 24

1.4  Description of Research Goals .........cceeeeiiiiienniiiiinneiiiiiinniiii. 26

T 2= =] =Y 1 o1 J 28

Chapter 2: Optimization of LAMP & colorimetric image analysis method with mRNA body fluid

L 1 == £ OTRON 36
P 25 RN 1414 ¢ Yo [3 Lot 4 o T o FRU RIS 36
2.2 Methods & Materials ......cccceiiiiiiiiniiiiniiiiiiiiieiieiersnierssssississssssssesnsens 39
D0 2 A=Y oY 1 [ ol ] =Tt o o SRR 39
D 11N o] - 4 o] o N PP PPSUPRRR 40
2.2.3  Primer iNFOrMAtioN ....ooocuiii ettt e e e e st e e s ae e e s ate e e s traeesaraeenn 40
2.2.4 Colorimetric Loop-mediated Isothermal Amplification ..........cccoeveiiieiie i 41
2.2.5 3D-printed lightbhoX fOr IMagiNG.......cc it e e e e e e erre e e e e e e e atar e e e e e eeennens 42
2.3 Results and DiSCUSSION ....ciuiiiieniiiiniiiiieieieneiiieeiiiissisiessisiseiorssssissssssssssssssssssnssossnsnsss 44
2.3.1  Image Capture and @NAIYSIS .....cccicuiiiieiiii e e ciee et e s e e et e e e e e e et e e e et r e e seatr e e s raaeeaateeeaarraeeennreaean 44
D T A =1 Y- olo] (o] G =Y V= T ST UPUOt 45
D T8 T = T Yo AV { [V T o Iy o Y=Yl | [ 1 oYU UPUROt 47
2.3.4  Temperature Optimization.....coooiiiieiiiie ettt et bt a it nrererrrnrarereee 49
2.3.5 Primer concentration Optimization .......oooooiiiiiiiiiiccccccc et raran 51
2.3.6  Vaginal fluid & menstrual blood teSTING .......cocuuiiiiiieeeee e e e e e erar e e e e e e e 53
2.3.7  Addition Of DNGSE trealMENT ..ccc.uiiiiiiiiieiieeee ettt st ettt s e st e e st e e sbaesbe e s beesabeesabeas 56
2.3.8 Sensitivity of colorimetric LAMP METNOM ......ccouviiieeiiie ettt ettt e e s e e e e 59
2.4 SUMMAIY cuuieiiieiieiieiieiitetiatoscestiosiestesssassassssssastassssstsssassessssssassssssassassosssossassasssnssnsssnss 62
2.5 REfEIENCES ... ettt et se st srne e s raseseasesenaseseassesenssssensassnnsssenasssenssenennnnne 63

Page vii of 200



Chapter 3: Integrated device for colorimetric LAMP mock study comparison..........cccceeeeeennene 67

25 RN 1414 ¢ Yo [3Tot 4 o T o JRROS USROS 67
3.2  Methods & Materials ......cccceiiiiniiiiniiiiniiiiniiiiiieiisieisnisrssssissssssnssssennsens 70
30 A=Y oY 1 [ ol ] =Tt o SR 70
3.2.2 RNAisolation With DN@se treatmMent......ccocuiiiiiiiiiiiee ettt et saee e e s bbe e e saee e e sareeean 70
3.2.3  Primerinformation for messenger RNA targetS .....cuiui i iiiiii e e et e e eecere e e e e e e eevrre e e e e e e eaans 71
3.2.4  Colorimetric LAIMP @N@lYSIS .....cciiciieieiiieiiiieeesiteeeete e estreeesstteeseaaeeesnaeeessseeesnssesesnseeeanssaeesnssneesnnseenan 72
I T o I AN 1V o =Y o PPNt 73
3.3 Results and DiSCUSSION ....ciueiiiiuniiiiniiiieiieienesiieeiiiissiessieiseiorssssisssssssssssssssssssssessnsnss 73
T8 70t A o | Lo T T o T=1 W Tl | o F= 112 £ SRR 74
3.3.2  CLAMP SYStEM NANTAWAIE ....eeiviiiiee ettt ettt e e et e e e e e s et e e e e e e e s ababeeeeeessanbaeaeaeeeesassaaeaaeeeannnses 75
3.3.3  CLAMP SYSTEIM SOfTWAIE...cci e ciieecetee ettt s e e st e e e et e e e ssteeesntaeeessseeesnsaeeeasteeeannsneesnseanan 78
3.3.4 Heating chamber Optimization ........cocciii i ree e e et e e et e e e sate e e e nnaeeesnraeean 80
3.3.5 Initial analysis Of MRNA TArZEES ..eciii i e e e e et e e e e e e s trba e e e e e e seabaaeeaeaeesnnens 84
3.3.6  Analysis of MOCk fOrensic SAMPIES ........uviiiiiiieee e et e e e e err e e e e e e ebbe e e e e e e eenens 87
3.3.7 Comparison of conventional methods VS CLAMP dEVICE ........cuueeeeiiiierciee ettt eevee e e 92
Y ¥ [ 4 1o - T Y 94
T £ =Y =T =1 4 Lol T PUROt 95

Chapter 4: Adaptation of separation & amplification methods for mRNA body fluid panel to a

MiICrofluidic PlatformM.....cc..ciiiiieeiiiiiii e ea s s en s s e e e a 98
2 90 RN 1414 o o [1 Tt { o OSSP ON 98
4.2 Methods & Materials ......cccieuiieiiieiiieiiieiieeiriieieieteereereeeeteereserestrenersserssesessssnsennne 102

L0 Y= 0 Vo] [N ol | 1Yot f e o FA SRR 102

Page viii of 200



L% A 0\ 1 N EYo ] - 1 o ] o TR 102

4.2.3  PrimerinformMation ..o e e st ea e sanenreeas 103
4.2.4  RT-PCR METNOMA ....ciiiiiiiieieeeeee ettt s st st et s sr e n e e n e e esreer e e nesanenreens 104
4.2.5  Capillary €lECtrOPNOIESIS .....ueiiiii i e et e e e e e et r e e e e e e e s eabb e e e e e e e e s artaaeeaaeeennraaaes 106
4.2.6  Microchip and fabriCatioN.......ccoi i e et e e e e e et e e e e e e e e e e e e e e e annraeaeas 106
/%y A Y/ [ Tof o Be [ ol <1 1=l 1 o] o] a Yo /XY RSP 108
4.2.8 On-disc reverse transcription and amplification .........cccoooi i 110
4.3  ReSUlts & DiSCUSSION......ceiiiruuiiiiiiruiiiiiiiniiiiiinniiiiessuiiiiresniistresssiisrmmssssssmssssssssssans 111
e T A [N Y= =Y =T BV 1y =T o USSP 111
4.3.2 Optimizing on-disc separation PAramMELEIS ........ciiiiciiiiiiiee et e e e e eecrre e e e e e e e ebabre e e e e e sesnnaees 114
4.3.3  Single source fluid COMPAriSON ........uuiiiiiiiiieee e e s e e e e e e e e e e e esataaeeeeeeesnsraneas 118
4.3.4  Multiple source fluid COMPATiSON .......ccciiiiiieiiii e e e et e e saae e e e e e e e esaeesnaeeesnreeean 122
4.3.5 On-chip $eparation SENSITIVITY .....cccuiiieiiii e e e e e et e e e e e e e e e e taa e e e e e eennnreaeas 125
4.3.6 Optimization of sample volume and on-disC heating .........ccooociiiiiiiiiiiiie e 127
4.3.7 Decreasing overall time of RT reaction on-disc relative to in-tube .......ccccccveeecieeiviie e, 130
¥ T o 4T T 133
T =] =T =T o = N 134

Chapter 5: Microfluidic RT-PCR methods for liver immune response and SARS-CoV-2 targets

......................................................................................................................................... 138
L% S 1414 ¢ Yo 0ot 4 o o 138
5.2  Methods & Materials ......cccceeiieuiiiieiiiiiciiiierre et crrereseneerenseesenssennseseessessnssesennes 141
5.2.1 Sample collection for SARS-COV-2 deteCION .......ceiiiiiiiiiiiiee ettt e e e e e vare e e e e e e eaens 141
5.2.2  Cell lysis and RNA PUITICAtION ..iiiuiieieiiec ettt e e e et e et e e et e e e eneaee e enaeeeennseeeennnes 141
5.2.3  Primer and probe information..........cocuiiieiiie et an e s e e e et e e e ennes 142

Page ix of 200



5.2.4  RT-PCR MELNOM . .ciiiiiiieeee et sttt e sttt e sat e e sbe e e sbeeebeeebeesaneeeas 142

T T €Yo 1] | =Y 4 VA =] (=Tt 4 o ] Lo T Ty LSRR 144
ST TN Y/ 1ol o Yol oY o 35 £=1 o o= 1 o [ PSP 144
5.3  ResSUlts & DiSCUSSION....ccciiiiuiiiiuiiiiniiiieiieieniiiieniiieiiresisiessieisesissssssstsssesssssssensssssnses 145
5.3.1 Optimization of Peltier heating for the integrated syStem........cccccvivieiiiii e 146
5.3.2  ONn-disc detection Of SARS-COV-2.......ciiiiiriiiiiiee ettt siteestee st e st e st e s teesateesbeesaaeesbeeesbeesnsaesnseesns 150
5.3.2.1 Comparison to conventional Methods ............oeiiiiiiie e e 150
5.3.2.2  Time optimization of on-diSC PCR ProtoCOl........ccccuiiiiiiiieiiiiie ettt eee e e et e e seae e e reeeenens 152
5.3.2.3 Evaluation of clinical SAMPIES.......c.uuvii i et e et e e et e e eaees 155
5.3.3  On-disc amplification of LITMUS targets ......cccccouiiiiiieiiciiiiiee ettt ee e ee ettt e e e e eatea e e e e s e esnaaeseaaeeenans 157
5.3.3.1 Initial testing of disc architecture modifications .........cccooeciiiiiii i 157
5.3.3.2  Optimization Of PCR ProtOCOL.......ccccuiiiieiiieicieie ettt stee et e e ee e e s eaae e e s tre e e seasaeesnsaaeesnreeesnnns 161
5.4 SUMMANY ouieiiieiieiieiieiiiiieincessiesiestesssasiasessssastasssssrsssassessesssassssssnssassossssssassasssnssnsses 165
L T £ =Y {1 =1 3 Lol T 167
Chapter 6: FiNal REMArks ......cceuiieiieiiieiiriiiicreicrrieriiereereeeeseeranernnerenerensssnnssensresssenssennsnes 170
(2% R 0 1 Tl [¥ 1Y 1o s -3 O 170
6.2 FUTUI@ WOIK.. . ieuiiiiiiiiniiiiiiiiiiniineieiienienenensiensisiassissnsssnsssiossnssssenssssssssssnssssenssossnnss 175
S0 T ¥ 1 4T - T N 181

Page x of 200



List of Figures

Chapter 1: Emerging Forensic Body Fluid Identification Methods and Rapid Microscale

Technology

Figure 1: Serology testing of body fluids in forensic laboratories. .......ccccocuveeviviiiiiiniiieiciiee e, 3
Figure 2: Blood presumptive and confirmatory tests in forensic laboratories. ........cccccevvuveeennnnee. 5
Figure 3: Semen presumptive and confirmatory tests in forensic laboratories.......cc.cccceevevvvenn..n. 7
Figure 4: Saliva presumptive and confirmatory tests in forensic laboratories. ......cccccccceevvrrvvnn..n. 8
Figure 5: Alternative tests for body fluid identification. .......cccccceeeeveeiiiieiiiie e, 11
Figure 6: Isothermal amplification Methods. ..........cccviiiiiiiiii e 14
Figure 7: LAMP MECHANISIMN. ..uviiiiiiiiee ettt ettt e s et s s e e e e s be e e e s sssae e e s snbeeeeens 15
Figure 8: Centrifugal MiCroflUIdiCS. ...coccvuriiiiiiieeieeeee e s 18
Figure 9: Fabrication method to produce microfluidic devices........cccoevvvrveveeeeiiiiiiiirieeeeeee e, 20
Figure 10: Coronaviruses phylogeny and physical attributes......ccccccvvvvviviiiiiiiii, 21
Figure 11: Published microfluidic techniques for detecting SARS-CoV-2 targets. ......cccccevvveennns 23
Figure 12: LITMUS panel fluorescently detected........cccooieiiiiiiiiiiiiiiicciie e 25

Chapter 2: Optimization of LAMP & colorimetric image analysis method with mRNA body fluid
target

Figure 1: LAMP and colorimetric deteCtion. ........oivvieiiiiiiiie ettt eee e 38
Figure 2: Detailed view Of iMaging DOX.......cccoviiiiiiriiiei e 42
Figure 3: Comparison Of NUE VAIUES. .......ueeeeiiiiiiiiiiieeee ettt e e eesrrreee e e e ee s enaanaes 43

Figure 4: Color attributes from original (A) and tinted (B) images of various negative (red) and

positive (yellow) controls for LAMP after 60 MinULES. .......ococvveeeeeieiiiiiiiireee e e 45
Figure 5: Image Analysis of LAMP reactions and threshold values. .........ccccccvvieiiniiieeiniiieennns 46
Figure 6: Specificity of Vb, Se, Sa assays at 30/40 min of LAMP with image analysis.................. 48
Figure 7: Temperature optimization for the Vb, Se, and Sa LAMP assays at 30 and 40 min....... 50

Figure 8: Primer concentration optimization for the Vb, Se, and Sa LAMP assays at 30/40 min.52

Figure 9: Messenger RNA targets for either Mb or Vf primer sets for amplification in a LAMP
(=T Lot A [o] o TR PSP RPN 54

Page xi of 200



Figure 10: Microchip electrophoretic profiles after LAMP using either MB or VF primer sets.... 55

Figure 11: Reduction of non-specific amplification. ........cccoevvvieiiiiiiiiiiiieee e, 56
Figure 12: DNase treatment added into lysis and purification.........ccccccvvieeiiniiieniniiiee e 57
Figure 13: Specific amplification of targets for five fluids. ........cccevvriiiiiiiiiiiee, 58
Figure 14: Various concentrations of RNA input for body fluid LAMP at 63 °C. ......c.ccooveuvreennn.. 60
Figure 15: Various approaches to increase amplification of Sa RNA target......ccccvvveveeeeevecnnnnne, 61

Chapter 3: Integrated device for colorimetric LAMP mock study comparison

Figure 1: Colorimetric dyes used for analysis of LAMP reactions..........ccceeceeveriiieiinnieeensnneeeenn. 74
Figure 2: Simple integrated cLAMP system for real-time amplification and image analysis. ...... 76
Figure 3: Comparison of different structured metal plates......cccccccovevvrreeeeiiiiiiciiineeeecee e, 77
Figure 4: LabVIEW software for image capture and analysis in the cLAMP system. ................... 79
Figure 5: Threshold calculation and exported data from the integrated system. ........ccccccueee. 80
Figure 6: Temperature stability inside the heating chamber of the cLAMP system..................... 81

Figure 7: Comparison of integrated cLAMP system temperatures and ramp rates with a

conventional thermMal CYCIEE. .ot b s s aaaanes 83
Figure 8: Assessing number of reactions in the CLAMP SyStem. .......ccccvuveveeiiiiieiicnneeereeeeeeeennnne, 84
Figure 9: Hue smoothing via moving average calculation in Microsoft Excel software............... 85
Figure 10: INtegrated LAMP FUNS. ......uiiiiieee ettt esiiee et e e eiae e s siatae e s s saae e e e s bae e e s sataneessnnsaeeeens 86
Figure 11: Mock sample composition for the single blind study........ccccvveeeiiiiiiiieeieeeeeccreeeee. 87
Figure 12: Analysis of mock samples with and without mixture analysis. .......cccceevuvereeeiericennnee 89
Figure 13: Further analysis of the Blood mRNA target with the mock samples.........c.cccceeuuuneeen. 90
Figure 14: Troubleshoot testing of the venous blood MRNA target. .......ccccceeevviieiivniieeiniiieeeens 90
Figure 15: Analysis of difficult samples with and without mixture analysis.........ccccocovveeiriiinennnns 91

Figure 16: Results from troubleshooting the mock study samples with the Se and Mb mRNA
1162 = =1 U 92

Chapter 4: Adaptation of separation & amplification methods for mRNA body fluid panel to a
microfluidic platform

Figure 1: Fabrication Of The diSCS. .....covuiieiiiii ettt e e e s 107
Figure 2: Automated system for microchip electrophoresis and amplification.........cc...ccceeuuun. 112

Page xii of 200



Figure 3: Design and architecture of uEDisc for size separation of amplified fragments. ......... 114
Figure 4: Optimization of microchip electrophoresis. .......cocovvveviieiieiiiiiiieiee e 116

Figure 5: Various injection times were evaluated to allow sufficient sample across the T-junction.

Figure 6: Normalization CalCUlation. ......eeeeeeiieieiiiiiiieieeeeeeeeee e 119

Figure 7: Single source fluid comparison of peak heights from gold-standard CE systems and the
Chip MICTOfIUIAIC SYSERIM. ceviiiiiiieeeee e e e e e e e s bbb e e e e e e snnnsbesbeeeeeseennns 120

Figure 8: Representative electropherograms from single-source body fluid samples after
MICrOCNIP ElECTIOPNOIESIS. .ueeiieeieiiiee e r e e s sae e e e s abaeeeeas 121

Figure 9: Multi-source fluid comparison of peak heights from gold-standard CE systems and the

Chip MICTOfIUIAIC SYSERIM. ceviiiiiiiieeeee e e e e e e e s bbb ae e e e e e ssassbesbeeseeseeanns 123
Figure 10: Electropherograms from mixture samples after microchip electrophoresis............. 124
Figure 11: Sensitivity of on-chip fluorescent detection........ccccocveiiiiniiiin i, 126
Figure 12: uAmpDisc with six identical RT & PCR dOmMains. .....cc.ceevvviieeiiiieeieniieee e 128
Figure 13: Analyzing the volume of cDNA in the PCR reaction after RT assay. .....ccccceeevriuveennn. 129
Figure 14: Temperature optimization inside RT and PCR chambers.....ccccccvvvieiiiiniil. 130

Figure 15: Optimization of each RT step for sufficient cDNA production using a neat venous blood
or saliva Total RNA SamMIPle. ..o a b annnnas 131

Figure 16: Bar graph showing optimized RT protocol with various body fluids............ccccu...... 132

Chapter 5: Microfluidic RT-PCR methods for liver immune response and SARS-CoV-2 targets

Figure 1: Hardware diagram for PCR on @ microfluidic diSC. .........coeevvevvvreeiiiiiiiiiiiieeeee e, 145
Figure 2: Microfluidic disc and archit@Cture. ........coocieeiiiiiiiiiie e 146
Figure 3: Microfluidic temperature optimization. .......cccccuuiiiriiiei e 147
Figure 4: Microfluidic time optimization. ........ccccciiriiiei i e 149
Figure 5: Assessment of conventional Methods........cccccoveeviriiiiiei e 151
Figure 6: Decreasing initial time in the PCR protocol. ........ovvvvvvveiiiiiiiiiiiiiie, 152
Figure 7: Decreasing annealing time in the PCR protocol. .......cccccoevviieiiniieeiiniiiie e 153
Figure 8: Decreasing plasmid concentration with fast PCR protocols..........cccecveeivniieeeinneennnn. 154
Figure 9: Clinical sample amplified on-disc with varying cycles. ........cccccovviiiininiiieiiniiiee e, 156

Page xiii of 200



Figure 10: Clinical samples amplified by PCR ON-diSC........cccevvrieiiiiiiiiiiriieiee it e eeeennnns 157

Figure 11: Human ReferencePlex successfully separated on a conventional instrument (GeXP) and

g1 Tol o e [ o OO PP OUPPUPPPTPON 158
Figure 12: Initial closed chamber testing on microfluidic disc. ......coovvvveirviiiiiiiniiiiiiiee e, 160
Figure 13: Assessment of evaporation after CyCling.......cooovvvvveeeiieiieiiiieiie e 162
Figure 14: Decreasing cycle number in closed channel amplification.......ccccccccoevecivveeiieiininnnnne, 163
Figure 15: Total volume reduction with in-tube PCR reactions......cccccccvvvevvveiiieieiiiiiiiiiiieeeeee, 164

Chapter 6: Final Remarks

Figure 1: Current and future versions for cLAMP system comparisoN.........ccccceevvveeeeeeeerrennnnn. 177

Figure 2: Initial design for on-disc RNA extraction method........cccccccovevniveieeeiiiiiiniinieeeeee e 179

Page xiv of 200



List of Tables

Chapter 2: Optimization of LAMP & colorimetric image analysis method with mRNA body fluid
target

Table 1: Primer sets used for each of the body fluids. ........ccoovuiieiiiiiiiii e, 41

Chapter 3: Integrated device for colorimetric LAMP mock study comparison

Table 1: Comparison of camera between the Huawei P9 previously used in a 3D-printed static
light box and Raspberry Pi camera v2.1 in the CLAMP system.......ccccvviviviiiiiiiieieeiniieee e 85

Table 2: Comparison of research and conventional analysis methods to determine the correct
compPOosition Of the MOCK SAMPIES. ...ceiiiiiiteee e e e e nes 88

Table 3: Comparison of mock samples after thermal cycler heating with smartphone image
analysis and the cLAMP system with RPiimage analysis. ......cccccccvvveiinnnrunrinieninnreinrrrereresnesneeennen. 93

Chapter 4: Adaptation of separation & amplification methods for mRNA body fluid panel to a
microfluidic platform

Table 1: Three multiplexes were designed for body fluid identification from Albani et al........ 104

Chapter 5: Microfluidic RT-PCR methods for liver immune response and SARS-CoV-2 targets

Table 1: Primer and Probe sequences for the CDC’s SARS-CoV-2 mMRNA assay. .......cceeeevvvvenen.. 142

Chapter 6: Final Remarks

Table 1: Optimization of PCR protocol to microfluidic platform.........cccecceeeiiiiiiiiiiiieieee 178

Page xv of 200



List of Original Publications
The research described in this thesis resulted in the following publications:

1. Layne, TR, Jackson, K, Scott, A, Tanner, N, Piland, A, Haverstick, DM, Landers, JP,
Optimization of Novel Loop-mediated Isothermal Amplification with Colorimetric Image
Analysis for Forensic Body Fluid Identification. Journal of Forensic Sciences (2021)

2. layne, TR, Fleming, R, Blair, H, Landers, JP, Rapid Microchip Electrophoretic Separation
of Novel Transcriptomic Body Fluid Markers for Forensic Fluid Profiling. FSI: Genetics,
Submitted.

3. Layne, TR, Scott, A, Tanner, N, Nauman, A, Piland, A, Landers, JP, Mock Study using
LAMP Colorimetric Analysis as a Novel Forensic Body Fluid Identification Method.
FSl:Genetics, In prep.

4. layne, TR, Scott, A, Nauman, A, Maltez, P, Landers, JP, 3D Printed Heating and Imaging
system for Isothermal Loop-mediated Amplification assays, Science Advances, In prep.

5. Layne, TR, Turiello, R, Dignan, L, Hickey, J, Chapman, J, Poulter, M, Landers, JP, Rapid,
Microfluidic Amplification of SARS-CoV-2 RNA genes for COVID testing. Journal of

Molecular Diagnostics, In prep.

Page xvi of 200



Abbreviations

.CSV

Axt

MCDs

MTAS

ABS

AC

ALS

AP

bfID

BIP

bPET

BW

CDC

cDNA

CE

circRNA

Comma Separated Values File

Text File

Microfluidic CDs

Micro Total Analysis System

Acrylonitrile Butadiene Styrene

Alternating Current

Alternative Light Source

Acid Phosphatase

Buffer

Body Fluid Identification

Backward Inner Primer

Black PET

Buffer Waste

Center for Disease Control and

Prevention

Complementary DNA

Capillary Electrophoresis

Circular RNA

MERS-CoV

MG

miRNA

MMP10

MPS

MRNA

NASBA

NSA

NTA

NTC

PBMC

PCB

PCL

PCR

PET

PLA

PMMA

Middle East Respiratory
Syndrome-CoV

Malachite Green

Micro RNA

Human Matrix
Metallopeptidase 10
Massive Parallel Sequencing
Messenger RNA

Nucleic Acid Sequence-based
Amplification

Non-specific Amplification
Non-template Amplification
Non-template Control
Peripheral Blood Mononuclear
Cell

Printed Circuit board
‘Print-Cut-Laminate’
Polymerase Chain Reaction
Polyethylene Terephthalate

Polylactic Acid

Polymethyl Methacrylate

Page xvii of 200



cLAMP

CNC

CcocC

COVID-19

CYP2B7P

DEF

DNA

ESR

FIP

HAD

HBB

HNB

HSA

HSB

HTN3

IBV

Combined LAMP and Image
Analysis

Computer Numerical Control
Cyclic Olefin Copolymer

Coronavirus Disease 2019

Cytochrome P450 family 2
subfamily A member 7
pseudogene 1

Diethyl Formamide

Deoxynucleic Acid

Environmental Science and
Research Institute, New
Zealand

Forward Inner Primer
Helicase Dependent
Amplification

Human B-hemoglobin
Hydroxynaphthol Blue
Heat Sensitive Adhesive
Hue, Saturation, Brightness

Human Histatin 3

Infectious Bronchitis Virus

PR

PSA

PTMB

qPCR

RCA

RFU

RGB

RNA

ROI

RPA

RPi

RT-LAMP

RT-PCR

RT-qPCR

Sa

Phenol Red

Pressure Sensitive Adhesive

Phenolphthalein TMB

Quantitative PCR

Rolling Circle Amplification

Relative Fluorescence Units

Red, Green, Blue

Ribonucleic Acid

Region of Interest
Recombinase Polymerase
Amplification

Raspberry Pi

Reverse Transcription LAMP
Reverse Transcription PCR
Reverse Transcription
Quantitative PCR

Sample

Saliva

Page xviii of 200



ILS Internal Lane Standard SARS-CoV-2  Sudden Acute Respiratory
Syndrome-Coronavirus-2

LAMP Loop-mediated Amplification SDA Strand Displacement
Amplification

LB Loop Backward Primer Se Semen

LCVv Leucocrystal Violet SEMG1 Semenogelin 1

LED Light-emitting Diode STR Short Tandem Repeat

LF Loop Forward Primer SW Sample Waste

LFA Lateral Flow Assay TMB Tetramethylbenzidine

LIF Laser Induced Fluorescence Vb Venous Blood

LITMUS Liver Immune Tolerance Vf Vaginal Fluid

Marker Utilization Study

LOD Limit of Detection VTM Viral Transport Medium

Mb Menstrual Blood UAmpDisc ‘Micro-amplification’ Disc

ME Micro-disc electrophoresis UEDisc ‘Micro-electrophoresis’ Disc

Page xix of 200



Chapter 1 - Introduction

Chapter 1: Emerging Forensic Body Fluid Identification Methods

and Rapid Microscale Technology

1.1 Overview

The development of novel sensitive and specific body fluid identification (bfID) techniques
to improve conventional assays is a rapidly growing field of research in forensic science. Newer
techniques have many advantages over conventional laborious methods, including single fluid
specificity, multi-fluid identification in a single reaction, automated objective analysis, and
potential portable or on-site usage. Ribonucleic acids (RNA) have been studied for this application
extensively facilitating simple integration into the forensic workflow via co-extraction with
deoxyribonucleic acids (DNA) from a single cutting of evidence. This dissertation describes two
techniques that address problems arising from current forensic bfID methods detailed below; an
isothermal amplification technique identifying five body fluids in less than 60 minutes, and a
microfluidic technique that reverse transcribes, amplifies, and size-separates targets for six body
fluids in one reaction. The isothermal technique works in tandem with colorimetric image
analysis to reduce hardware complexity and provide a simple, objective analysis method.
Microfluidic platforms are becoming more accepted due to their advantages of faster analysis,
potential automation, and reduced reagent and sample volume. Accordingly, the application of
microfluidics to bfID in this dissertation significantly reduced the overall analysis time with
minimal loss to specificity and sensitivity. Additionally, the microfluidic device discussed here was

adapted for two clinical applications that rapidly identify SARS-CoV-2 and liver transplant
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Chapter 1 - Introduction
tolerance targets. The development of a technique that is easily adaptable to different nucleic
targets while comprehensively reducing the instrumental assay time and footprint is highly

advantageous for clinical protocols.

1.2 Forensic Body Fluid Identification

1.2.1 Conventional approaches to bfID

Investigating evidence from crime scenes to determine the sequence of events and
ultimately achieve justice for victims is the heart of forensic science. This process starts by
collecting evidence from a crime scene (via enhancement techniques) and sending it to a
laboratory for analyses that will drive the narrative to solve the mystery (Fig. 1A). (1) While DNA
analysis is the most well-known and portrayed in court or television shows, the testing for the
presence of body fluids is conducted first to determine if the evidence is probative and contains
viable genetic material for DNA analysis. In a forensic investigation, evidence is deemed probative

if it contributes to or proves a particular aspect of the narrative of the crime.

There are two types of tests used for forensic serology, which is the detection and
classification of body fluids for forensic body fluid identification (bfID). The first is presumptive
testing which serves as a screening method and may indicate the presence of a particular body
fluid. (2) Second, confirmatory tests are those that subsequently substantiate or disprove this
assertion and identify a specific biological material (Fig. 1B). For example, a presumptive test may
indicate that a red stain is blood rather than, e.g., ketchup. A confirmatory test may then verify

the presence of blood via hemoglobin detection in the red stain. If a stain result is positive for a
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Chapter 1 - Introduction

body fluid and is probative to the narrative, another cutting of the evidence will be analyzed for
DNA profiling. The sample goes through cell lysis and DNA purification typically using a solid-
phase method and then the DNA material is quantified via quantitative polymerase chain
reaction (qPCR). The DNA material is amplified for specific short tandem repeats (STRs), which
are repeated sequences that vary in number among individuals, and fluorescently detected via
electrophoresis to produce a DNA profile. The DNA profile is compared to other profiles on local,

state, or federal electronic databases for genetic identification.

Ny N

serolo DNA Capillary
oY Quantification Electrophoresis
Lysis & STR DNA
Purification Amplification Profiling
B Serology
Presumptive LV Confirmatory
CZ)‘C')\? * Fast, easy, inexpensive F * Confirms presence of body fluid
¢ (./. * Screens evidence e Less sensitive
- e Sensitive e Specific
¢ Not specific ¢ Few to no false positives
* Many false positives

Figure 1: Serology testing of body fluids in forensic laboratories. (A) lllustration of biology
workflow in a forensic laboratory. (Adapted from Lynch et al. with permission) (B) Presumptive
and confirmatory tests used for identifying body fluids on evidence.

Many of the presumptive tests used in forensic laboratories are ubiquitous and well-
established; however, there are several challenges inherent to the use of such analyses. For
example, these tests are often destructive, thereby, prohibiting additional downstream analysis.
Additionally, most of the tests currently employed are fluid-specific for only one body fluid; that

is, these are designed to target a protein in a particular body fluid. As such, the presumptive test

Page 3 of 200
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selected must be based on the most probable identity of the fluid. Consequently, tests of this
type are often disadvantageous because the tests are laborious, time-consuming, destructive to
DNA material, and have limited specificity for a small portion of the fluids secreted from humans.
Some of the fluids that do have presumptive tests typically tested for in forensic laboratories are
blood, seminal fluid, and saliva. Despite the prevalence of several presumptive and confirmatory
tests for bfID, there is no single universal body fluid test to discriminate multiple body fluids for

use at a crime scene or in a forensic laboratory.

1.2.1.1 Presumptive and confirmatory tests for blood

Crime scenes are searched for body fluids by various enhancement methods (e.g.,
alternative light sources (ALS), chemiluminescence, or photoluminescence). A common
chemiluminescence method used to visualize blood is Luminol, which produces light with an
oxidizing agent (Fig. 2A). (3) Common implemented presumptive blood tests include the
colorimetric phenolphthalein (or Kastle-Meyer test) and tetramethylbenzidine (TMB) chemical
assays that detect hemoglobin, which is found in red blood cells and used to transport oxygen
and carbon dioxide, on a piece of evidence. Briefly, the Kastle-Meyer and TMB test is conducted
as follows; (4) A drop of phenolphthalein (or Kastle-Meyer reagent) and one drop of hydrogen
peroxide are sequentially added to a red-brown stain from evidence. (5) The presence of blood
is presumed if the reaction instantly turns pink; this color change occurs due to the oxidation of
phenolphthalein (Fig. 2B). Critically, the color change must be determined immediately, as the
phenolphthalein will naturally oxidize in the air. The nature of this test results in ‘false positives’

from any oxidizing reagent; for example, previous specificity tests have shown false-positive
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reactions with vegetable peroxidases (e.g., horseradish, broccoli), copper, and nickel salts. (6) For
the TMB test, a drop of TMB reagent is added to a red-brown stain from evidence; if the color
instantly turns blue-green, the presence of blood is presumed due to the presence of an oxidizing
agent (i.e., hemoglobin) (Fig. 2C). (7) The hemoglobin cleaves the oxygen from the hydrogen

peroxide and catalyzes the reaction to a reduced form of TMB. (8)

Blood Testing
Presumptive Confirmatory
Luminol D
o oy [ L] Teichmann
e G LV e Brown rhombic
’ crystals
Adapted from Luedeke et al.
B Phenolphthalein (Kastle Meyer) E
Takayama
| : Q Takayara
/ /\ C {/ - /\f Cf Pink feathery
crystals
Adapted from Luedeke et al.
C Tetramethylbenzidine (TMB) F
§> </§ o i > < é :“,/ Lateral flow assay
Adapted from Luedeke et al.

Figure 2: Blood presumptive and confirmatory tests in forensic laboratories. Many of the
presumptive tests are colorimetric, while the confirmatory tests are microscopic exams.
(Adapted with permission)

The Kastle-Meyer and TMB tests have excellent sensitivities at a 1:1,000,000 dilution (9)
and 1:500,000 dilution (7) of neat blood, respectively. While both of these tests are typically used
in succession, neither of these colorimetric tests are species-specific to humans. Rarely, one test

that was used to identify species in any fluid is the Ouchterlony double immunodiffusion test,
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Chapter 1 - Introduction
which uses antigen detection to determine if the fluid is human or from another animal (not

shown). Nonetheless, neither the presumptive nor this test confirm the fluid as blood.

After a positive presumptive test result, the evidence sample may either be tested to
confirm the presence of hemoglobin, or a new portion of the evidence goes directly to DNA
analysis via STR profiling. One confirmatory blood test used is a microcrystal assay that forms
colored crystals with hemoglobin. (2, 10-12) There are two microcrystal assays, Teichmann and
Takayama tests, used specifically for forensic purposes. In the Teichmann test, the NaCl and
glacial acetic acid reacts with hemoglobin to form brown, rhombic, hematin chloride crystals (Fig.
2D). (2, 10-12) In the Takayama test, pyridine reacts with hemoglobin to form pink, feathery,
pyridine-hemochromogen crystals (Fig. 2E). (2, 12) Although both of these tests confirm the
presence of blood through hemoglobin detection, they are laborious and time-consuming for the
scientist. The lateral flow assay (LFA) identifying blood shown in Fig. 2F is described below in

Section 1.2.1.4.

1.2.1.2 Presumptive and confirmatory tests for seminal fluid

Semen, which contains seminal fluid and sperm cells, is visualized at crime scenes by
enhancement methods (e.g., ALS) (Fig. 3A). Only one test is predominately available for
presumptive and confirmatory identification of semen in forensic laboratories. The acid
phosphatase (AP) test presumes the presence of seminal fluid but not sperm cells by detecting
acid phosphatase, a prostate-specific protein that releases phosphates under acidic conditions.
(13, 14) In this test, a drop of Brentamine fast blue is added to a piece of evidence; if the color

changes from colorless to deep purple within one-minute, seminal fluid is presumed present (Fig.
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3B). The color changes due to naphthol being liberated from sodium a-naphthyl phosphate by
AP and coupling with the Brentamine salt. (13) The intensity of the color can differ depending on
the quantity of AP in the sample. Samples diluted more than 1000X in water or obtained < 24
hours after intercourse have been detected with the AP test. (15) This test is considered
presumptive, however, because AP can also be found in other parts of the body (e.g., liver,
spleen, bone marrow), in the vaginal cavity after intercourse, and in other animal species. After
a piece of evidence is presumed to contain seminal fluid, another cutting is taken to confirm the
presence of semen via microscopic examination. ‘Christmas Tree’ staining uses
Picroindigocarmine to color the epithelial cells, sperm tails, and cytoplasm green and Kernechtrot
(or Nuclear Fast Red) to color the acrosomal cap of sperm heads pink red (Fig. 3C). If any sperm

are found, another cutting of the evidence is taken for DNA analysis. This confirmatory test is

Semen Testing
Presumptive Confirmatory
C
L J
L] . %
Alternative Light / M!croscogm
Sources Ch rlstn.waTs Tree
(ALS) 4 Staining
Adapted from Stern et al.
B D
£ . Acid Phosphatase
-/ AP RSID
S (AP) L2
Lateral flow
salt acid sodium phosphate + naphthol _] » }
phosphatase l 3 \ assay
napthol + Brentamine " Purple azo dye Ad.aptea from OId et dl.

Figure 3: Semen presumptive and confirmatory tests in forensic laboratories. After searching
for stains with an ALS, the AP test is used to presume seminal fluid, while a microscopic exam
shows if any sperm are present. (Adapted with permissions)
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incredibly beneficial for identifying sperm in a sample; however, the process consumes more of
the evidence and is laborious and time-consuming for the forensic scientist. The LFA identifying

semen in Fig. 3D is described below in Section 1.2.1.4.

1.2.1.3 Presumptive test for saliva

At a crime scene saliva can be visualized by enhancement methods (e.g., ALS) (Fig. 4A).
Alpha-amylase is used in forensic laboratories to detect the presence of saliva presumptively. It
is the main form of amylase found in humans and other animals that degrades starch by
hydrolyzing alpha-bonds in starch at arbitrary sites. (16) It has been found in the salivary glands
and pancreas, as well as in fungi, bacteria, and plants. Typically, this presumptive test is only
conducted on unknown evidence samples where saliva is probable, whereas known buccal swabs

are sent directly for DNA analysis. The commonly used Phadebus® test involves adding a

Saliva Testing
Presumptive Confirmatory

Alternative Light

/Conlrol line w
Sources +— Testline Lateral flow
(ALS) assay
0 1l . Sul
Saliva Extract
B Phadebas Adapted from Old et al.

Noguire Very vesk s Mt —

Adapted from Wornes et al.

Figure 4: Saliva presumptive and confirmatory tests in forensic laboratories. Not typically tested
for, the Phadebas tests would be used to presume a-amylase for saliva or an antigen detection
on a lateral flow assay to confirm presence of saliva. (Adapted with permissions)
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Phadebus tablet to the supernatant from a cutting of evidence (Fig. 4B). Alpha-amylase is
presumed if the reaction changes from colorless to blue following heating at 37 °C and
centrifugation. Saliva stains diluted up to 200X or stains of 1:3 saliva: blood or saliva: semen were
reported to undergo this color change after 5 minutes. (17) While this test is specific to alpha-
amylase, the enzyme itself is not only found in saliva, and thus this test can only be considered a

presumptive test. The LFA identifying saliva in Fig. 4C is described below in Section 1.2.1.4.

1.2.1.4 Antigen tests for body fluid detection

All of the presumptive tests previously mentioned are colorimetric and rely on a chemical
reaction to detect an enzyme found in high quantities of the body fluid. An alternative to these
presumptive tests isimmunochromatographic testing (or LFA) for specific analytes in a body fluid.
This analysis requires the deposition of a liquid sample on one end of the chromatographic paper.
Capillary action wicks the analyte in the sample into antibodies conjugated to an analyte-specific
colloidal gold tag, and the liquid passes to the other end of the paper. A test line comprises
antibodies specific to the analyte, and a control line includes antibodies for conjugate antibodies.
A positive result is indicated by pink control and test lines; conversely, if only the control line is
pink, the test is deemed negative for the specific antigen. Commercialized LFA tests have been
produced for body fluids, including blood (Fig. 2F), semen (Fig. 3D), saliva (Fig. 4C), and urine,
and are used in forensic laboratories as confirmatory tests. Whether LFA tests should be

considered presumptive or confirmatory is controversial in forensics due to false positives.

Despite the prevalence of numerous presumptive and confirmatory tests, there is no

universal body fluid test for use at a crime scene. Other body fluids common at crime scenes are
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urine, vaginal fluid, feces, and menstrual blood. As such, an assay that definitively identifies all
body fluids regardless of type or combination would be indispensable for investigations. These
factors, along with limited target specificity and sensitivity, have spurred the forensic community

to work keenly to develop alternative analytical methods.

1.2.2 Alternative approaches to bfID

The alternative methods for presumptive and confirmatory bfID are derived from
molecular biology and include microbial community profiling, epigenetics, and RNA. Microbial
communities vary according to the origin of the body fluid or tissue (Fig. 5A). Profiling of these
communities have focused on identifying vaginal secretions or distinguishing vaginal secretions
from saliva. (18-21) For example, one study was unable to distinguish vaginal secretions from
menstrual fluid, demonstrating one of the limitations of this method. (22) However, recent
studies investigated microbial signatures from other body fluids as a method for distinguishing
one fluid from another fluid. (22, 23) As this area of research grows, the microbial community

profile may serve as an alternative method for bfID.

Epigenetic analyses have found that chromosome segments called tissue-specific
differentially methylated regions show different DNA methylation profiles according to cell or
tissue type (Fig. 5A). (24) This has been used in recent studies to investigate DNA methylation
patterns between different body fluids. (25-31) While DNA methylation analysis is a promising
technique, it does have some significant disadvantages: the initial bisulfite conversion and

methylation analysis requires a relatively high concentration of DNA, thus limiting the amount of
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DNA available for profiling, and DNA methylation sites are susceptible to change in response to

environmental factors, aging, and disease. (32)

The most promising approach and the area with the most significant paradigm shift is

transcriptomics (or analysis of RNA transcripts) for bfID (Fig. 5A). Different types of RNA have

been studied, the most common being messenger RNA (mRNA) (33-42) and microRNA (miRNA)

(43-51) and recently circular
RNAs (circRNA) (52-54). An
advantage of RNA profiling is
that recovery from stains can
be integrated into a typical
DNA  profiling  workflow
without compromising the

DNA available for profiling via

co-elution of DNA and DNA

from a single cutting of
evidence.
Messenger RNA is

stable over long periods and
has been purified from DNA
extracts. (55, 56) Numerous

specific and sensitive mRNA-
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Curve Analysis (HRM) Adapted from Lynch et al.
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Figure 5: Alternative tests for body fluid identification. (A)
Various biological targets have been assessed for body fluid
methods. (B) The targets are detected using a variety of
methods. (Adapted with permissions)
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based bfID methods have been reported but require expensive instrumentation and can produce
false negatives or positives. (37, 57) For example, the NanoString” barcoding system has shown
the identification of blood and semen with mRNA markers but lacked specificity with other fluids
without a statistical algorithm. Additionally, a 12-24-hour hybridization time is required per
sample. (58, 59) Conversely, an amplification method for bfID that is easily incorporated into the
forensic workflow should use instrumentation currently present in forensic labs. Furthermore,
the procedure should be non-destructive to the DNA evidence, sensitive and accurate, and highly

specific for each body fluid.

Existing methods for analysing RNA for bflD include massively parallel sequencing (MPS),
reverse transcriptase PCR (RT-PCR), and quantitative RT-PCR (RT-gPCR) (Fig. 5B). (1) Massively
parallel sequencing of RNA for bfID, specifically, have been used in several studies. (46, 60-65)
The primary advantage of MPS is the number of RNA markers that can be used to identify each
body fluid. However, while MPS is increasingly being used in forensic biology laboratories, it is
expensive, time-consuming, and requires extensive training, bioinformatics knowledge, and vast
computer storage capabilities. RT-PCR, another commonly used method, is sensitive and capable
of detecting low-abundance mRNA obtained from limited samples. (33-38, 40-42) The most
widely implemented approach in casework is endpoint RT-PCR coupled with capillary
electrophoresis (CE), enabling the detection of several body fluids simultaneously, minimizing
sample use and contextual effects (Fig. 5B). (33, 36-38) The third method is RT-qPCR typically
used to calculate the difference between the nucleic target transcript and a reference or house-
keeping gene, or to detect one nucleic target using a DNA intercalating dye. (39, 43-45) A

limitation of qRT-PCR is the current restriction on the dyes that can be used, limiting the number

Page 12 of 200



Chapter 1 - Introduction

of markers targeted in a single reaction. Improvements such as high-resolution melting analysis
have been proposed to overcome this limitation by detecting the melt temperatures of different
sized fragments after amplification. (66, 67) Despite the multiple methods mentioned above for
bfID, there is no preeminent method that provides an end-to-end solution for reliable, accurate,

and fast confirmatory body fluid detection, a critical need by forensic laboratories.

1.2.3 Isothermal amplification methods

While many amplification methods can be used for bfID, an attractive method allowing
ultra-rapid amplification of samples with high specificity has recently gained traction. In contrast
to PCR, isothermal amplification avoids the need for thermocycling - the primary impediment to
mobilizing the molecular assay to the point of need. A variety of new isothermal amplification
methods now exists, including Loop-Mediated Isothermal Amplification (LAMP) (68),
Recombinase Polymerase Amplification (RPA) (69), Rolling Circle Amplification (RCA) (70),
Helicase Dependent Amplification (HAD) (71), Strand Displacement Amplification (SDA) (72), and
Nucleic Acid Sequence Amplification (NASBA) (73) (Fig. 6). Most of these isothermal methods
require simple technology (e.g., hot water bath), produce results in less than 30 minutes, and
generate a readout using colorimetric dyes instead of fluorescent detection. In addition, a
plethora of new isothermal diagnostic tests aimed at rapidly detecting mRNA targets has been
published, with the additional goals of limiting the time and complexity of extraction and

detection and improving portability.

Of the available methods, LAMP has emerged as a predominant assay offering equal

sensitivity and specificity but significantly simpler and quicker analyses. (74-77) Some examples
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of the RT-LAMP assay show in-tube amplification of as little as 2 copies of RNA target in a 25 pL
reaction in 30 minutes with a color change detection method (78), 99.5% specificity and 500
copies/mL sensitivity in clinical samples in 30 minutes in-tube with fluorescent detection, (79) or
simultaneous 21 sample-to-answer RT-LAMP using microfluidic technology. (80) The experiments
described in this dissertation took advantage of the LAMP assay to provide a solution as a method
for forensic bfID. In a recent study using isothermal amplification, a reverse-transcription LAMP
method was used to analyze a blood target. A limit of detection of 10 femtograms of total RNA

was demonstrated after a dilution of 1 ng total RNA from a 50 pl blood lysate. (74)
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Figure 6: Isothermal amplification methods. Some methods used for forensic or clinical
applications are LAMP (Tanner et al.), RPA (Li, Jia et al.), RCA (Ali et al.), HAD (Jeong et al.), SDA
(Little et al.), and NASBA (Gill et al.). (Adapted with permissions)
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LAMP differs from PCR in four ways; First, LAMP is an isothermal method, allowing for

simple instrumentation without thermocycling hardware. Second, LAMP involves two sets of

primers to identify specific target regions,
with the option for an additional set of loop
primers, whereas PCR uses a single set of
primers (Fig. 7A). The use of 2-3 sets of
primers allows for more annealing sites (6-
8 distinct regions) and, thus, faster
amplification. (81) One set of primers, the
forward inner primer (FIP) and backward
inner primer (BIP), are linked in the middle
by four thymine nucleotides. One of the
sites is the

primer complementary

sequence to a region upstream and
facilitates the formation of a loop. The
second set of primers anneals to sites
ahead of the FIP or BIP primers (F3 and B3
primers). Upon annealing and elongation
of FIP/BIP primers, the F3/B3 primers
behind the

anneal FIP/BIP  primers,

followed by strand  displacement

amplification via the Bst 2.0 WarmStart

Adapted from New England Biolabs, Inc.
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Figure 7: LAMP mechanism. (A) LAMP uses 4-6
primers for one target. The FIP primer anneals
first, then the F3 primer anneals directly behind
FIP. The polymerase performs SDA. The same
reaction occurs with the BIP and B3 primers. A
key-like structure is formed, and exponential
amplification occurs. Loop primers can be
incorporated for more priming sites. (B)
Fragments produced from LAMP can be detected
by various methods. (Adapted with permissions)
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DNA Polymerase (New England Biolabs, Ipswich, MA, USA), thus releasing the product from the
FIP/BIP primers creating a ‘dumbbell-shaped’ structure. (82) The third primer set, or loop
primers, anneals to sites on the loop, typically in the area between the FIP/BIP region and its
complementary sequence. With the incorporation of the loop primers, faster amplification
ensues due to the additional annealing sites. Third, the resultant LAMP products include the
target sequence but cover a range of fragment sizes, whereas PCR yields a single amplicon of a
specific size. The same set of fragments is produced from each primer set, giving a unique profile
when size separated. Fourth, LAMP is readily used with colorimetric indicators (e.g.,
hydroxynaphthol blue (HNB), phenol red (PR), leucocrystal violet (LCV), malachite green (MG)) or
fluorescent indicators (e.g., Calcein, fluorescence), whereas PCR is coupled primarily with
fluorescent labels (Fig. 7B). Using a colorimetric indicator enables detection of results using a
low-cost analysis method (i.e., capturing an image) rather than an expensive analysis method for
fluorescent detection (i.e., light source, filters, etc.). Due to these differences, LAMP is a great

alternative to conventional PCR cycling.

Despite the increased complexity of primer design for LAMP, alternative detection
methods (e.g., turbidity, color change, fragment pattern) not requiring fluorimeters or lateral
flow strips are more readily available, and the necessary reagents may be purchased from
multiple vendors. In addition, the LAMP method is capable of performing reverse transcription
and target-specific amplification in a single-tube format. The Bst polymerase used in LAMP
combines reverse transcription and DNA synthesis in a single enzyme. Relative to other
isothermal methods demonstrating successful mRNA target amplification, LAMP consistently

outperforms other formats in speed, with detection times of 30 min or less, vastly outclasses RT-

Page 16 of 200



Chapter 1 - Introduction

PCR in turnaround time and portability due to similar technology, however, in some cases,
compromises are made in sensitivity. Nevertheless, this alternative strategy represents an
essential front-line response for more rapid and cost-effective screening that can specifically

amplify an mRNA target.

1.3 Advantages of Centrifugal Microfluidics for Clinical Diagnostics

1.3.1 Advantages of microfluidic technology

Microfluidic technologies are attractive for lab-based and fieldable applications due to
their small footprint, minimal reagent/sample volumes, rapid analysis times, ease of use,
automation, and, if needed, portability. (83, 84) When considered holistically, microfluidic
technology can potentially address some of the core issues pertaining to protocols currently
utilized in clinical and forensic labs and positively impact both communities. Sample preparation
steps can be integrated seamlessly - potentially with smaller volumes to enable more efficient
heat transfer and thus, expedited thermal cycling, resulting in a standard 120 min PCR reaction
to be completed in 15 min. (85) Electrophoresis can be microminiaturized, and the mere fact that
separation can be on the order of hundreds of seconds without loss of resolution shifts the
paradigm. (86) Specifically, the cost-effective methods using rapid, iterative prototyping of
microfluidic CDs (LCDs) with complex, intricate architectures have been developed for chemical
and biochemical assays ranging from DNA purification and genome analysis to illicit drug
detection and explosives sensing. (83, 87, 88) All functions, including data analysis, can easily be
incorporated and operated via a smartphone, 6” touchscreen with Windows 10, or alternating

current (AC) or battery power. Fluid movement in these devices is driven by centrifugal force
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(rotation). Moreover, the microfluidic platform is ideal for point-of-analysis applications due to

minimal external hardware (no bulky external pumps).

Centrifugal microfluidic systems are often referred to as ‘lab-on-a-disc’ as many assays

are usually integrated in parallel. These ‘lab-on-a-disc’ devices integrate the labor-intensive

operations of specific laboratory analytical assays onto a disc with the size of a CD-ROM, often

with reduction in reagent volumes, reaction times and human intervention through on-chip

automation. (89) Multiple forces influence fluid behavior within the microfluidic discs, including

centrifugal (eq. 1), Coriolis (eq. 2), and Euler (eq. 3) forces (Fig. 8). The primary force is the

centrifugal force (fu) that pumps liquids from the center of rotation outwards towards the edge

of the disc and is proportional to the square of the angular velocity (w), distance from center (r),

and mass (p). The Coriolis
force (fc) facilitates the
manipulation of the paths
traversed by particles of
varying sizes via redirection
of flow. The Coriolis force is
perpendicular to both the
linear velocity and angular
velocity, and proportional to
twice the mass (p), angular

and fluid

velocity (w),

velocity (v). The third force,

B
(eq.1)  f, = prw?
(eq. 2) fc = 2pwv
dw
eq. 3 — —_—
(eq. 3) e 'Drdt

Figure 8: Centrifugal microfluidics. (A) Geometry and forces on
a disk spinning at the angular velocity (w) pointing out of the
paper plane toward the reader. The radial coordinate is given by
r. The liquid plug of diameter (d) and absolute length (/) extends
between its inner and outer radial positions r< and rs,
respectively, with Ar = r-— r<and r~ = 0.5(r< + r>). For a radially
oriented plug, Ar = I, otherwise Ar < I. The liquid traveling at a
speed (v) down the channel is exposed to the centrifugal force
density, Euler force density, and Coriolis force density. (B)
Equations for centrifugal force (eq. 1), Coriolis force (eq. 2), and
Euler force (eq. 3). (Ducrée et al. with permission)
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termed the Euler force (fg), is perpendicular to the radial direction and enables mixing by the

generation of a lateral motion during acceleration. The Euler force is proportional to the mass
. . . . . d
(p), distance from center (r), and scaling with the rotational acceleration (d—c:). (90) Although

additional forces may be generated by external hardware, the judicious application of these three
forces facilitates control of radial fluid movement within a microfluidic disc using straightforward,

motor-generated revolutions.

Along with impressive downsizing of hardware for laboratory assays and moving ‘in-lab’
detection methods to ‘point-of-care’ access, the ease of disc fabrication using low-cost materials
can reduce the overhead cost for laboratories. The architecture can also be designed to
accommodate multiplexing on a single disc (i.e., multiple samples analyzed on a single disc) or
adapted for multiple applications (i.e., multiple targets analyzed in tandem). Specifically, using
supplies available to the general public to fabricate discs also increases the likelihood that
underfunded laboratories could replicate the cost-efficient microfluidic discs. The ‘print-cut-
laminate’ (PCL) method is ideal for this purpose; a simple CO; laser cutter (or trophy etcher),
office printer, and laminator can be used for fabrication (Fig. 9). (87) The materials chosen for
fabrication vary according to the intended application. For the projects described herein, the
materials used to fabricate microfluidic discs were clear and black transparencies (polyethylene
terephthalate; PET, bPET) and heat-sensitive adhesive (HSA). In addition, polymethyl
methacrylate (PMMA) and pressure-sensitive adhesive (PSA) were included in the fabrication
process if an increase in volume was necessary, and 24-carat gold sheets for electrical conduction

for microelectrophoresis.
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The first stage in the PCL fabrication process is designing the microfluidic disc in software
compatible with the laser cutter where 2D and 3D models can be drafted. Next, these designs
are printed onto or cut through materials using an office printer or laser cutter before alignment
and cohesion of layers via lamination. The fabrication process and materials are readily available

and have been shown to be compatible with various biochemical assays. (91-93)

Layer 1
Layer 2 %
Layer 3 l,/i" . i\
//\J \\\
~
Layer 4
Layer 5
Adapted from Thompson et al. Adapted from Layne et al.

Figure 9: Fabrication method to produce microfluidic devices. Architecture was designed using
AutoCAD software and electronically transferred to a CO; laser printer. The design was cut
through various layers of various plastics and adhesives. All layers were aligned and laminated
using a typical office laminator. Any accessory pieces were attached after lamination with
adhesives. (Adapted with permissions)
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1.3.2 Isolation and detection of SARS-CoV-2

The most recent outbreak of SARS-CoV was in 2020, claiming over 500,000 lives and more
than 33 million cases across the world as of June 24, 2021. (94) This worldwide pandemic
impelled scientists to build on previous SARS-CoV research to develop rapid diagnostics,
therapeutics, and vaccines that would provide details about transmission and preventative
measures to stop the spread of the disease. The detection of mMRNA targets was adapted to a
microfluidic platform to aid recent (and ongoing) efforts to combat the global coronavirus
pandemic. Coronaviruses (CoV) are the largest group of viruses in the Nidovirales order (Fig. 10A).
CoV are spherical, enveloped particles with a matrix protein capsid containing single-stranded
RNA associated with a nucleoprotein. (95) These viruses have four main structural proteins - the

spike, membrane, envelope, and nucleocapsid - in addition to a fifth structural protein

Nucleocapsid protein (N)
— Membrane
glycoprotein (M)
(7‘3 ' | ,a.Q
Envelope %A
protein (E) \ > .
Spike
protein (S)
Adapted from Burrell et al. Adapted from Burrell et al.

Figure 10: Coronaviruses phylogeny and physical attributes. (A) Phylogenetic tree of
50 coronaviruses from the subfamily Coronavirinae, family Coronaviridae, order
Nidovirales. The scale bar indicates the estimated number of substitutions per 20
nucleotides. (B) Model of coronavirus virion structure, showing the supercoiling of
the viral nucleocapsid under the envelope. (Adapted with permissions)
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(hemagglutinin-esterase) present in a subset of B-coronaviruses (Fig. 10B). (96) The viral proteins
invade the respiratory tract via the nose and cause symptoms associated with the ‘common cold’

after 3-day incubation.

This group was first identified as infectious bronchitis virus (IBV) in 1937, following
research focusing on a (then) emergent respiratory infection of chickens. (97) The first human
CoV were discovered in the 1960s via electron microscopy after the virus was recovered from
various students with colds. (97) The next major outbreak in the human population was in China
in 2002, when 8,098 cases of illness and 774 deaths (9% mortality rate) were attributed to an
unusually lethal form of pneumonia. (96) This sudden acute respiratory syndrome (SARS) seen in
patients was found to be due to a group 2b B-coronavirus. (98) Another B-coronavirus outbreak,
termed Middle East Respiratory Syndrome-CoV (MERS-CoV), occurred in 2012. In this case, 955
cases and 333 deaths (40 % mortality) were confirmed after a series of highly pathogenic

infections in Saudi Arabia and the Middle East. (96)

Diagnostic tests for SARS-CoV-2 must be capable of detecting low viral loads for early
detection while avoiding cross-reactivity with other closely related coronaviruses. A third critical
feature is the capability to deliver rapid results to best assist in effective containment measures.
The current gold standard for molecular diagnoses of SARS-CoV-2 infection is by real-time reverse
transcriptase-polymerase chain reaction (RT-PCR). RT-PCR allows for high-throughput of
samples, sensitive fluorescent detection, and specific amplification of single targets. Although
RT-PCR has been confirmed in multiple comparative studies to provide consistently high

diagnostic sensitivity and specificity (typically above 95% in both categories), (99-101) RT-PCR
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faces fundamental limitations in its ability to achieve detection times of less than one hour per
sample. Doing so has typically required sophisticated instrumentation with unique sample
cartridges, which adds to the up-front cost and requires additional technical expertise and

training. (102)

To circumvent this, microfluidic technology has shown significant advantages for
decreasing the overall time of PCR, the cost of reagents and hardware, and facilitating
multiplexing. For example, Ji et al. developed a disc for direct RT-gPCR assay for simultaneous
16-target detection in four samples in less than 90 minutes (Fig. 11). (103) However, most RT-

PCR assays necessitate extensive sample pre-processing, which adds to the total turnaround time

A Sample loading — Metering =— Multiplex dirRT-qPCR reactions
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Adapted from Cojocaru et al.

Figure 11: Published microfluidic techniques for detecting SARS-CoV-2 targets. (A)
Characterization of the spinning profile via schematic diagram (upper) and photos (lower)
showing the sequential steps of the fluid actuation. (B) Microchip for coronavirus disease 2019
detection with lyophilized reagents in the microwells. Limit of detection determination with
10-fold and 2-fold serial dilutions of extracted cultured viral RNA with N1 (green dots) and N2
(blue dots) primers/probes. (Adapted with permissions)
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and requires additional costly kits. Critically, the demand for large quantities of high-grade
reagents kits has, in some cases, exceeded the supply of available materials. These shortfalls have
led to the development of a second class of molecular diagnostic assays meant to diversify the
reagents and materials required from manufacturers and lower the total turnaround time and

address the particular needs for POC testing.

1.3.3 Gene monitoring for transplanted organ tolerance

Discussion in Chapter 5 is a second clinical application adapted to microfluidic technology
for the detection of immunoregulatory genes for monitoring organ tolerance. The goal of organ
transplantation is immune tolerance leading to indefinite graft survival and prevention of chronic
rejection. (104) Organ transplants are an annual necessity in hospitals worldwide, with nearly
8,000 of those being liver transplant surgeries in the US alone. (105) Specifically, liver transplants
are the second most commonly transplanted organ in the US, primarily due to alcohol-related
liver or other unknown diseases. (105) Majority of donated livers come from deceased adult male
donors who are 50-64 years of age. (106) The liver is unique as it confronts several antigens in
blood via the gastrointestinal tract and induces immune responses to pathogens. (107) To
monitor the organ’s functionality, the patient has to come in for testing weekly in the first months
and then monthly in the first year. While these tests are performed out of necessity to prevent
organ rejection, the time commitment for each visit to the hospital and cost of testing is a burden
on the transplant patient. Currently, the 5-year survival rate of liver transplantation is 75%, and
the patients must follow an immunosuppressive drug regimen for the remainder of their lives.

(108) While these medications vitally prevent graft rejection by weakening the immune
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response, their side effects include increased susceptibility to infections, sepsis, cancer, and renal

failure. (109) To reduce susceptibility, patients may be weaned off these drugs, thus bolstering

their immune system to fight off pathogens.

Research from the
University of Toronto was
conducted in this area to
facilitate immunological
tolerance and enable the
cessation of  long-term
immunosuppression therapy.
A panel of immunoregulatory

genes was found from his
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Figure 12: LITMUS panel fluorescently detected.
Representative electropherograms corresponding to gene
expression profiles generated from hepatic allograft mRNA
samples on various postoperative days. (Adapted from Xie et al.
with permission)

study whose relative expression levels indicate allograft tolerance or rejection. The panel is

detected via mRNA target amplification of an RNA sample and size separation via capillary

electrophoresis (Fig. 12) (110) Following this finding, the Liver Immune Tolerance Marker

Utilization Study (LITMUS) clinical trials began, in which patients are weaned off of their

antirejection regimen based on his previously studied patterns of immunoregulatory biomarker

expression in peripheral blood mononuclear cells (PBMCs). (111) Successful withdrawal from

immunosuppressive medications alleviates the drugs’ morbid side effects for patients.
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1.4 Description of Research Goals

This thesis focuses on the development of three distinct solutions for forensic body fluid
identification and two solutions for clinical applications. Though all of the solutions target a
decreased overall time and total volume of the amplification reactions, some also entail adapting
biochemical assays for centrifugal microfluidics while maintaining the same high specificity and
minute sensitivity as conventional methods. Chapter 2 details the optimization of an isothermal
amplification method for forensic body fluid identification. This method was coupled with a
colorimetric dye to provide a simple output that indubitably discerns positive and negative
results. As an objective analysis, the reactions were imaged, and the hue of the reaction defined
results. Five body fluids commonly found at forensic crime scenes were amplified with primers

corresponding to mRNA targets to show single fluid specificity and picogram level specificity.

Building on this optimization, Chapter 3 details the 3D-printed device built for combined
isothermal heating and image analysis of the colorimetric dye in the reactions. This device uses
convective heating to heat the reactions and fans to circulate the heat for a relatively consistent
temperature across all 96 wells. The device has a raspberry pi to image all 96 reactions with static
LED lighting for image capture. The images are analyzed using Image J software for the hue value
(or shade of color) of the isothermal reactions to determine each positive or negative result. With
this device, both the heating and image analysis are automated to provide a one-step analysis
method. Lastly, a mock study was conducted to compare the device with the conventional
heating and image analysis method. This device was built for laboratory purposes, but due to its

size could also be utilized on-scene.
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As an alternative solution for forensic body fluid identification, Chapter 4 details the
adaptation of a 2-step RT-PCR and separation protocols for centrifugal microfluidics as an on-
scene analysis method. A published panel of mRNA targets showed single fluid specificity in
known single-source and mixture samples with good sensitivity for the same five body fluids. The
panel consists of three plex’s for buccal, blood (venous and menstrual), and common sexual
assault (semen, seminal fluid, vaginal fluid) fluids. First, phase one of this project was the size
separation of the mRNA targets, which was optimized using a centrifugal microfluidic disc to
demonstrate this method’s rapid, sensitive nature. The separation protocol mimicked the
conventional capillary electrophoresis instruments used in forensic laboratories for fluorescent
size separation. Next, phase two of this project involved optimizing the RT reaction for centrifugal
microfluidics. Using the system from phase one, Peltier heaters sandwiched the RT chamber on
the microfluidic disc to heat the reaction. The Peltier heaters demonstrated faster ramping rates
than conventional thermal cycling for a much faster protocol. Single-source and mixture samples

were converted to cDNA with minimal loss on the microfluidic disc.

The same integrated system was adapted for two clinical applications that involved the
amplification of mRNA targets. Chapter 5 details the optimization of two PCR protocols that
reduced the overall assay time to detect a SARS-CoV-2 target and panel of genes to determine
organ tolerance. For the SARS-CoV-2 target, clinical samples were amplified in a microfluidic disc
in <15 minutes with varying target concentrations based on conventional gPCR data. For the
panel, initial experiments showed the overall assay time could be reduced by 11 minutes after

decreasing the time for one of the steps in the protocol. Additionally, the total volume of the
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reaction could be reduced to a quarter reaction and still provide fluorescent data for all the

targets in the panel.

In summary, Chapter 6 details the overall conclusions for each project in this dissertation.
A central theme throughout the projects was reducing the overall assay time, reducing the total
volume of the reaction, achieving reasonable specificity and sensitivity, and providing a cost-
efficient method for various forensic and clinical applications. Some of the projects were
designed to provide a solution for either laboratory or point-of-care testing. Overall, the studies
detailed in the dissertation demonstrate rapid technology that addresses some of the core issues

pertaining to the conventional methods utilized in the clinical and forensic communities.
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Chapter 2: Optimization of LAMP & colorimetric image analysis

method with mRNA body fluid targets

2.1 Introduction

Body fluids provide critical contextual biological evidence for forensic investigations;
blood, saliva, and semen are three of the most prevalently tested fluids and are presumptively
identified using colorimetric serological tests prior to more expensive, downstream genetic
analysis. Current best practices for body fluid identification (bfID) involve phenolphthalein or
luminol tests for blood, acid phosphatase (AP) screening or prostate specific antigen (PSA) lateral
flow assay for seminal fluid, and the alpha-amylase test for saliva. (1) Despite the ubiquitous
nature of these enzymatic and immunological tests in the forensic workflow, they generally lack
sensitivity and specificity required for a confirmatory fluid identification. (2, 3) For example, a
study by Stange et al., showed that the PSA test produced 44% false positives and 20% false
negatives among 132 sexual assault samples when compared to the ‘gold standard’ for DNA
amplification, namely the polymerase chain reaction (PCR) with fluorescence detection. (4)
Although some alternative confirmatory tests for body fluids exist, they are time-consuming,
labor intensive, and require the use of additional sample — which is especially problematic when
considering forensic samples, which often contain only trace amounts of genetic material. While
microRNA and protein analysis have been explored as bfID approaches, mRNA profiling is
especially promising, as total RNA can be purified from conventional forensic DNA extraction

methods and has shown stability over long periods of time. (5, 6) To date, the numerous mRNA-
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based bfID methods that have been reported are specific and sensitive, but require expensive
instrumentation, and can produce erroneous results (e.g., false positives). (7, 8) However, it is
important to note that amplification-based methods can be easily incorporated into the forensic

workflow by leveraging instruments already commonly in use for downstream analyses.

Among the numerous amplification methods that can be used for bfID, LAMP has gained
traction in recent years. This technique exploits up to 3 pairs of primers for rapid, isothermal
amplification of nucleic acid targets with high specificity. (9) As an isothermal method, LAMP not
only sidesteps thermocycling, but also involves amplification at higher temperatures (60-68°C)
permitting less mismatched base pairs, thus allowing for enhanced specificity and amplification
efficiency. (10, 11) Recently, reverse-transcription LAMP targeted a locus specific to blood and
accomplished a limit of detection of 10 femtograms of total RNA diluted from a blood lysate. (12)
LAMP differs from PCR in four keyways; first, LAMP is isothermal, which significantly simplifies
instrumentation requirements by circumventing need for thermocycling hardware. Second,
LAMP involves two sets of primers specific to a given target, with the option for an additional set
of loop primers, whereas PCR uses a single primer pair (Fig. 1A). The use of multiple sets of LAMP
primers allows for more annealing sites and, thus, faster amplification. (9) Third, the resultant
polydisperse LAMP products all include the target sequence but cover a range of fragment sizes,
whereas PCR yields a single amplicon of a specific size. The same set of fragments are produced
from each primer set giving a unique profile when electrophoretically separated. Fourth, LAMP
detection is compatible with colorimetric indicators, whereas PCR interpretation relies on

inclusion of fluorescent labels. By using a colorimetric indicator, LAMP results can be visually
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detected using simple, low-cost analytical methods (i.e., capturing an image) instead of the

expensive fluorescent detection systems (i.e., light source, filters, etc.) required for PCR.
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Figure 1: LAMP and colorimetric detection. (A) lllustration of key-like structure formation via
isothermal LAMP heating. (B) Chemical changes occurring in colorimetric dyes commonly used
in LAMP reactions. Phenol Red (pH indicator) was used for this research changing from red
(~pH 8) to yellow (~pH 6).

Here, we describe a novel LAMP approach for bfID that pairs colorimetric detection with
an empirical image analysis strategy to establish the presence (or absence) of forensically
relevant body fluids, including blood (Vb), saliva (Sa), and semen (Se) (Fig. 1B). (13, 14) Whereas
previous bfID efforts from our laboratory leveraged hydroxynaphthol blue (HNB) dye for
colorimetric readout (15), here, we demonstrate the effectiveness of LAMP when combined with
phenol red, a colorimetric pH indicator. As the pH of the LAMP reaction changes from ~pH 8 to ~
pH 6, due to hydrogen ions in solution after a nucleotide is added to the growing chain, phenol
red has a striking color change, thus enabling simple visual detection; however, naked eye

interpretation is subjective, due to inherent variability in how individuals perceive color. (16) To

remedy this, we created a user-friendly analytical strategy centered on smart phone analysis (16)
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that permits objective, simple, and accurate color detection exploiting components of various
color spaces (Red, Green, Blue (RGB), Hue, Saturation, Brightness (HSB)). In this work, we
screened for three body fluids, namely Vb, Se, and Sa, by capturing images of the initial and final
LAMP reaction mixtures and measuring changes in hue using FlJI software. (17) The specificity of
the primers designed for the three mRNA assays was assessed by testing five different body
fluids, including vaginal fluid (Vf) and menstrual blood (Mb), which are common in sexual assault
evidence. Our method (RT-LAMP) is non-destructive to the DNA, preserving it for potential
downstream genetic profiling. Furthermore, LAMP-based detection is sensitive, exhibiting high
accuracy for even low-concentration RNA samples, with impressive specificity for each intended
body fluid target. Notably, completion of the isothermal amplification step is achieved in <30 min

with completely unbiased interpretation of colorimetric results.

2.2 Methods & Materials

2.2.1 Sample collection

De-identified body fluid donations, namely Sa, Se, Vf, and Mb, were collected via
protocols approved by the University of Virginia’s International Review Board (IRB). Vf and Mb
samples were collected using sterile cotton swabs and dried overnight. Sa and Se samples were
collected in sterile specimen containers, then divided into 50 pL aliquots. All above-described
samples were stored at -20 °C until analysis. Venous blood was received de-identified from the

University of Virginia Medical Hospital in EDTA vacutainers and stored at 4 °C until extraction.
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2.2.2 RNA Isolation

Cellular lysis was achieved using a previously published protocol. (15) Briefly, in a 1.5-mL
microcentrifuge tube, a body fluid sample was mixed with 350 pL RLT buffer (Qiagen, Valencia,
CA, USA), 90 uL nuclease-free water (Growcells, Irvine, CA, USA), 10 uL Proteinase K (Qiagen),
and 4.5 uL of B-mercaptoethanol (Sigma Aldrich, St. Louis, MO, USA). The sample input varied
with body fluid identity; RNA was extracted from either 50 uL of Vb, 2 uL of Se, an entire swab of
Vf or Mb, or 100 uL of Sa. Each sample was incubated at 56 °C for 10 minutes before the lysate
was recovered via the ‘piggy-back’ method; the swab sample was placed in a 0.5 mL tube, the
bottom of which was punctured with a 21-gauge needle, then nested within a 1.5 mL
microcentrifuge tube. Centrifugation for 1-2 seconds at maximum speed eluted the lysate from
the sampling substrate and transferred it to the 1.5 mL tube. The lysate was combined with the
original lysis sample. These crude lysates were purified using Qiagen’s RNeasy Mini kit following
manufacturer’s protocol. RNA samples were eluted in 50 pL of nuclease-free water and stored at

-80°C until amplification.

2.2.3 Primer information

LAMP primer sets (Table 1) were designed using PrimerExplorer V5 and purchased from
Eurofins Genomics LLC (Louisville, KY, USA). The Vb, Se, and Sa primer sets were designed from
the human B-hemoglobin (HBB; NM_000518.5), human semenogelin 1 (SEMG1; NM_003007.4),
and human histatin 3 (HTN3; NM_000200.2) mRNA sequences, respectively. The Vf and Mb
primer sets were designed from cytochrome P450 family 2 subfamily A member 7 pseudogene 1

(CYP2B7P1; NR_001278.1) and the human matrix metallopeptidase 10 (MMP10; NM_002425.2).
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Table 1: Primer sets used for each of the body fluids. The concentrations were 0.2, 0.4,
0.8 uM for F3/B3, LF/LB, and FIP/BIP each, respectively.

Blood FIP CGTTGCCCAGGAGCCTGAAGTTTTACTGAGTGAGCTGCACTGT | Semen FIP GTTTCGGTCGTTGTTAAGCTGTTGTTTTTTAATTATAGAGCAGGAAGATGACAG

BIP GGTCTGTGTGCTGGCCCATCTTTTCCAGCCACCACTTTCTGAT BIP TAAACCTACCATTCGGTAACCATGTTTTCACTGAGGTCAACTGACA
F3 CCTCAAGGGCACCTTTGC F3 TCTCATGGGGGATTGGAT
B3 TTGTGGGCCAGGGCATTA B3 CATCTCAGAAACATCACAGAA
LF AGGATCCACGTGCAGCTTGT LB GAAAGGATGGACCAATATCAAG
LB CTTTGGCAAAGAATTCACCC

Vaginal Fluid FIP AATGTGGGGCACACCCATGGGCCATACACAGAGGCAGTC Saliva FIP GATGTGAATGATGCTTTTCATGGAATTTTCTGGAGCTGATTCACATGC
BIP TTCTGAGGGTACACCATCCCCATCAAAGTAGTGTGGGTCACG BIP ATTGATATCTTCAGTAATCACGGGGTTTTAGTCCAAAGCGAATTTGC
F3 GCTTGATGACCGAGCCAA F3 TTGGCTCTCATGCTTTCC
B3 GTCAGGATTGAAGGCGTCTG B3 GGTATGACAAATGAGAATACACG
LF GTCAGCAAATCTCTGAATCTCACGG LF TATACCCATGATGTCTCT
LB CGGAAGTATTTCTCATCCTGAGCA LB CATGATTATGGAGGTTTGAC

Menstrual Blood FIP GCTGAGTGAAAGAGCCCCAGAGGCACCAATTTATTCCTCG
BIP CAACACTGAAGCTTTGATGTACCCTTCACATCATCTTGCGAAAG
F3 AAAAATGGACAGAAGATGCA
B3 CCGTAGAGAGACTGAATGC
LF AGTGGCCAAGTTCATGAGCAG
LB TTCACAGAGCTCGCCCAGTTC
2.2.4 Colorimetric Loop-mediated Isothermal Amplification

All LAMP reactions contained WarmStart® Colorimetric LAMP 2X Master Mix (DNA & RNA)

(New England Biolabs, Ipswich, MA, USA) and were conducted according to manufacturer’s

instructions. Although the recommended primer concentrations (1X) given by the manufacturer

are 0.2 uM for F3 and B3, 0.4 uM for LF and LB, and 1.6 uM for FIP and BIP, LAMP assay was also

tested with primer concentrations at 0.5X, 0.75X and 1.5X. The negative controls were nuclease-

free water and positive controls were RNA samples from known single-source body fluids. The

success of LAMP was assessed by capturing images of colorimetric responses via a ‘lightbox’

and/or fragment analysis via microchip electrophoresis with Agilent’s 2100 Bioanalyzer

instrumentation using DNA 1000 series Il kit (Agilent Technologies, Santa Clara, CA, USA).
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2.2.5 3D-printed lightbox for imaging

The lightbox was 3D printed with white polylactic acid (PLA) in three stackable pieces and
a top poly (methyl methacrylate) (PMMA) cover piece. Fig. 2A shows all of the pieces required
for image acquisition, assembled in this order: the ‘Top’ black PMMA piece and Huawei phone,
15t PLA component, 2"¢ PLA component with clear PMMA holders, 3™ layer with three LED strips
and diffusive layer connected to a small breadboard. A 96-sample plate is used to keep the tubes
aligned when taking an image. Since the samples are flipped 180° to image, the PMMA holders
were used to keep all tubes in straight lines for the Image J macro. One holder was designed to

fit near the top of the tube, while the second holder fit closer to the end of the tube. The LED

Second Layer Third Layer

Top Layer with phone

First Layer

Figure 2: Detailed view of imaging box. (A) The imaging box is made of white polylactic acid.
It has three layers to stack for optimal distance and static lighting. The 1% layer is for optimal
image distance. The 2" layer has three PMMA pieces that sit inside to hold the tubes in straight
lines. The static lighting comes from a diffusive sheet and three strips of LEDs affixed to the 3™
layer. The top of the imaging box is made of black PMMA, with a circular cutout for the Huawei
camera. On the Huawei, the ISO and shutter speed were constant at 50 and 1/160,
respectively. (B) The stacked imaging box with samples in place. (C) A single image
simultaneously captures 96 wells to be analyzed by Imagel. (Adapted from Layne et al. with
permission)
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strips and diffusive layer were for uniform lighting behind the tubes across the 96 wells. Fig. 2B
illustrates how the pieces stack to achieve optimal distance for imaging. Settings for image
acquisition on the Huawei P9 smartphone were ISO 50, shutter speed 1/160, and auto white

balance (Fig. 2C is an exemplary image).

Using FIJI (17) distribution of ImageJ (18) (2.0.0-rc-69/1.52p), the image was first tinted
using the Image > Adjust > Color Balance command path and applying two sequential
adjustments: blue channel 0-190 and yellow channel 40-255. The tinting is needed to rotate the
hue scale, so all the red values (negative result) congregate at the upper end of the hue scale and
the yellow values (positive result) are at the bottom of the hue scale. This is because the hue
scale is circular based on Isaac Newton’s discoveries, (19) but splits in the red region. An example
of hue values before and after tinting is shown in Fig. 3. Second, using an in-house Plug-in, the
image is analyzed for hue in a circle with radius of 15 pixels and exported to a .csv file. The .csv

file contains color analysis for each reaction and various parameters from the Plug-in (e.g.,
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Figure 3: Comparison of hue values. (A) In original images (without tinting), the red color was
at either end of the hue scale, while the yellow color was ~35-40 hue value. (B) In tinted
images, the hue scale was rotated to allow all the red color hue values at the upper end of
the scale with the yellow color hues at the lower end of the scale. (Adapted from Layne et al.
with permission)
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sample number, area of circle, mean of hue, minimum hue detected, maximum hue value

detected).

2.3 Results and Discussion

As an alternative method to current bflID methods, various mRNA targets were assessed
for single fluid specificity using a novel amplification method. The isothermal LAMP reactions
were detected via an optimized colorimetric dye and image analysis and measured over multiple
time points to produce a semi-real time analysis. Components in the LAMP reaction were varied,
as well as multiple mRNA targets, to achieve results in less than 30 min. With the additions of a
DNase treatment prior to the LAMP reaction, all five body fluids produced high specificity and

sensitivity that was compared to conventional methods.

2.3.1 Image capture and analysis

Visual detection of chromogenic reactions may seem trivial, but depending on lighting,
color blindness, age, and a number of other parameters, there is inherent subjectivity; it is well-
established that no two individuals see color exactly the same way. (20) To alleviate subjectivity
in color interpretation, we built a ‘lightbox’ with static lighting to interface with a smartphone
(Huawei P9 vendor) for image acquisition (Fig. 2). (21) While we understand the construction of
this lightbox is not available to every forensic laboratory, there are other simple approaches that
can be employed for image analysis, such as using desktop scanners, provided that strict
attention is paid to consistent and homogeneously applied lighting conditions. To receive
consistent hue values, the same shade of light, omittance of stray light, camera conditions, etc.

should be considered when capturing and analyzing images.
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2.3.2 Setting color ranges

Using the lightbox, images of LAMP reactions were captured, then analyzed as both non-

tinted and tinted 8-bit RGB images. Specifically, similar to a previous study from our lab, (21) a

circular region of interest (ROI) with a 15-pixel radius from each sample was analyzed. To

determine the best color attribute for analysis, many images representative of positive and

negative samples were analyzed to establish which color parameter exhibited the largest

difference in value across conditions. Images with the positive and negative colors were analyzed

in different color spaces (i.e., Hue,
Saturation, Brightness (HSB), Red,
Green, Blue (RGB)). The component
that gave the biggest deviation
between a positive and negative
result using a non-tinted image was
the green value, but in a tinted image
the hue value showed a much
stronger deviation (Fig. 4). Due to the
larger deviation between a positive
and negative color, the hue value was
used for image analysis. Hue values
were measured across all 96 wells in
the lightbox, demonstrating

consistent imaging regardless of
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Figure 4: Color attributes from original (A) and tinted
(B) images of various negative (red) and positive
(yellow) controls for LAMP after 60 minutes. Black
dotted line shows if there was a difference between
positive and negative values. (Adapted from Layne et
al. with permission)
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spatial positioning of the reaction within the lightbox. Hue is the shade of a color and once an
image is converted to hue greyscale, each pixel is given a value from 0 to 255; thus, the red and
yellow colors can be quantitatively distinguished (Fig. 5). In a non-tinted image, the red values
are split from 0-16 or 240-255 and the yellow values are at 20-35 on the hue scale. When
averaging the red color hue values, the standard deviation can be large due to the split in the red
region, thus the images were tinted to allow for a single red hue value range (Fig. 5A). This change
rotated the hue color scale to allow for all red hue values to be between 225-250 and yellow hue
values between 2-25. When the tinted images are converted into hue greyscale, the red pixels
(225-250) appear white, whereas yellow pixels (2-25) appear black. The greyscale shows a visual
difference, and each pixel is assigned a specific hue value. A positive and negative range was

empirically determined by measuring and averaging the hue values from more than 100 positive
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Figure 5: Image Analysis of LAMP reactions and threshold values. (A) After image acquisition,
tinting was applied prior to conversion into a hue greyscale image. An in-house Plug-in crops
an ROI at the center of the tubes (red dotted circles) and measures the average hue values
within the ROI. (B) Dotted lines denote averages for positive or negative hues (n=125 each).
The black lines represent 3 standard deviations above or below the averages, showing the
ranges for both positive and negative hue values. (Adapted from Layne et al. with permission)
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and negative LAMP reactions. A threshold indicating amplification was established three
standard deviations above the mean positive hue value found from averaging more than 100
positive LAMP reactions (Fig. 5B). Samples were deemed ‘positive’ if the hue value falls within
the empirically discerned positive range, otherwise the samples were deemed ‘negative’. Thus,

eliminating color subjectivity stemming from error in human-to-human visualization.

2.3.3 Bodly fluid specificity

The volume of fluids used for extraction were specifically chosen to mimic those typically
collected at crime scenes, and similar to volumes used in other literature research methods for
bfID. (5, 6, 12) Fig. 6 shows rapid amplification of the mRNA targets using forensically relevant
samples with specificity for the fluids tested here that could potentially benefit forensic
laboratories. A number of parameters, including temperature and primer concentration, are
critical in optimizing LAMP for specific amplification with a faster ‘time to result’ (T,) for all body
fluids of interest. Given that effective bfID relies on primer sets that are designed to be tissue-
specific (i.e., to a particular body fluid), to mitigate risk for false fluid identification, primers
should exhibit minimal opportunity for non-template amplification (NTA) due to self-annealing
or amplification of other similar, off-target sequences in the genome. Each primer set was
screened against Vb, Se, Sa, Vf, and Mb. However, we recognize that other body fluids exist, and

these should be tested against the target mRNA markers to better define specificity.

The Vb primer set was designed to be specific for human B-hemoglobin (HBB), present in
the B-chain of one of the subunits comprising adult human hemoglobin in red blood cells. (22)

Fig. 6A shows that the blood (Vb) primer set amplified the HBB target in a neat Vb sample in 30
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minutes with a readily apparent color change from red to yellow. Importantly, the Vb primer set
did not amplify Se, Sa or Vf, but showed amplification with Mb in 30 mins. This, however, was
not unanticipated as Mb contains human B-hemoglobin mRNA, the target of the Vb primer set.
While there are some forensic cases where discrimination of Mb from Vb might be required, this
scenario is exceedingly rare. Moreover, our focus was on defining a target for any human blood,

thus a mRNA target prevalent in both venous and menstrual blood was specifically chosen.
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Figure 6: Specificity of Vb, Se, Sa assays at 30/40 min of LAMP with image analysis. Each bar
represents one replicate of a sample, and the intended fluid is shown in the dotted red box.
The red background represents a negative value, and the yellow background represents a
positive value. (A) The Vb assay amplified blood in 30 min. (B) The Se assay amplified semen
in 30 min. (C) The Sa assay amplified saliva in 30 min. (Adapted from Layne et al. with
permission)

The Se primer set was designed to be specific for SEMG1, a predominant protein in Se
involved in the formation of the gel matrix encasing ejaculated spermatozoa. (23) As shown in
Fig. 6B, the Se primer set amplified the target in the neat Se sample by the 30-minute mark, and

nonspecific amplification was not observed with any of the other fluids or no-template controls.
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This indicates the capability of the assay to detect SEMG1 mRNA with 2 pL input and discriminate

Se from all other fluids tested.

The Sa primer set targets the human histatin 3 (HTN3) gene, which produces small,
histidine-rich, cationic proteins in saliva with antibacterial and antifungal activity. (24) Fig. 6C
shows the Sa primer set amplified targets in neat Sa sample within 30 minutes, with the complete
absence of amplification of other fluids. This is significant, because Vf and Sa both possess
endogenous bacterial communities, and are rich in mucosal fluid, yet we are able to indicate
select amplification in Sa samples only. None of the no-template controls changed color, while
all positive controls (target mRNA) exhibited the expected color change, indicating independence

from both false positives and false negatives for all three body fluid targets.

2.3.4 Temperature optimization

Although a LAMP incubation temperature of 63 °C was chosen based on previous work,
(15) it was imperative to optimize temperature conditions for all targets that permits target
amplification while minimizing the opportunity for non-specific amplification (NSA) or NTA.
Increasing the amplification temperature drives more stringent base pairing, leading to minimal
if any NSA or NTA. Equally important is defining the time allowed for amplification. Lengthy
incubation can result in NSA or NTA, and thus a false positive result, whereas a short amplification
interval is detrimental to assay sensitivity. With a view towards isothermal amplification and
complete detection in 30 minutes, sample amplification was colorimetrically monitored for 40
minutes to assure no NSA or NTA was present. Since LAMP uses more primers than PCR, there is

a higher probability for NTA via primer-dimer formation when considering primers with similar
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composition (e.g., GC content, length). (25) Fig. 7 shows resulting hue values generated using Vb,

Se, and Sa primer sets at various temperatures (63, 65, 67 °C) with 30- and 40-minute

amplification times to determine whether a universal LAMP temperature could be identified. In

this study, RNA samples from the target body fluids were used as positive controls, and water

used in the NTCs. A red-to-yellow color change, indicated by a shift in hue from the negative

ranges (0-1.56 and 225-255) to the positive range (1.57-22.04) (Fig. 7; light bars), was observed

within 40 minutes using all three primer sets at both 63 and 65 °C, indicating successful

amplification.

Although NTA occurred in both NTCs at 40 min when targeting Vb at 63 and 65 °C, when

the temperature was elevated to 67 °C, only one of the duplicate NTCs amplified by 40 minutes.
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Figure 7: Temperature optimization for the Vb, Se, and Sa LAMP assays at 30 and 40 min.
Positive and NTCs were tested at three temperatures in duplicate (each column represents
one replicate). Positive and negative reactions are indicated by the pink and yellow zones,
respectively. (A) All Vb positive controls amplified, but the NTCs also amplified at all three
temperatures. (B-C) At 63 and 65 °C the Se and Sa positive controls amplified at 40 minutes,
while the NTCs remained negative. (Adapted from Layne et al. with permission)
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This observation suggests that a higher assay temperature minimized NTA. (26, 27)
Electrophoretic fragment analysis of the colorimetrically positive Vb NTCs resulted in an amplicon
size distribution that strongly suggested primer-dimer formation (data not shown). The Se and
Sa assays demonstrated similar results, in that there was no amplification in the NTCs at any
temperature, as indicated by the hue values in the negative range (Fig. 7B & 7C). The positive
controls for both Se and Sa assays changed color at 63 and 65 °C, but not at 67 °C. With the goal
of a universal temperature for amplification of all targets, we chose a temperature of 63 °C since
all positive controls reproducibly amplified, despite the observation that NTA occurred at 63 °C
with the Vb assay. To counter this problem, the primer concentrations can be altered to facilitate

a 30-minute assay time with minimal Vb NTA.

2.3.5 Primer concentration optimization

Given that simply adjusting temperature was insufficient to eliminate the NTA observed
using the Vb primers, we explored adjusting primer concentration to permit specific, on-target
detection in less than 30 minutes. We hypothesized that NTA was promoted, at least in part, due
to high primer concentration (25); more dilute primer stocks were tested in parallel with the
recommended concentration (1X) tested previously. Fig. 8 shows that reducing the Vb primer
concentrations from 1X to 0.75X did not negatively impact the T, (time to result), as evidenced
by the positive controls changing color at 30 min (Fig. 8A). Upon a further decrease to 0.5X
primers, however, the T, became variable and delayed to approximately 40 min; in this dataset,
NTA was only observed at the 1X in the Vb assay at 40 min. With 0.75X primer concentration for

the Vb primer set, the occurrence of NTA was then found to be reduced dramatically and not
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induce a color change. Going forward, the primer concentration for the Vb target was 0.75X for

LAMP reactions to avoid false positive results from NTA.
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Figure 8: Primer concentration optimization for the Vb, Se, and Sa LAMP assays at 30/40
min. The columns represent hue values from 2 positive controls and 2 NTCs. (A) The Vb assay
amplified the positive controls at 30 min with 1X and 0.75X primer concentration, and the
NTCs remained negative at 40 min with 0.75X. (B) The Se assay amplified the positive controls
at 30 min with 1.5X primer concentration, and the NTCs remained negative at 40 min. (C) The
Sa assay amplified the positive controls at 30 min with 1.5X primer concentration, and the
NTCs remained negative at 40 min. (Adapted from Layne et al. with permission)

Conversely, we increased the concentrations of Se and Sa primers to evaluate whether a
more rapid, consistent T, can be achieved, which is especially important for low copy number
samples. Fig. 8B shows that amplification was observed in positive Se samples at 30 min with a
1.5X primer concentration, whereas when a 1X concentration was used, amplification could not

be detected until 40 min. Similarly, Fig. 8C shows the Sa LAMP assay results at those same

concentrations, which indicated that positive samples amplified at 30 min with 1.5X primers, but
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no amplification was observed in samples with 1X primer concentration. Importantly, for both
targets, no NTA was observed in the NTCs at either primer concentration. This indicates that, for
the Se and Sa assays, increasing primer concentration by 50% improves amplification of Sa and
Se targets in under 30 min with no observed NTA. This is consistent with our previous work using
LAMP for the Se and Sa assays with the Eiken Loopamp LAMP kit, where even with higher primers

concentrations, NSA was not observed (15).

2.3.6 Vaginal fluid & menstrual blood testing

LAMP was also explored for vaginal fluid (Vf) and menstrual blood (Mb) targets, although
these fluids are known to be more difficult to identify due to 1) a scarcity of known targets specific
to those fluids, and 2) similar composition to other fluids, e.g., Mb and Vb. (28) Given these
challenges, we explored numerous approaches for designing primer sets specific to Vf and Mb.
The literature provided a number of viable mRNA targets for both fluids (5, 29-33) for which
multiple primer sets were identified (Fig. 9). For vaginal fluid, two mRNA targets (CYP2B7P; HBD1)
were amplified by designing two primer sets for each target with multiple loop primer sets. For
Mb, three mRNA targets (MMP11, MMP10, LEFTY2) were amplified by designing 2 - 4 primer sets
for each target. All primer sets were screened against all fluids at 63, 65, 67 °C with incorporated
negative controls. However, NSA provided serious challenges here, since even off-target
amplification causes LAMP reactions to turn yellow in color, thus producing false positive results.

Many of the primer sets tested showed either amplification with other fluids (i.e., Mb primer set
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Figure 9: Messenger RNA targets for either Mb or Vf primer sets for amplification in a LAMP
reaction. Many of the primer sets were non-specifically amplifying (NSA) an off-target

sequence or primer dimers. Some of the primers were not fluid specific. However, one primer
set showed amplification in only the target fluid with no NSA.

amplifying Vb) or NSA with NTCs or other fluids. Examples of this are shown in Fig. 10 where the
LAMP banding patterns for true positive Vf or Mb samples were compared with negative controls
and colorimetrically positive samples produced from other body fluids that do not contain the
intended mRNA target. As discussed previously, the mismatched banding patterns between true
positives and samples with suspected NSA indicate that off-target amplification occurred

frequently.

The high incidence of NSA led us to explore the inclusion of chemical agents that
discourage formation of mismatched base pairs during amplification. One such substance, diethyl
formamide (DEF), has been used to increase base-pairing fidelity. (34) While the effects of DEF

are less clear, it is thought the organic compound works by binding to the grooves in DNA and
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Figure 10: Microchip electrophoretic profiles after LAMP using either MB or VF primer sets.
The MB primer set shows fluid non-specificity by on-target amplification in VB and primer non-
specificity by off-target amplification in some negative controls. The VF primer set shows
primer non-specificity by off-target amplification in some negative controls.
destabilizing the double helix or improving initial melting. (34-36) Here, we explored its
effectiveness at minimizing NSA with the Vf and Mb primer sets. Based on the results in Fig. 11,
addition of the manufacturer recommended DEF concentration (3%) induced an immediate red
to yellow color change, which interfered with and prevented colorimetric detection. Since phenol
red’s color changing behavior is pH-dependent, we attempted to rectify this by titrating Tris into
the reaction and increasing the reaction temperature from 63 to 65 °C to increase base-pairing
fidelity. As given in Fig. 11, inclusion of DEF reduced the incidence of NSA, and thus diminished
the rate of colorimetric false positive results. While this presented a viable option for moving

forward, it was a superficial solution for NSA, not a comprehensive resolution. Hence, we chose

to continue efforts to design and optimize Vf and Mb primer sets that minimized NSA.
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Figure 11: Reduction of non-specific amplification. (A) Diethyl formamide chemical structure.
(B) 3% DEF added to LAMP reagents only without sample. (C) Vaginal fluid primer set testing
with 3% DEF and 2 mM Tris. The control group did not have DEF or Tris added to the reaction.
The green line denotes a known Vf sample and black line denotes a negative control.

2.3.7 Addition of DNase treatment

Numerous primer sets specific for both Vf and Mb target amplification were tested
exhaustively with little success, alone or in combination with strategies known to suppress non-
specific amplification (previously mentioned). Additionally, as more samples were tested, the
results of the LAMP assay with the mRNA targets for Vb, Se, and Sa showed amplification in non-
intended fluids (i.e., blood target amplicons in Vf and Sa). This demonstrated that primer sets
exhibited off-target annealing with genomic loci in other fluids, and thus were poor candidates
for attaining single fluid specificity. However, before redesigning primer sets or selecting new,
alternative mRNA targets, we explored how altering other aspects of the protocol, specifically,
lysis and purification methods, may affect downstream amplification specificity. We postulated
that residual DNA present in the purified RNA sample was contributing to off target annealing
and NSA. (37) To eliminate this confounding genetic material, we evaluated the effect of adding

an on-column DNase digestion to the RNA purification protocol (Fig. 12). (38) DNase |, an
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endonuclease that nonspecifically cleaves single-stranded and double-stranded DNA, (39, 40) is
typically used in forensic laboratories for RNA processing and requires only 15 minutes additional

processing time. (41, 42)
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Figure 12: DNase treatment added into lysis and purification. (A) The DNase digestion was
added into the on-column RNA purification protocol. (B) Catalytic mechanism of DNase | digest
of the DNA backbone. (Adapted from Laukova et al. Biomolecules 2020 with permission)

Fig. 13 shows LAMP data for the specific mMRNA targets in RNA lysates obtained with and
without the on-column DNase | treatment. Notably, implementing the on-column DNase |
treatment greatly improved amplification specificity, as seen by comprehensive on-target
amplification of the intended body fluids with no NSA observed. Initially, when the primers
designed for the blood target were screened against all fluids, amplification was observed not
only in Vb and Mb, as expected, but also Vf and Sa. When LAMP was conducted on parallel

aliguots from the same samples following lysis and an on-column DNase treatment, amplification

was observed in only Vb and Mb samples. The amplification in only the targeted fluids

Page 57 of 200



Chapter 2 — LAMP Optimization

demonstrates the previous results were false positives, ideally due to similar sequences in the
samples. Differentiating Vb from Mb, the difference in amplification of Mb mRNA target MMP10
before and after the addition of a DNase treatment is shown in Fig. 13E & J. Since the DNase
treatment was the only variable that changed throughout the process, we can infer that genomic
DNA or some nucleic material with a similar sequence present in the untreated Vb, Se, Sa and Vf
samples promotes NSA. Similarly, Fig. 13D shows that the Vf primers initially produced NSA in
several unexpected body fluids, although this was eliminated following the DNase treatment (Fig.
131). The Mb samples did amplify the Vf target; however, this is to be expected due to the shared
anatomical area of origin for both fluids. The result was verified due to concordant peak patterns
in Mb and Vf via Bioanalyzer (data not shown). The Se primers only initially exhibited off-target
amplification in one other body fluid (Vf), but this was also eliminated with the DNase treatment

(Fig. 13B). Even though Sa primers did not produce NSA even without the DNase treatment, it
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Figure 13: Specific amplification of targets for five fluids. Each of the targets was amplified
with non-DNase treated (A-E) and DNase-treated (F-J) samples. The DNase-treated samples
show high specificity for each body fluid target. (F) HBB is the blood target and known to
amplify with MB. (I) Due to the same anatomical area for MB and VF, both fluids were expected
to amplify.
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was still included in order to establish a universal preparation method for all sample types (Fig.

13C and H).

We established an RNA preparation method that (1) largely eliminated erroneous results
produced by NSA, (2) allowed the lysis, purification, and LAMP process to be universal for all five
body fluid targets, and (3) assured that no residual genomic DNA was present in the lysate after
the purification process. The data shows this small adjustment greatly improved the accuracy

and specificity of LAMP-based detection of all five body fluids.

2.3.8 Sensitivity of colorimetric LAMP method

Assay sensitivity was assessed by determining the lowest total RNA concentration for
successful amplification of individual mRNA targets. Ideally, the limits of detection (LODs) for the
body fluid targets should exhibit comparable total RNA concentrations to current, accepted
assays. (1) We determined that the body fluids could be successfully amplified with input masses
in the picogram or nanogram range, depending on the mRNA target. Fig. 14A shows the Vb assay
is the most sensitive, consistently amplifying the associated mRNA target (HBB) at 31 picograms
of total RNA. Currently, blood is detected via a phenolphthalein tetramethylbenzidine test
(PTMB) (i.e., tests for peroxidase-like activity ideally of hemoglobin) or protein lateral flow assay
(e.g., human glycophorin A). Both of which have variable sensitivity of approximately 1:1,000,000
dilution of 20 pL whole blood. (43, 44) While it is not a direct comparison (protein to total RNA),
our LAMP results are based on total RNA extraction and purification from only 10 uL of whole

blood.
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Figure 14: Various concentrations of RNA input for body fluid LAMP at 63 °C. Each bar
represents amplification for blood (A), semen (B), saliva (C), vaginal fluid (D), and menstrual
blood (E). The dashed lines are 3 standard deviations above or below the averages and show
the ranges for both positive and negative hue values.

Seminal fluid and/or Se is presumptively detected using either an enzyme test (e.g., acid
phosphate) or protein lateral flow assay (e.g., semenogelin, prostate-specific antigen (PSA)), and
confirmatory tested by ‘Christmas Tree’ cell staining, which uses kernechtrot to visualize
epithelial cells in green and picroindigocarmine to visualize the acrosomal cap of the sperm heads
in red/pink (45). Using a microscope, if a single sperm cell is found, the evidence is carried forward
to DNA profiling. Fig. 14B shows LAMP was able to detect approximately 300 pg of total RNA
after 40 minutes of heating. For comparison, the sensitivities of the lateral flow assay are
approximately 2.5 nL (46) and for the enzyme test a 1:200 dilution of human Se. (47) The Vf and
Mb targets also showed sensitivity at approximately 100 pg and 300 pg total RNA after a 30-
minute LAMP incubation, respectively (Fig. 14D and E). Although there is no presumptive or
confirmatory test currently used in forensic science to compare with the LAMP assay, other

research endeavors in literature show sensitivity similar to these values. (48-50)
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With the addition of a DNase-treatment, no color change or amplification was observed
with the Sa target in LAMP reactions. It was hypothesized the lack of amplification could be due
to a low expression of the Sa target in the sample and, because of the DNase treatment, no
genomic DNA with a similar sequence to amplify. It is known that Sa has lower RNA concentration
than other body fluids (51) due to the presence of abundant RNases. Various approaches were
examined to improve amplification performance, including increasing the volume of lysate added
to the LAMP reaction and/or increasing input volume of neat Sa to the lysis and purification
process. Even when RNA sample volume was increased to 25% of the total LAMP reaction (3.12
of 12.5 pL), there was no detectable amplification (Fig. 15A) over a total RNA mass range of 2.5
to 9.4 ng from two different donors. However, consistent amplification of the Sa target in 30

minutes was achieved by increasing the input sample volume from 30 uL to 200 pL to the lysis

and purification process A 250 = = = —
200
(Fig. 15B). Successful g 150 60 mins
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correlated well, indicating Figure 15: Various approaches to increase amplification of Sa

RNA target. (A) By increasing the volume of purified sample to the
LAMP reaction, amplification was achieved, but at a slower rate.
(B) After a DNase treatment, 200 pl of neat Sa or a buccal swab
showed consistent amplification of the Sa RNA target. Each bar
represents an n=9 across three donors.

low variability of the RNA
target across samples at

these volumes. Using 200
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uL of neat Sa, the lower limit of detection of the LAMP assay was greater than 6.25 ng of total
RNA (Fig. 14C). While amplification of this target is not as sensitive as we would like, the
sensitivity is, however, relatively comparable to other research methods. (41, 52, 53) The
common presumptive Sa methods (a-Amylase or Lateral Flow Assay) used in forensics have
sensitivities at dilutions of approximately 1:100 (54), but these methods do not target genetic
material and instead detect enzymes or proteins that are also present in other body fluids. Thus,
continued efforts towards a Sa LAMP assay exhibit promise for a more specific saliva

identification test.

2.4 Summary

The current presumptive and confirmatory tests for body fluids have served the forensic
community well over many years, but have defined limitations, including high incidences of false
positives and cross-reactivity. The work described here aimed to develop an innovative, sensitive,
and specific colorimetric mRNA amplification-based confirmatory method for identification and
differentiation of body fluids. The LAMP method is easily incorporated into existing workflow by
using a common thermal cycler and a simple lightbox with a smartphone or easily accessible
scanner. The amplification targets tissue-specific mRNA loci in body fluids (venous blood, semen,
saliva, vaginal fluid, menstrual blood) with ‘objective’ results owing to empirical colorimetric
analysis, which circumvents the analyst bias inherent in simple visual detection. There was a
significant increase in specificity for all five mRNA targets after a DNase treatment was
implemented in the lysis and purification method. The data also shows that picogram levels of

total RNA can be consistently detected via LAMP by targeting mRNA regions specific to each body
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fluid. The isothermal amplification of the Vb mRNA target was the most sensitive, while
amplification of the Sa mRNA target was the least sensitive. This data shows the first step towards

developing a novel approach for forensic body fluid identification.
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Chapter 3: Integrated device for colorimetric LAMP mock study

comparison

3.1 Introduction

Loop-mediated amplification (LAMP) was first reported in 2000 using a viral DNA target
for Hepatitis B with detection being accomplished via gel electrophoresis.(1) Since then, LAMP
has been utilized for various clinical and forensic applications.(2-5) Much of this research has
detailed methods for increasing the specificity and speed of the reaction by including more
primers that anneal on the loop ends of the main structure. This has facilitated the production of
target amplicons in less than 10 minutes of isothermal heating while using an elementary heating
apparatus (i.e., hot water bath, heat block). In addition to describing reaction speed, various
detection methods have been described in the literature.(4, 6, 7) Visual detection is common and
may include observation of a color change using colorimetric dyes or visual assessment of the
turbidity of the reaction. Additionally, quantitative analysis using a fluorescence detection
instrument and intercalating dyes is often employed.(8-11) However, a real-time fluorescence
detection device can be costly for a laboratory. Although there are also sensitivity and specificity
concerns that must be considered when selecting a detection method, a more cost-effective and

straightforward detection method for analyzing LAMP reactions could prove advantageous.

Colorimetric dyes are most often used for detection in LAMP reactions. Colorimetric dyes
give a visual color change which discerns a positive from a negative result. The dyes used to

detect amplicons in LAMP reactions include hydroxynaphthol blue, phenol red, and malachite
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green, among others(12), which characteristically change color in response to chemical changes.
For example, hydroxynaphthol blue, a colorimetric dye that functions as a metal-based indicator,
changes from violet to sky blue as the Mg?* binds with pyrophosphates and precipitates out of
solution.(13) While colorimetric dyes have been used in various research applications, these
endpoint assays are highly subjective due to variations in individual perception of color.(12)
Although endpoint analysis has been used for many years, recent research has been trending
towards employing real-time analysis to obtain a more rapid response and to facilitate
quantification of results based on signal intensity. Colorimetric detection is inherently less
sensitive than detection via fluorescence measurements; however, the shift from endpoint to
real-time analysis could potentially provide significant enhancements that minimize the impact

of this limitation.

Real-time colorimetric analysis can be most simply achieved by capturing images of the
reactions at various time points. Additionally, image analysis can be as elementary as using a
smartphone or small camera to capture an image of the reactions and using software to analyze
the color of the reaction.(14, 15) It is imperative that the camera, camera settings, and lighting
remain static for every capture to ensure consistency of experimental conditions. Lighting, in
particular, must remain consistent as the color of the image can be affected by the type of light
- white, sunlight, incandescent, among others - as well as “stray” light from the environment.

III

Concordant conditions can be maintained by capturing smartphone images in “manual” mode
rather than the default “auto” settings. Once established, the software parameters used to assess

color attributes should also be kept consistent. An example of software routinely used in

literature to analyze images is Image J. (16, 17) This program features a suite of tools that can be
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used to analyze an image via adaptation of colorimetric parameters. For example, a specific area
of animage can be isolated and assessed for evaluation. An image can also be “tinted” to enhance
subtle color variations, thereby allowing for improved detection of minute differences in color
and increased sensitivity.(18, 19) This type of analysis allows for programmed, objective, and
consistent measurement of color at specific time points across lengthy reaction times by
analyzing images captured as the reaction progresses. This technology can thus help to address
the inherent deficiencies in the sensitivity of colorimetric analysis as compared to fluorescence

methods.

The research described herein capitalizes on innovative technology while advancing an
emergent amplification method that can be adapted for various applications. Optimization of a
LAMP assay for five messenger RNA targets for identifying body fluids from forensic samples has
been previously described by the Landers Lab.(20, 21) This method was coupled with image
analysis of colorimetric dyes within the LAMP reactions. Accordingly, this manuscript details the
development of a 3D-printed, automated, convective heated image analysis device to streamline
the optimized process as the next phase of this research. Briefly, the hardware of the device has
three stackable 3D-printed pieces and uses a thermocouple to maintain the temperature inside
the heating chamber, while the complementary software was developed in-house in LabVIEW
software. The reactions were monitored by image capture via Raspberry Pi camera at multiple
time points to assess the color change in the LAMP reactions over time. Various mock forensic
samples were analyzed and compared to a conventional method (thermal cycler and light box)

to validate the device. Summarily, the successful development of a one-step, isothermal heating,
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and automated colorimetric image analysis device that can be used as an alternative, cost-

effective method for real-time monitoring of colorimetric LAMP assays was achieved.

3.2 Methods & Materials

3.2.1 Sample collection

Venous blood (denoted Vb hereafter) samples were provided by the University of Virginia
Medical School. These samples were collected via a standard venipuncture technique as a part
of routine care and treated with 5.4 mg of K;EDTA to prevent coagulation. The samples were
stored at 4 °C until used. All other donated deidentified semen (Se), saliva (Sa), vaginal swabs
(Vf), and menstrual blood (Mb) swabs were collected using procedures approved by the
University Institutional Review Board. Freshly donated, deidentified Se and Sa samples were
collected in sterile specimen containers, and 50 pL aliquots were prepared and stored at -20 °C
until needed. Fresh, deidentified Vf and Mb were collected on sterile cotton swabs, dried
overnight, and stored at 4 °C. Mock samples were prepared on either cotton swabs, cotton cloth,
jeans, or filter paper and dried for 24-hours before testing. The deidentified post-coital swabs
were collected at various intervals and stored at room temperature. The 4-year-old samples were
prepared in 2015 by aliquoting 100 pL of neat blood or Se on filter paper, dried for 24-hours, then

stored in a dark at room temperature.

3.2.2 RNA isolation with DNase treatment

For lysis of Vb, Vf, or Mb swabs, Sa, or Se samples, 350 uL of RLT buffer was combined

with 90 uL RNA-free water, 10 pL Proteinase K (Qiagen, Valencia, CA), and 4.5 uL of B-
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mercaptoethanol (Sigma Aldrich, St. Louis, MO). 10 uL of Vb, 2 uL of Se, whole swab of Vf or Mb,
or 200 pL of Sa was added as appropriate to each known single-source RNA isolation. For mock
samples, either % swab, a similarly sized cutting, or 2 mm biopsy punch was added to the RNA
isolation. The samples were incubated at 56 °C for 10 minutes, and then swab and cloth samples
(post-lysis) were put through a second centrifugation step to retrieve all lysis liquid. The swab
and cloth samples were placed in 0.5 mL tubes which had been punctured in the bottom with a
21-gauge needle. The punctured tubes were then placed in a 1.5 mL microcentrifuge tube and
centrifuged at a short spin cycle in a tabletop centrifuge for 1-2 seconds at maximum speed.(22,
23) The remaining fluid from the swab and cloth samples was spun through to the 1.5 mL tube
and combined with the original lysed sample. The RNeasy Mini kit (Qiagen, USA) with the on-
column DNase treatment was used for all purifications of samples according to manufacturer
instructions. The DNase mix contained 5 puL DNase | (1 unit/uL; New England Biolabs, USA) and
75 uL DNase | Reaction buffer (New England Biolabs, USA) for each sample. After completing the
purification protocol, all samples were eluted in 50 uL nuclease-free water and stored at -80 °C

until needed.

3.2.3 Primer information for messenger RNA targets

Human B-globin (HBB; accession no. NM000518.5) was targeted for Vb identification,
cytochrome P450 family 2 subfamily B member 7 (CYP2B7P; accession no. NR_001278.1) for Vf,
human semenogelin-1-precursor (SEMG1; accession no. NM003007.4) as a Se marker, histatin-3

precursor (HTN3; accession no. NM000200.2) for Sa, and matrix metallopeptidase 10 (MMP10;
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accession no. NM_002425.2) for Mb detection. The LAMP primer sets were designed using

PrimerExplorer V5 and purchased from Eurofins Genomics LLC (Louisville, KY, USA).

3.24 Colorimetric LAMP analysis

The WarmStart® Colorimetric LAMP 2X Master Mix (DNA & RNA) (M1800) (New England
Biolabs, Ipswich, MA, USA) was used at half reaction volume with a 10% input sample volume for
all the experiments according to the manufacturer’s instructions. LAMP reactions were amplified
at 63 °C for up to a 60-minute amplification with primer concentrations of 0.2 uM for F3 and B3,
0.8 uM for LF and LB, and 1.6 uM for FIP and BIP. Once the amplification was finished, the
reactions were placed inside of an in-house 3D-printed ‘lightbox’ made of white polylactic acid
(PLA) in three stackable pieces and a top poly (methyl methacrylate) (PMMA) cover piece.(24)
Image acquisition of all samples were taken with a HUAWEI P9 (HUAWEI Technologies Co.,
Shenzhen, China) with settings I1SO 50, shutter speed 1/160, and auto white balance. Using
FUII(17) distribution of Imagel(16) (2.0.0-rc-69/1.52p), the images were tinted using Image >
Adjust > Color Balance command path and applying two sequential adjustments: blue channel O-
190 and yellow channel 40-255. With a custom Plugln, the images were analyzed for hue in a
cropped circle with radius of 15 pixels and exported to a .csv file. The .csv file contains sample
number, area of circle, mean of hue, minimum hue detected, and maximum hue value detected.
A positive and negative range was empirically determined to assign a LAMP reaction as positive
or negative. The Vb mock LAMP reactions were analyzed on Agilent 2100 instrumentation using

DNA 1000 series Il kits (Agilent Technologies, Santa Clara, CA) for confirmation of target
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amplification. A set of Se mock LAMP reactions were further analyzed using an ABAcard® p30 test

(Abacus Diagnostics, USA) following manufacturer’s protocol.

3.2.5 CLAMP system

The combined LAMP and Image Analysis (cCLAMP) system was 3D-printed using white
acrylonitrile butadiene styrene (ABS) or black polylactic acid (PLA). When using white ABS, the
heating chamber is 6.75 x 7.5 x 7.5 in, with the top attached by a hinge that is 6.75 x 5.25 x 2.5
in. Using black PLA, the electronics are held at the bottom of the system, which has dimensions
of 8.5 x 8.5 x 2.5. The total height of the system is 12.5 in and 8.5 x 8.5 in. Three strips of white
light-emitting diodes (LED) are located inside the top of the device and are covered by a diffusive
layer. A Raspberry Pi (RPi) camera v2.1 and Raspberry Pi 2 Model B+ v1.2 controller were used
for image capture. The 120C AC Single Phase Heater was attached to the back of the heating
chamber in a white ABS holder. Inside the heating chamber are four 25x25x10 mm 12V DC fans

and two LED strips on either side of the RPi camera.

3.3 Results and Discussion

One goal of this project was to build an automated system to isothermally heat the LAMP
reactions, while simultaneously capturing and analyzing the color of the reactions. Using
convective heating and cost-effective materials, a 3D printed system was designed to heat, image
capture, hue analyze, and compare each time point to an averaged threshold for a ‘positive’ or
‘negative’ result. Furthermore, the system was compared to a conventional method via a mock

study with prepared forensically similar samples.
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3.3.1 Colorimetric analysis

In Chapter 2, the LAMP assay was optimized for various forensic body fluid messenger
RNA (mRNA) targets which were validated by analyzing mock samples in a single-blind study.(20)
In these studies, the samples were heated in a conventional thermal cycler, and images were
captured using a stand-alone 3D-printed imaging box and smartphone (Chapter 2- Fig. 2). The
LAMP reactions were analyzed using two colorimetric dyes, Hydroxynaphthol blue (HNB) and
Phenol red (PR), to determine the presence or absence of an mRNA target (Fig. 1). HNB changes
color from purple (negative) to blue (positive) as the Mg?* reacts with pyrophosphates and
precipitates out of solution, leading to decreased concentration. PR changes color from red/pink
(negative) to yellow (positive) as the pH of the solution changes from ~8.4 to ~6.4, becoming
more acidic. Within the HSB (hue, saturation, and brightness) color space, hue value was

determined to be the most discriminatory for the colorimetric analysis of both dyes, as each hue
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Figure 1: Colorimetric dyes used for analysis of LAMP reactions. (A) HNB changes from purple
to blue as Mg?* concentration decreases in the reaction. PR changes from red/pink to yellow
as the pH changes from ~8.4 to ~6.4 in the reaction. (B) Color is analyzed differently between
the human eye, Huawei smartphone, and Raspberry Pi camera. Previously, the Huawei
smartphone was used for color analysis, but the integrated system was built with a cost-
effective Raspberry Pi camera. The Raspberry Pi camera has provided more strict bounds for
positive and negative colors than the Huawei smartphone.
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value reflects a ‘shade’ of a color. The color change was quantitated using hue for analysis, and a

threshold was set to show positive and negative regions.

The lightbox described in Chapter 2 allowed for static lighting and image conditions which
gave consistent colorimetric detection (Chapter 2- Fig. 2). However, there were a few faults with
this system. For example, the reactions had to be taken out of the thermal cycler and placed in
the imaging box for every instance of image capture. This requirement led to the reduction of
the reaction temperature and potential non-specific amplification (NSA). If there is enough NSA,
a consequent color change in the reaction could erroneously be detected as positive. Another
fault of the imaging box was the reaction tubes needed to be rotated 180° for the image to be
taken. If the reactions were flipped or placed in the imaging box with too much force, the liquid
would move to the top of the tube, thereby prohibiting image analysis. In this case, the reactions
would require centrifugation to relocate the liquid to the bottom of the tube for proper image
analysis. Furthermore, the extra time taken to perform this centrifugation resulted in a decrease
in the reaction temperature and increased the likelihood of NSA. The cLAMP system (Fig. 2) was
built for one-step isothermal heating for LAMP reactions and automatic real-time colorimetric

image analysis to alleviate these shortcomings.

3.3.2 cLAMP system hardware

The cLAMP system consists of a 3D-printed ABS enclosure, a forced convection heating
system, an imaging system, direct front lighting, diffused backlighting, integrated electronics, and
a user interface with an automated image analysis program. The accompanying software will be

discussed in a later section. Fig. 2A shows the cLAMP system connected to a laptop with the

Page 75 of 200



Chapter 3 — LAMP Validations
software via an ethernet cord. Once connected to a wall outlet, the cLAMP system can be turned

on to preheat using the red in-line switch.

The cLAMP system is programmed to preheat to 80 °C, giving an in-tube temperature of
~68 °C. This preheat temperature is achieved (starting from room temperature) after ~45
minutes. Fig. 2B-D show the inside of the cLAMP system. In the heating chamber (Fig. 2B), the
RPi camera is set in the center at the bottom of the chamber with polyethylene terephthalate
(PET) covering the electronics. LED strips are located on either side of the camera for lighting.
Four fans were mounted in the corners of the heating chamber to circulate the heat, producing
consistent temperaturesin all 96 wells. The heating element is fixed to the outside of the heating
chamber, which has an opening to its backside. The temperature is recorded by a thermocouple

fixed directly below the metal plate nearest to the reaction tubes.

Figure 2: Simple integrated cLAMP system for real-time amplification and image analysis.
(A) The 3D-printed cLAMP system is connected to a laptop with LabVIEW software via ethernet
cord. (B) Inside the cLAMP system, the heating chamber contains a heating element, 4 fans,
direct front lighting on either side of a Raspberry Pi camera. (C) Below the heating chamber is
the electronics necessary for heating and image capture. (D) LAMP reactions in 0.1 mL
microcentrifuge tubes are seated in a CNC machined metal plate, which sits on top of the
heating chamber. (E) Exemplary Image captured inside the cLAMP system.
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The electronics were placed underneath the heating chamber (Fig. 2C). This area contains
the RPi 2 Model B+ v1.2 and printed circuit board (PCB). Sitting inside the heating chamber is a
computer numerical control (CNC) machined metal plate with conical-shaped holes for 96 0.1 mL
microcentrifuge tubes and cylindrical holes as air vents for heat flow above and below the tubes
(Fig. 2D). The bottom of the metal plate was painted matte white to alleviate reflection on the
metal surface from the LED lights beside the RPi camera in the images captured. The metal plate
has etchings to denote row letters and column numbers for correct placement. The two metal
plates were machined to a conical shape that fits a 0.1 ml microcentrifuge tube at ~6.5 mm and
~9.75 mm in height (Fig. 3). Initially, the contact between the 6.5 mm metal plate and tube ended
farther from the bottom of the tube, giving a larger area for image analysis. However, it was

determined that the heat transfer using this configuration was insufficient due to the minimized

contact area between A v2.4 | | V2,51 |

the metal plate and

tube. Therefore, a

portion of this area was

Imperfect contact More contact

with tube
(and sample)

Less contact
with tube

«—
Less area to image

sacrificed for imaging,
and the 9.75 mm metal
plate was used to

enhance the contact

area and heat transfer  Figure 3: Comparison of different structured metal plates. (A) The
6.5 mm metal plate was initially tested with contact ending at a
to the reaction liquid higher part of the tube and then compared to a 9.75 mm metal plate
with more contact, but less area to image. (B) Exemplary images
while maintaining  acquired from the camera during heating.
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consistent image analysis conditions. In the top of the cLAMP system is a diffusive layer and four
LED strips, which complete the static lighting for imaging. An exemplary image of the LAMP
reactions inside the cLAMP system is shown in Fig. 2E. The cLAMP system is simple to operate:
the user loads samples into the sample plate, opens the cLAMP protocol in the laptop-driven
LabVIEW software, specifies a name for the test, defines an image capture interval, enters an end
time for the test, and presses the start button. The cLAMP system will heat and analyze images

until the assay is complete and then saves all data in a single folder with the user-specified name.

3.3.3 cLAMP system software

The heating and image capture for the cLAMP software are controlled by custom written
code via Propellor and LabVIEW software. Prior to using the cLAMP system, the RPi controller is
programmed with the Propellor code, which starts the heater and monitors the temperature in
the heating chamber via a Type-T thermocouple. This will happen once the in-line switch on the
cLAMP system is flipped to ‘on’. The heating chamber temperature is set to 80 °C, which will
preheat to ~68 °C (in-tube temperature) in 45 minutes. To start a run on the cLAMP system, the
user will open the LabVIEW file to the ‘Splash Page’ (not shown). The ‘Control’ tab allows the user
to define the parameters for each run on the cLAMP system (Fig. 4). The parameters to be defined
are total assay time, image acquisition frequency, assay temperature, number of reactions, and
type of colorimetric dye. In case of user or system errors, the ‘Control’ tab also has options to
stop the camera or stop the run, and any errors detected during the run will be displayed in the
error menu. Once the parameters are filled in, the user can start the run, and data will be shown

on the ‘Data’ tab. The ‘Data’ tab will populate various tables and graphs with hue data from real-
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time image analysis of the
reaction tubes. The user will be
able to see the current
minute’s image along with the
hue values in table and
graphical format. A threshold is
calculated by averaging the
hue values from minutes 0-2
for each reaction and adding 5
standard deviations (Fig. 5).
Once a sample has passed the
threshold, the tube location
will light up bright green in the
sample array (Fig. 4B). The user
is visually alerted when
samples in the 96 well array are

considered to have a positive

hue value.

A Control tab ‘

Data Acquisition
Frequency and
total assay time ™ Stop Camera  isier
Time between Stop oter - —_ o
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Figure 4: LabVIEW software for image capture and analysis in
the cLAMP system. (A) In the Control tab, experimental
variables pertaining to overall time, image acquisition time,
heat temperature, number of reactions, and colorimetric dye
are entered and saved before starting the experiment. (B) In
the Data tab, the color analysis of all 96 wells is shown in real-
time. The image will change after a new capture and ~45 secs
after the values are shown in table and graphical format. A
threshold is calculated from averaging the hue from minutes O-
2 for each reaction and adding 5 standard deviations. Once a
sample has passed the threshold, the location will light up in
the sample array.

The LabVIEW software creates files that contain data from the run on the cLAMP system.

After the run is started, a text file (.txt) is created containing all of the parameters defined on the

‘Control’ tab. After each image is produced, it is saved as ‘Image_X.jpg’ for each interval in the

previously described image acquisition frequency. The raw hue values for each image are saved
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in a comma-separated values (.csv) file, and the averaged hue values for each image are saved in
a separate .csv file. Both of these files contain hue values for all 96-wells over the defined total
assay time. The LabVIEW software for the cLAMP system produces relevant data from a run in
one folder titled by the user and allows the user to manipulate the raw or averaged data as

needed.

Phenol Red Threshold = (Average Hue(Min 0,1, 2)) + (5 * Standard Deviation (Min 0, 1, 2))

HNB Threshold = (Average Hue(Min 0,1,2)) — (3 x Standard Deviation (Min 0,1,2))

Table of Values Table of Values Averaged

B 0 1 2 3 4 5 6 A 0.00000C| 1.00000C| 2.00000C| 3.00000C| 4.00000C] 5.00000C] 6.00000C| 7.00000C| 8.00000 &
AO1 35755 |35.518 |[35.676 |35.884 |35.838 | 35.656 34.967j A01 | 357550 | 35.5180 | 35.6760 | 35.6927 | 35.7993 | 35.7927 | 35.4870 | 35.0530 35.0853j
A02 35.621 | 35317 (35572 |35.779 |35.704 |35.597 |36.253 A02 | 35.6210 | 353170 | 35.5720 | 35.5560 | 35.6850 | 35.6933 | 35.8513 | 35.5230 | 35.686()
A03 34390 |35.341 |35548 |34.967 |35418 |35.149 |35.558 A03 | 34.3900 | 35.3410 | 35.5480 | 35.2853 | 35.3110 | 35.1780 | 35.3750 | 35.0893 | 35.0803
A04 34625 |33.846 |34.606 |34.086 |34.832 |34.593 |34.462 A04 | 34.6250 | 33.8460 | 34.6060 | 34.1793 | 34.5080 | 34.5037 | 34.6290 | 34.6183 | 34.7337)
A0S 34025 |34.231 |34.243 |34.032 |34.038 |34.026 |34.58¢ AO05 | 34.0250 | 34.2310 | 34.2430 | 34,1687 | 34.1043 | 34.0320 | 34.2167 | 34.1500 | 34.3297
A0B 34661 | 34324 | 34516 |34.402 |34.858 |34.624 |34.384 A06 | 34.6610 | 34.3240 | 34.5160 | 34.4140 | 34.5920 | 34.6280 | 34.6227 | 34.4250 | 34.481Q
A07 0 0 0 0 0 0 0 A07 | 0.0000 |0.0000 |0.0000 |0.0000 |0.0000 |0.0000 |0.0000 |0.0000 | 0.0000
A08 0 0 0 0 0 0 0 A08 | 0.0000 |0.0000 |0.0000 |0.0000 |0.0000 |0.0000 |0.0000 |0.0000 | 0.0000
A0S 0 0 0 0 0 0 0 A09 | 0.0000 |0.0000 |0.0000 |0.0000 |0.0000 |0.0000 |0.0000 |0.0000 | 0.0000
A10 0 0 0 0 0 0 0 v A10 | 0.0000 |0.0000 |0.0000 |0.0000 | 0.0000 |0.0000 |0.0000 | 0.0000 |0.0000 'y

Figure 5: Threshold calculation and exported data from the integrated system. (A) The
software can calculate and use the threshold for two colorimetric dyes. Previous testing
showed that a moving average of three points is sufficient for thresholding. (B) All of the hue
data is exported into two csv files (Raw, Averaged) and can be seen on screen if desired.

3.34 Heating chamber optimization
After constructing the cLAMP hardware and software, heat testing was performed to
determine the necessary heating chamber temperature, optimize the rapid temperature increase
required for the LAMP reactions, and evaluate the temperature stability over 60 minutes. The air
temperature in the heating chamber is monitored by a thermocouple placed directly below the
metal plate of the cLAMP system during preheating and amplification. Fig. 6A illustrates the
curves obtained from multiple wells following preheating runs (from room temperature to ~ 67

— 68 °C) within 45 minutes.
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Initially, the heating chamber was set to match the desired temperature of the LAMP
reactions (65 °C), and after 45 minutes, these reactions were placed into the cLAMP system.
However, the reactions did not subsequently reach > 65 °C until ~10 minutes. This delay was
attributed to the loss of chamber heat that resulted when the lid was opened for sample
insertion. The preheat temperature was set ~ 2 - 3 °C above the desired amplification
temperature to account for this loss. Consequently, the reactions reached the desired
amplification temperature within 30 seconds after preheating the cLAMP system (Fig. 6B). Many
wells were tested to verify that the temperature ramp across the 96 wells is consistent. The
reactions remained at the desired amplification temperature for the duration of the run (60
minutes). A minimal temperature difference observed in some cases (~1.5 °C) was correlated to
the well location in the heating chamber. Overall, the cLAMP system was shown to be capable of
quickly heating the LAMP reactions to the desired amplification temperature and subsequently

maintaining that temperature for the entire testing period.
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Figure 6: Temperature stability inside the heating chamber of the cLAMP system. (A) Metal
block temperature during the 45 min preheat step which achieves desired temperature. (B) The
in-tube temperature after being placed in the cLAMP system. All samples ramp to 65 °C within
30 sec and are stable at 65 °C over time. Various wells were monitored to assess correct
temperature.
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The temperatures in multiple wells were then compared to those obtained from a
conventional thermal cycler to determine if the heat generated in the cLAMP system was
sufficient. Multiple 0.1 mL tubes were filled with 12.5 L colored water, and a thermocouple was
placed through the top of the tubes. The tubes were then heated in either a conventional thermal
cycler or the cLAMP system to 65 °C for 45 minutes. These experiments were conducted over
four days to account for any slight changes in the ambient temperature, and the temperature
data sets from the cLAMP system vs. the conventional thermal cycler were averaged and
compared. Fig. 7A shows the ramping profiles for various wells from room temperature after the
preheat time. It was determined from calculations that the ramp rates from the cLAMP system
were higher than those from the conventional thermal cycler. This is pertinent as the ramp time
is critical for any amplification reaction as it can determine if non-specific binding is inhibited in
the initial steps. Still, both systems were able to reach the desired amplification temperature
within 30 seconds. Once ramp rates were established, temperatures from various wells were
then averaged to evaluate consistency over time. A temperature of ~65 — 66.5 °C was set as a
baseline target for the cLAMP system. This temperature was chosen as it was consistently
maintained by the conventional thermal cycler in most wells for over 45 minutes (Fig. 7B). The
temperature in the heating chamber was adjusted correspondingly to approximate temperatures
in the conventional thermal cycler. An air temperature of 77 °C in the cLAMP heating chamber
was found to be optimal for consistent detection of an in-tube temperature of ~ 65 — 66.2 °C

across wells.
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Figure 7: Comparison of integrated cLAMP system temperatures and ramp rates with a
conventional thermal cycler. (A) All wells achieved the desired temperature within 30 sec on
both systems. (B) Various wells were analyzed to compare temperature across the 96 well
plate in a conventional thermal cycler and cLAMP system. Each bar is an average of the
temperature across 45 minutes for four days. The ramp rate was higher for the cLAMP system
than the thermal cycler.

Additionally, the potential correlation between fluctuations in temperature with a change
in the number of reactions was investigated. Although the holes drilled into the metal plate of
the cLAMP system were intended to facilitate airflow, it stood to reason that the in-tube
temperature might change with an increase in the number of tubes. Accordingly, it was found
that minor adjustments to the heating chamber temperature were required to accommodate a
full plate but not for < 72 wells (Fig. 8). These experiments demonstrated that the cLAMP system
operates as reliably as a conventional thermal cycler concerning ramping times and reliable and

consistent maintenance of target temperatures.
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Figure 8: Assessing number of reactions in the cLAMP system. (A) The heating chamber
temperature was held constant, while the number of reactions (tubes) inside the cLAMP
system increased. The in-tube temperature did not fall below 65 °C until 96 reactions were
placed inside the cLAMP system. To achieve 65 °C when 96 wells are occupied, the heating
chamber temperature is increased by one degree. (B) Each well was assessed for temperature,

showing G2 has the highest in-tube temperature and B10 has the lowest in-tube temperature.

3.3.5 Initial analysis of mMRNA targets

The second major component of the cLAMP system is automated colorimetric image
analysis. As shown in Fig. 1, the hue value for the color of a captured image may vary slightly
between camera models but remains consistent for repeated captures taken with the same
camera. The image analysis of the cLAMP system produces similar results to those obtained from
our previous studies using this method with LAMP reactions (Chapter 2).(20, 25) However, our
recent studies show the RPi camera has more minor variations in blue, purple, yellow, and red
than the Huawei P9 smartphone used previously. Table 1 compares the camera specifications of
the Huawei P9 and RPi camera, which affect how the hue value is determined in each captured

image.

The hue values from the cLAMP system are graphed in the ‘Data’ tab in real-time as a
moving average. Initially, the raw hue values are saved as a .csv file for the user. However, due

to deviation from minute to minute, the raw hue values are processed as a moving average of
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three in Microsoft Excel. The
measurement at each minute
becomes an average of the two
previous hue values and the
current hue value. This function
allows for a ‘smoothing’ of the
data, as shown in Fig. 9. The

figure shows various samples

Table 1: Comparison of camera between the Huawei P9
previously used in a 3D-printed static light box and
Raspberry Pi camera v2.1 in the cLAMP system.

Huawei P9 Camera Raspberry Pi Camera v2.1

Dual Sony IMX 286 12MP

Sony IMX219 8MP

Sensor 12MP RGB main sensor
12MP monochrome chip
Pixel Size 1.25um 1.12 um
Resolution 3968x2976 pixels 3280x2464 pixels
Focal Length 27 mm 3.04 mm
F-stop f/2.2 f/2.0
Optical Size 1/2.9” 1/4”
Focus Laser-assisted autofocus Manual focus
Price $429 USD $25 USD

(n=54) amplified using the cLAMP system. After minute 4, the threshold is determined, and a

sample is classified as ‘positive’ or ‘negative’. The threshold calculation is described in Fig. 5. Both

the raw and averaged hue values are saved in separate .csv files for the user, with the averaged

hue values and threshold shown on the ‘Data’ tab of the software.
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Figure 9: Hue smoothing via moving average calculation in Microsoft Excel software. (A) The
raw image analysis shows how the hue can vary from minute to minute. (B)The averaged image
analysis data smooths the transition between time points by averaging the previous two data
points and the current data point. Each line represents image analysis from one sample.
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The developed image analysis method can be applied to any colorimetric dye used in any
LAMP reaction. Fig. 10 shows the data obtained for LAMP reactions conducted using the cLAMP
system with PR and HNB dyes. A threshold was calculated either above or below the starting hue
value for both dyes. These dyes were used due to their opposing direction in color change (low
to high value vs. high to low value). Consequently, any colorimetric dye change in a LAMP reaction
can be analyzed using the cLAMP system. The user selects the desired colorimetric dye before
starting the LAMP assay. This input then directs the program to either add or subtract the
threshold from the average starting values, as appropriate. Unlike previous iterations of this
device, the cLAMP system uses a RPi camera rather than a Huawei P9 smartphone(20) for image
analysis. A previous iteration of the device was described in Chapter 2. Comparison of previous
and current image analysis systems indicates that the change in PR hue value from negative to
positive is more prominent when using the P9 device (Fig. 10C). However, the hue color changes
from red to yellow, which encompasses the highest and lowest hue values (see Fig. 1B), and was
accounted for by tinting the image to rotate the hue scale.(12) Additionally, although the change

in hue value is more significant for both dyes using the P9 smartphone, the cLAMP system was
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Figure 10: Integrated LAMP runs. (A) LAMP with phenol red where the hue values increase if
samples become positive. (B) LAMP with HNB where hue values decrease if samples become
positive. (C) The averaged hue values for positive and negative reactions for both indicators
and the differential in hue values for each setup.
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still able to show the color change numerically for both dyes with much smaller standard

deviations. This feature indicates that the cLAMP system performs comparably, or potentially

better, than the image analysis method described in Chapter 2 for these dyes.

3.3.6

Analysis of mock forensic samples

The goal of this mock study was to assess specificity of our final protocol using twenty

mock samples that best imitate crime scene samples. The samples were prepared by depositing

a range of body fluids at various concentrations, as single source or mixtures, onto cotton swabs,

cloth, or denim (Fig. 11). The deposited fluids were not limited to the body fluid panel described

thus far, but also included breast milk and nasal mucus. The samples were dried overnight or

aged up to 5 years at room temperature (RT) without light. Approximately % of the swab (or

similar-sized cutting for samples on fabric) was cut, sealed in a tube, and assigned a sample ID
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Figure 11: Mock sample composition for the single blind study. The samples contained various
mixtures of body fluids, fluids that are known to cross contaminate conventional methods,
post-coital swabs, and aged body fluid samples. All the samples were on sterile cotton swabs,

jean material, or cotton material.
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before transferring it to a scientist for processing and analysis; the scientist was blind to the
identity of the sample. The mock samples were amplified for detection of each body fluid target
using the optimized assay conditions and, when necessary, a confirmatory test was performed.
The confirmatory test was either a microchip electrophoresis or a PSA lateral flow assay for Se.
The LAMP assay was performed in a Veriti thermal cycler with the optimized conditions for lysis

and purification, amplification, and colorimetric analysis.

The results from the five . .
Table 2: Comparison of research and conventional

analysis methods to determine the correct composition of

body fluid targets ranged from the mock samples.

perfect am pl ification of a mMRNA ;ample Blood Semen Saliva | V Fluid | M Blood 0vera!l Fonclusmn
umber (Veriti Results)
Veriti Bioanalyzer|Veriti PSA Test| Veriti | Veriti Veriti
BOO1 Neg Neg Pos Neg Pos Pos Incorrect
target in all mock samples to only B002 Pos TRUE | Neg  Pos Neg | Pos Pos Incorrect
B003 Pos Pos Neg Pos Pos Correct
B00O4 Pos Neg Neg Pos Pos Correct
. B0O5 Pos TRUE Neg Pos Pos Pos Incorrect
elght Of the mOCk Samples B006 Neg Neg Pos Pos Pos Incorrect
B0O7 Pos Neg Neg Neg Neg Correct
. B008 Pos Neg Neg Neg Neg Correct
am pl Ifyl ng a MmRNA ta rget B009 Neg TRUE Neg Pos Neg Pos Pos Incorrect
B010 Pos TRUE Neg Pos Pos Pos Incorrect
BO11 Pos Neg Neg Neg Neg Correct
B012 Neg NS Neg Pos Neg Neg Neg Incorrect
CorreCtly (Table 2) TO our BO13 Neg NS Neg Neg Neg Pos Incorrect
B014 Neg NS Pos Neg Neg Pos Neg Correct
. . ) BO15 Neg NS Neg Neg Neg Pos Pos Incorrect
dlsappOIntment, thIS stu dy BO16 Neg NS Neg Neg Neg Pos Pos Incorrect
B017 Pos TRUE Neg Neg Neg Pos Pos Incorrect
B020 Neg Neg Neg Neg Neg Neg Correct
H H+ B021 Neg Neg Pos Pos Pos Incorrect
corrECtly IdentIfIEd Only seven Of B022 Neg TRUE Pos Neg Pos Pos Incorrect
Correct | on, 65% 100% | 90% | 40% 35%
Identification

the 20 mock samples; we have a
few postulates as to why the outcome was poor. Assays targeting Sa and Vf performed the best
when tested with all of the mock samples in the Veriti thermal cycler (Fig. 12). The Sa assay
amplified all of the mock samples correctly, and the Vf target amplified 90% (18/20) of the mock
samples correctly in the Veriti thermal cycler. The two samples misidentified in the Vf assay

consisted of female nasal swab with male saliva, and breast milk with male saliva. It has been
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Figure 12: Analysis of mock samples with and without mixture analysis. (A) The Vb mRNA
target correctly amplified 16 of the 20 mock samples. (B) The Sa mRNA target correctly
amplified all the mock samples. (C) The Vf mRNA target correctly amplified 18 of the 20 mock
samples.

shown that low concentrations of the Vf mRNA target (CYP2B7P) can be found in Sa, providing a
potential reason for the false positive identification.(26, 27) The LAMP assay with the Vb target
performed fairly in the Veriti thermal cycler showing ‘positive’ results with samples devoid of
blood. To identify what was amplifying in the sample, amplicons were separated via microchip
electrophoresis to determine if the amplified fragments were specific for the Vb mRNA target
(HBB) or the result of NSA (Fig. 13). This confirmed that the Vb primer set is amplifying an mRNA
target in a sample where Vb is not present. To troubleshoot, various tests were conducted to
determine the root cause of the misidentifications (e.g., reagent contamination, incorrect temp,
etc.). The results indicate that there could have been some contamination with the old
purification kit, or the water used in the LAMP assay (Fig. 14). Even though there are

misidentifications, the results show promise for future use in a forensic assay.
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Figure 13: Further analysis of the Blood mRNA target with the mock samples. All the mock
samples were size separated using microchip electrophoresis on the Agilent Bioanalyzer. If the
profile matches the positive control profile, the sample is considered have amplified the
correct target (TRUE). If a profile is present but different than the positive control profile, the
sample is considered to have non-specifically amplified (NSA). If there is no profile as shown
in the negative control, the sample is considered to have no amplified fragments (Neg).

Not all of the mRNA targets amplified via the LAMP method produced results with as
much success. For the Se assay, seven mock samples did not amplify in the Veriti thermal cycler
(Fig. 15). After the sample identities were revealed, it became clear that inclusion of samples that

have been aged over years (B012), on denim (B009), or have PCI >24 hours, could play into the

A Testing Blank Swabs B Testing Water & Primer Mix
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Figure 14: Troubleshoot testing of the venous blood mRNA target. (A) Sterilized cotton
swabs were extracted using a new and old RNeasy Mini kit, along with a reagent blank (water)
and LAMP reaction reagent blanks. Each sample was amplified 10x to determine if the cotton
swabs, extraction kit reagents, or LAMP reagents were contaminated. (B) The Vb primer set
and sterilized water were tested to determine if contamination was present. Multiple
reactions amplified; thus, the primer set is thought to have high NSA from primer dimer
formation.
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Figure 15: Analysis of difficult samples with and without mixture analysis. (A) The Se mRNA
target was amplified with all mock samples. (B) The Mb mRNA target was amplified with all
mock samples. Both mRNA targets provided less than optimal results.

false negative results. The false negative samples were analyzed with a commercial lateral flow
assay for the presence of PSA (Fig. 16A); the test confirmed the presence of PSA in all samples,
except the PCl samples and breast milk. However, the LAMP Se assay was able to detect the
target in the PCl 24hr sample, where the PSA test did not. The assay that performed the worst
was the Mb mRNA target (MMP10). This mRNA target correctly amplified only eight mock
samples, thus an overall correctness rate of 40% (Fig. 15). The majority of the incorrectly
identified samples contained Vf, and the remaining incorrect samples contained male saliva.
Focusing on the Vf samples, one theory is that the Mb target is present in the Vf samples without
the visual color. Historically, birth control pills were the popular choice of contraception for
women, which allowed for one menstrual cycle per month. Newer contraceptive approaches
allow for cycles every few months or no cycle at all. This presents the possibility that the Mb
target is secreted without the visual color of the fluid because the body may discard any
extracellular matrix to prevent the menstrual cycle from initiating.(28) To provide evidence for
this, freshly donated Vf samples were extracted with on-column DNase treatment. The swabs did
not show any evidence of red discoloration indicative of blood. Following extraction, the samples

were LAMP amplified with the Mb target (Fig. 16B). All Vf samples amplified with the Mb target
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in 30 minutes, indicating the presence of MMP10 in the samples. This indicates there is a problem
with the mRNA target amplifying in an unintended body fluid. This indicates that the target is not

specific for Mb and a new mRNA target will need to be optimized.
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Figure 16: Results from troubleshooting the mock study samples with the Se and Mb mRNA
targets. (A) The samples were tested with a conventional method targeting the prostate
specific antigen. Comparatively, the conventional method falsely identified less samples. (B)
Most of the mock samples incorrectly identified contained Vf. To further test the Mb target,
known Vf samples were amplified with the Mb target.

3.3.7 Comparison of conventional methods vs cLAMP device

This study aimed to compare the amplification of fifteen mock samples achieved using
the cLAMP system to results obtained using a conventional thermal cycler and imaging method.
Table 3 shows the overall comparison of results obtained from the thermal cycler and cLAMP
system, outlining which samples were incorrectly identified. Except for the mRNA Vf target, the
cLAMP correctly identified fewer samples than the conventional thermal cycler. The LAMP
reactions targeting the mRNA Vf gene performed the best on the cLAMP system, outperforming

the thermal cycler by correctly identifying 14 of the 15 samples. Sample 21, which contained

Page 92 of 200



Chapter 3 — LAMP Validations
breast milk and saliva, was incorrectly identified by both systems. It has been shown that low
concentrations of VF target can be found in saliva, providing a potential reason for the false-
positive identification. (26, 27) The reactions targeting the mRNA Sa gene amplified 12 of the
mock samples correctly, and the mRNA Vb target amplified 11 of the mock samples correctly in
the cLAMP system. Three samples misidentified Se as the mRNA Sa target, likely because the
HTN3 target has been detected in low concentrations in seminal fluid. (29) The four samples
misidentified as the mRNA Vb target were not further analyzed, but mixtures of various fluids
and materials which were incorporated may have contributed to the misidentification.
Additionally, previously observed NSA for this target could have played a role in the
misidentifications. Lastly, the reactions targeting the mRNA Se gene misidentified seven of the
fifteen samples. After the sample identities were revealed, it became clear that the inclusion of
samples that have been aged over multiple years (Sample 12), on denim (Sample 9), or have PCI
Table 3: Comparison of mock samples after thermal cycler heating with smartphone image

analysis and the cLAMP system with RPi image analysis. The red boxes denote inconsistent
identifications between the two testing platforms.

Blood Semen Saliva V Fluid
Thermal Cycler cLAMP Thermal Cycler cLAMP Thermal Cycler cLAMP Thermal Cycler cLAMP
Sample Number + + + + + + + +
Smartphone RPi Smartphone RPi Smartphone RPi Smartphone RPi
1 - - Neg Neg - Pos + +
3 + + + Neg = Pos + +
4 + + - + +
5 Pos Pos - - + + Pos
6 + + + +
8 + + - -
9 - Pos Neg Neg - - + +
11 + + - - -
12 - - Neg Neg - Pos
13 - - - - - -
14 - Pos + Neg - - + +
16 - - Neg Neg - - + +
20 - - -
21 - - - - + + Pos Pos
22 - Pos + Neg - - + +
# of Correct IDs: 14/15 11/15 11/15 8/15 15/15 12/15 13/15 14/15
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>24 hours could be linked to the false-negative results. All of these samples would theoretically
have low concentrations of semen or seminal fluid, so the sensitivity of the mRNA target could
be a contributing factor to the larger than expected misidentifications. Overall, the mock sample
study shows the cLAMP system is not as efficient at identifying these body fluid targets as a
conventional thermal cycler paired with image analysis. However, it has been demonstrated that
the cLAMP system can reliably achieve and maintain constant temperatures with a more

favorable ramp rate than observed for the conventional thermal cycler.

3.4 Summary

Overall, the data provided demonstrate the functionality of a simple, 3D-printed
combined system for LAMP reactions with image analysis (cLAMP). This system provides
objective results based on hue color change, similar to quantitative fluorescence detection
systems typically used for polymerase chain reactions (PCR). The hardware and software are
user-friendly and compatible with multiple colorimetric dyes. A threshold is calculated with every
LAMP run on the cLAMP system and displayed on the ‘Data’ tab in the software. The cLAMP
system can rapidly heat LAMP reactions from room temperature to the desired amplification
temperature and steadily maintain this for more than 60 minutes. Compared to a conventional
thermal cycler, the cLAMP system demonstrated similar temperature outputs and ramp times
across multiple well locations. The mock study showed which mRNA targets performed well and
which need further optimization. The saliva and vaginal fluid targets worked effectively in both
systems (>80%), the venous blood target performed moderately (>70%), and the semen and

menstrual blood targets performed the worst (>50%). The Se target underwent further analysis
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that showed the LAMP assay was not as sensitive as the PSA test but could amplify the target in
PCl samples and the Mb target was deemed not specific. The cLAMP system was also able to
amplify single source known samples and mock forensic samples for four mRNA targets for blood,

semen, saliva, and vaginal fluid with moderate success.

3.5 References
1. Notomi T, Okayama H, Masubuchi H, Yonekawa T, Watanabe K, Amino N, et al. Loop-mediated
isothermal amplification of DNA. Nucleic Acids Research. 2000 April 15, 2000;28(12).
2. Huang WE, Lim B, Hsu C-C, Xiong D, Wu W, Yu Y, et al. RT-LAMP for rapid diagnosis of coronavirus

SARS-CoV-2. Microbial Biotechnology. [https://doi.org/10.1111/1751-7915.13586]. 2020
2020/07/01;13(4):950-61.

3. Bartosik M, Jirakova L, Anton M, Vojtesek B, Hrstka R. Genomagnetic LAMP-based electrochemical
test for determination of high-risk HPV16 and HPV18 in clinical samples. Analytica Chimica Acta. 2018
2018/12/26/;1042:37-43.

4, Tsai L-C, Su C-W, Lee JC-I, Lu Y-S, Chen H-C, Lin Y-C, et al. The detection and identification of saliva
in forensic samples by RT-LAMP. Forensic Science, Medicine and Pathology. 2018 2018/12/01;14(4):469-
77.

5. Satoh T, Kouroki S, Ogawa K, Tanaka Y, Matsumura K, Iwase S. Development of mRNA-based body
fluid identification using reverse transcription loop-mediated isothermal amplification. Analytical and
Bioanalytical Chemistry. [journal article]. 2018 July 01;410(18):4371-8.

6. Parida M, Horioke K, Ishida H, Dash PK, Saxena P, Jana AM, et al. Rapid Detection and
Differentiation of Dengue Virus Serotypes by a Real-Time Reverse Transcription-Loop-Mediated
Isothermal Amplification Assay. Journal of Clinical Microbiology. 2005;43(6):2895.

7. Shirato K, Semba S, El-Kafrawy SA, Hassan AM, Tolah AM, Takayama |, et al. Development of
fluorescent reverse transcription loop-mediated isothermal amplification (RT-LAMP) using quenching
probes for the detection of the Middle East respiratory syndrome coronavirus. Journal of Virological
Methods. 2018 2018/08/01/;258:41-8.

8. Wang Y, Li H, Wang Y, Zhang L, Xu J, Ye C. Loop-Mediated Isothermal Amplification Label-Based
Gold Nanoparticles Lateral Flow Biosensor for Detection of Enterococcus faecalis and Staphylococcus
aureus. Frontiers in Microbiology. [10.3389/fmicb.2017.00192]. 2017;8:192.

9. Goto M, Honda E, Ogura A, Nomoto A, Hanaki K-I. Colorimetric detection of loop-mediated
isothermal amplification reaction by using hydroxy naphthol blue. BioTechniques. 2009
2009/03/01;46(3):167-72.

10. Miyamoto S, Sano S, Takahashi K, Jikihara T. Method for colorimetric detection of double-
stranded nucleic acid using leuco triphenylmethane dyes. Analytical Biochemistry. 2015
2015/03/15/;473:28-33.

Page 95 of 200



Chapter 3 — LAMP Validations

11. Nogami H, Tsutsumi H, Komuro T, Mukoyama R. Rapid and simple sex determination method from
dental pulp by loop-mediated isothermal amplification. Forensic Science International: Genetics.2(4):349-
53.

12. Scott AT, Layne TR, O’Connell KC, Tanner NA, Landers JP. Comparative Evaluation and Quantitative
Analysis of Loop-Mediated Isothermal Amplification Indicators. Analytical Chemistry. 2020
2020/10/06;92(19):13343-53.

13. Fischbach J, Xander NC, Frohme M, Glokler JF. Shining a light on LAMP assays' A comparison of
LAMP visualization methods including the novel use of berberine. BioTechniques. 2015
2015/04/01;58(4):189-94.

14. Woolf MS, Dignan LM, Scott AT, Landers JP. Digital postprocessing and image segmentation for
objective analysis of colorimetric reactions. Nature Protocols. 2020 2020/12/09.

15. Priye A, Ball CS, Meagher RJ. Colorimetric-Luminance Readout for Quantitative Analysis of
Fluorescence Signals with a Smartphone CMOS Sensor. Analytical Chemistry. 2018
2018/11/06;90(21):12385-9.

16. Rueden CT, Schindelin J, Hiner MC, DeZonia BE, Walter AE, Arena ET, et al. Imagel2: Imagel for
the next generation of scientific image data. BMC Bioinformatics. 2017 2017/11/29;18(1):529.

17. Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source
platform for biological-image analysis. Nature Methods. 2012 2012/07/01;9(7):676-82.

18. Shin J, Choi S, Yang J-S, Song J, Choi J-S, Jung H-1. Smart Forensic Phone: Colorimetric analysis of a
bloodstain for age estimation using a smartphone. Sensors and Actuators B: Chemical. 2017
2017/05/01/;243:221-5.

19. Krauss ST, Nauman AQ, Garner GT, Landers JP. Color manipulation through microchip tinting for
colorimetric detection using hue image analysis. Lab on a Chip. [10.1039/C7LC00796E]. 2017;17(23):4089-
96.

20. Layne T, Jackson K, Scott A, Tanner NA, Piland A, Haverstick DM, et al. Optimization of novel loop-
mediated isothermal amplification with colorimetric image analysis for forensic body fluid identification.
Journal of Forensic Sciences. 2021.

21. Scott A, Birch C, Mills D, Panesar S, Li J, Le Roux D, et al. An Portable UltraRapid DNA System for
Human Identification. Science Advances. 2020;Submitted.

22. Norris JV. Advances in forensic science: improving sexual assault evidence analysis. 2008.

23. Kimes D, Tamir M. An extraction procedure for seminal/vaginal stains to eliminate streaking in
the electrophoresis phosphoglucomutase. Crime Laboratory Digest. 1985;12:32-3.

24. Layne T, Jackson K, Scott A, Tanner NA, Piland A, Haverstick DM, et al. Optimization of novel loop-
mediated isothermal amplification with colorimetric image analysis for forensic body fluid identification.
Journal of Forensic Sciences. 2021.

25. Scott A, Jackson K, Carter M, Comeau R, Layne T, Landers J. Rapid sperm lysis and novel screening
approach for human male DNA via colorimetric loop-mediated isothermal amplification. Forensic science
international Genetics. 2019 2019/11//;43:102139.

26. Sakurada K, Akutsu T, Watanabe K, Fujinami Y, Yoshino M. Expression of statherin mRNA and
protein in nasal and vaginal secretions. Legal Medicine. 2011 2011/11/01/;13(6):309-13.

Page 96 of 200



Chapter 3 — LAMP Validations

27. XuY, Xie J, Cao Y, Zhou H, Ping Y, Chen L, et al. Development of Highly Sensitive and Specific mMRNA
Multiplex System (XCYR1) for Forensic Human Body Fluids and Tissues Identification. PLOS ONE.
2014;9(7):e100123.

28. Hatcher RA. Contraceptive technology. 21 ed: Managing Contraception LLC, 2018.

29. Richard ML, Harper KF, Craig RF, Onorato AF, Robertson JF, Donfack J. Evaluation of mMRNA marker
specificity for the identification of five human body fluids by capillary electrophoresis. Forensic Science
International: Genetics. 2012 2012/05/22;6(4):452-60.

Page 97 of 200



Chapter 4 — Microfluidic bfID Panel

Chapter 4: Adaptation of separation & amplification methods for

MRNA body fluid panel to a microfluidic platform

4.1 Introduction

The identification of select body fluids from forensic evidence provides context in a
criminal investigation, informs downstream genetic analysis, and can corroborate witness
testimony in court. However, body fluid identification (bfID) is often not straightforward as they
may be difficult to visually locate, present in small quantities, or discovered in mixtures. The
majority of ubiquitous bfID techniques reply upon time-consuming, laborious microscopic
analysis or presumptive (bio)chemical, enzymatic, or immunological assays that are generally

limited in specificity and lacking in sensitivity. (2)

Presumptive and confirmatory tests are used to either presume or confirm a particular
body fluid is present on an item of evidence, respectively. In addition, these tests help to
determine which evidence may be probative for deoxyribonucleic acid (DNA) analysis. Many
conventional presumptive tests for bfID are unable to differentiate between closely related
samples, and a misidentification of fluids could significantly shift the narrative of a crime. One
example of this is with a commonly used presumptive test for blood, referred to as the
phenolphthalein tetramethylbenzidine (PTMB), which cannot differentiate between venous and
menstrual blood. For differentiation, protein-based methods for bfID testing have emerged, such
as the presumptive Clearview® rapid D-dimer test for the indication of menstrual fluid, and

several confirmatory mass-spectrometry techniques.(3) However, these methods are either
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presumptive, thus, not confirming the presence of a fluid, or limited by the requirement for
expensive instrumentation, highly-trained personnel, and the need for a library of
peptide/protein sequences.(4) Additional methodological approaches for fluid discrimination via
proteins include machine learning methods based on the relative abundance of both marker and
non-marker proteins(5), and spectroscopic-based tests, such as raman(6) or Fourier transform

infra-red spectroscopy.(7)

Recent advances in molecular biological approaches for confirmatory bfID include
microbial community profiling, epigenetics, and ribonucleic acid (RNA) profiling. Microbial
community profiling is based on the premise that different body fluids exhibit dissimilar
microfauna; to date, this type of identification has been used to discriminate body fluids including
vaginal secretions and saliva.(8) Similar to the phenolphthalein approach, the Microbial
community profiling method has also been unable to differentiate between fluids like vaginal
secretions and menstrual blood.(9, 10) Epigenetic methods for identification analyze DNA
methylation patterns based on cell or tissue type(11, 12); however, this method requires high
amounts of input DNA and is associated with variability originating from changes to the
methylation signature in response to environmental factors (e.g., aging and disease).(13) Finally,
RNA analysis via transcriptomics is arguably the most promising approach to bfID with several
different types of RNA under investigation, including messenger RNA, (14, 15) microRNA, (16, 17)
and circular RNAs.(18, 19) A critical advantage of RNA profiling is that recovery of RNA from
biological stains can be integrated into a typical forensic workflow without compromising or

consuming the DNA essential for downstream genetic profiling for human identification.
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Methods involving reverse transcription (RT) are used for accurate, reliable confirmatory
bfID; the majority of methods leverage RT-PCR (polymerase chain reaction), a sensitive method
capable of detecting low-abundance mRNA obtained from small volume samples.(14, 20)
Although the most widely implemented approach utilizes end-point RT-PCR coupled with
capillary electrophoresis (CE),(21, 22) quantitative RT-PCR (qRT-PCR) can be employed for either
relative quantitation from a reference or house-keeping gene, or to detect a single amplicon
using a DNA chelating dye or fluorescent probe.(23, 24) Limitations of this technique, such as
non-specific annealing, have been mitigated by high-resolution melting analysis(25, 26) and
involve a restricted number of markers that can be targeted in a single reaction. More recently,
a method coupling reverse transcription with real-time loop-mediated isothermal amplification
(LAMP) has demonstrated comparable sensitivity and specificity through simplified, rapid
analyses; however this technique is still limited to a single target per reaction.(27, 28) Lastly,
massively paralleled sequencing (MPS) of RNA for high-throughput bfID has been used in a
number of academic studies, but the technique is expensive, time-consuming, requires extensive
training and bioinformatics knowledge, and vast computer storage capabilities, limiting
implementation in forensic labs.(26, 29, 30) Although a number of methods for bfID have been
proposed, none are independently capable of providing a sample-to-result solution for reliable,

accurate, and fast confirmatory bfID.

Many sample-to-result analyses can be accomplished with microtechnology. Microfluidic
technologies are attractive for both lab-based and fieldable applications, due to a small footprint,
minimal reagent and sample volume requirements, rapid analysis times, ease of use, and the

potential for automation and portability.(31, 32) Academic advancements in microfluidic
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technologies have focused on both clinical (e.g., virus detection,(33) biomolecule cleaning,(34)
etc.) and forensic (e.g., short tandem repeat (STR) profiling,(35) epithelial and sperm
separation,(36) etc.) applications. However, limitations in adopting microfluidics systems in
laboratories often stem from failing to address the cost of materials and fabrication of the
microfluidic consumable or training associated with the technology.(37) Our lab has defined a
cost-effective method for rapid, iterative prototyping of microfluidic CDs (print-cut-laminate
technique; PCL(32)) with complex, intricate architectures for chemical and biochemical assays
ranging from DNA purification and genome analysis(38) to illicit drug detection and explosives

sensing.(38, 39)

By leveraging the PCL technique, rapid prototype microdevices were developed for rapid
amplification of mRNA targets and electrophoretic separation coupled with laser-induced
fluorescence (LIF) detection of mRNA amplicons associated with individual body fluids. This
system incorporates the microdevices, an associated mechatronic platform, and microfluidic
chemistries for integrated bfID. Two microdevices, the ‘micro-electrophoresis’ disc (4EDisc) and
the ‘micro-amplification’ disc (uAmpDisc), were fabricated for electrophoretic analysis of PCR-
amplified fragments and amplification of targets, respectively, with the final goal of integration
on one device. Using this platform, the electrophoretic analysis and amplification times can be
decreased 4-fold (15 mins) over conventional CE (45 min) and cycling systems (2+ hr.), with
significant reduction in the cost per sample by decreasing the total volume of the reactions. Here,
we demonstrate electrophoresis of amplicons produced from in-tube extracted RNA with the
first generation uEDisc exhibit concordance with profiles generated from mock forensic samples

via conventional, benchtop (CE) at University of Virginia (UVA) and the Environmental Science
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and Research Institute (ESR) in New Zealand. Subsequently, on-disc RT-PCR from extracted RNA
was completed with the uAmpDisc using both single-source and mixture samples. An advantage
of adapting biochemical assays to microfluidic technology is the reduction in overall time, which
was the main focus for the RT-PCR protocol. This research demonstrates proof-of-concept
microelectrophoresis with on-disc fluorescence detection and RT-PCR of a transcriptome-based

method for forensic body fluid identification.

4.2 Methods & Materials

4.2.1 Sample collection

Body fluid samples were collected from volunteers with fully informed consent (IRB #
19947). Blood was collected via fingerprick, where 50 uL was placed on sterile Cultiplast® rayon
swabs (LP Italiana SPA, Milano, Italy) and left to dry overnight. Buccal, vaginal fluid, and
menstrual fluid (day 2 and 3 of the menstrual cycle) samples were self-collected by volunteer
participants using sterile Cultiplast® rayon swabs that were left to dry overnight. Freshly
ejaculated semen samples were collected from the volunteers themselves in sterile plastic
containers. From those, 50 pL aliquots were placed on sterile Cultiplast® rayon swabs and left to

dry overnight.

4.2.2 RNA isolation

The RNA was isolated as previously described.(40) Total RNA for all samples were
extracted using the Promega® ReliaPrep™ RNA Cell Miniprep System (Promega Corporation,

Madison, WI, USA) following the manufacturer’s instructions. DNA was removed from extracted
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RNA using on-column DNase | treatment during the RNA extraction process. RNA was eluted in
70 pL of elution buffer. Purified RNA samples were immediately treated with DNase from the
TURBO DNAfree™ Kit (Thermo Fisher Scientific, Waltham, MA, USA). The manufacturer’s
instructions were followed, adding 7.0 uL 10x TURBO DNase Buffer and 2 uL TURBO™ DNase to
each sample. Complete removal of human DNA was verified using the Quantifiler® Human DNA
quantification kit (Life Technologies Corp., Carlsbad, CA, USA) using 1 uL of sample in a 12.5 pL

reaction. The RNA was stored at -80°C until required.

4.2.3 Primer information

In previous work, Albani et al. optimized three bfID panels consisting of eleven mRNA
genes for identifying five forensically-relevant body fluids.(1) These targets are divided into three
multiplex panels, identifying six body fluids. A single primer for each target is tagged with either
FAM or HEX and all targets generate a fragment less than 200 bp in length. The Duplex Panel
consists of FDCSP (170 bp; HEX) and HTN3 (138 bp; HEX) to identify buccal mucosa or saliva. The
Quadruplex Panel consists of HBD (176 bp; FAM) and SLC4A1 (102 bp; HEX) to identify venous
blood, and MMP10 (108 bp; HEX) and STC1 (105 bp; FAM) to identify menstrual blood. The
Pentaplex Panel consists of PRM1 (150 bp; HEX), TNP1 (102 bp; FAM) to identify spermatozoa,
KLK2 (135 bp; HEX), MSMB (142 bp; FAM) to identify seminal fluid, and CYP2B7P (113 bp; HEX)
to identify vaginal fluid. For each panel, resultant amplicons can be electrophoretically-separated
and detected using fluorescently labeled primers (FAM and HEX). All PCR amplicons were less
than 200 base pairs (bp) in length, and widely published in the forensic literature (Table 1), with

analysis typically performed using conventional CE instrumentation.(22, 41) Conversely, we
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describe adaption of such assays onto a uEDisc capable of electrophoretically separating and
differentiating mRNA amplicons, and adaptation of the amplification method to a uAmpDisc,

both with similar peak heights as the conventional method.

Table 1: Three multiplexes were designed for body fluid identification from Albani et al. (with
permission). (1) Each multiplex is comprised of messenger RNA markers that are specific for
each fluid and create fragments that are less than 200 bp.

Final Concentration

in PCR assay (UM)
FDSCP F- HEX-CTCTCAAGACCAGGAACGAGAA 0.05
R - GGGCAGATTCAGGTATTGGAATAG

HTN3 F - HEX/AAGCATCATTCACATCGAGGCTAT 0.03
R - ATGCGGTATGACAAATGAGAATACAC )

HBD F - ACTGCTGTCAATGCCCTGTG 0.05
R - FAM/ACCTTCTTGCCATGAGCCTT )

F - HEX/AACTGGACACTCAGGACCAC
SLOIAL R - GGATGTCTGGGTCTTCATATTCCT 0.04

F - HEX/CCCACTCTACAACTCATTCACAGAG
MMP10 R - GGTTCCTCAGTAGAGGCAGG 0.04

sTC1 F - FAM/CTGCCCAATCACTTCTCCAACA 0.02
R - TTTCTCCATCAGGCTGTCTCT .

PRM1 F - HEX/GCCAGGTACAGATGCTGTCGCAG 0.03
R - GTGTCTTCTACATCTCGGTCTG '

TNP1 F - GATGACGCCAATCGCAATTACC 0.04
R- FAM/CCTTCTGCTGTTCTTGTTGCTG )

Pentaplex KLK2 F- TTCTCTCCATCGCCTTGTCTG 0.14
d . : R - HEX/AGTGTGCCCATCCATGACTG :
Seminal Fluid

F- CTTTGCCACCTTCGTGACTTTATG
MSMB R - FAM/ACAGTTGTCAGTCTGCCACT 0.03

. , F- CCGTGAGATTCAGAGATTTGCTGAC
Vaginal Material | CYP2B7P o o o A GAAATACTTCCGTGTCCTTGG s

Multiplex Target Body Fluid mRNA Primer Sequence

Duplex Saliva / Buccal

Circulatory Blood

Quadruplex

Menstrual Fluid

Spermatozoa

4.2.4 RT-PCR method

RNA samples (5 pL) were reverse transcribed using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems®, Foster City, CA, USA) according to the manufacturer’s
instructions. Each reaction comprised a total volume of 20 uL. To perform RT optimizations, the
total volume was reduced to 10 pL on the puAmpDisc and the time for each step was decreased.
Whole blood samples were lysed, purified for RNA using the RNeasy Mini Kit (Qiagen), and

combined into one tube. This sample was used for the time optimization of each step in the RT
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protocol. Total RNA in all of the time reduction reactions was assessed via qPCR of a 18S rRNA
target on a QuantStudio 5 (Applied Biosystems) instrument. All data is shown as the difference
between the no-template control (NTC) and sample for in-tube and on-disc reactions (dCr).
Statistical calculations were performed in R Project for Statistical Computing software v4.0.0 (R
Core Team). For mixed body fluid samples, vaginal and buccal complementary DNA (cDNA)
samples were diluted by 1/10 using nuclease-free water. The semen cDNA was diluted by % using
nuclease-free water. For the vaginal/buccal mixed samples, diluted vaginal cDNA (2 uL) was
added to 1 pL of the buccal diluted cDNA. The vaginal/semen mixed sample contained diluted

vaginal cDNA (2 pL) and 1 pL of the semen diluted cDNA.

For separation optimization, PCR was performed on a GeneAmp PCR System 9700
(Thermo Fisher Scientific) in 25 L reactions using 12.5 pL Qiagen® Multiplex PCR buffer (Qiagen,
Hilden, Germany), 2.5 puL primer mix, and 3 pL cDNA. The total reaction volume of 25 pL was
achieved by the addition of 7 pL nuclease-free water. The PCR conditions included initial
denaturation at 95 °C for 15 min, followed by 35 cycles of 94 °C for 30 s, 60 °C for 3 min and 72
°C for 1 min, final elongation at 72 °C for 10 min, and cooling down to 4 °C. For RT optimization,
PCR was performed on a 7500 Fast Real-Time PCR system (Applied Biosystems®) in 20 plL
reactions using 10 uL TagMan Fast Advanced Master Mix (2X), 1 uL TagMan Assay with FAM
(20X), and 2 pL ul cDNA. The total reaction volume of 20 uL was achieved by the addition of 7 uL
nuclease-free water. The PCR conditions were initial denaturation at 95 °C for 2 min, followed
by 40 cycles of 95 °C for 3 s and 60 °C for 30 s, and cooling down to 4 °C. The reactions were

stored in -20 °C.
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4.2.5 Capillary electrophoresis

The amplified samples were separated on either a 3500x| or 3130x| Genetic Analyzer
(Applied Biosystems®). The samples separated on the 3500x| Genetic Analyzer used 2 pL
amplified sample, 10 uL Internal Lane Standard, and Hi-Di formamide (9.6 pL Hi-Di™ was mixed
with 0.4 uL GeneScan™ 600 LIZ® dye Size Standard v2.0 (Applied Biosystems®)). The samples were
injected for 24 seconds at 1.2 kV and analyzed using GeneMapper® ID-X v.1.5 (Applied
Biosystems®). The samples separated on the 3130xl instrument contained 1 pL amplified sample,
10 pL Internal Lane Standard (1500 kb), and Hi-Di formamide (9.5 pL Hi-Di™ was mixed with 0.5
uL WEN ILS 500 dye v2.0 (Applied Biosystems®, Promega)). The samples were injected for 5
seconds at 3 kV and analyzed using GeneMarker HID v.2.8.2 (SoftGenetics, LLC, State College, PA,

USA).

4.2.6 Microchip and fabrication

The centrifugal microfluidic chip for performing DNA separation and detection was
developed using the PCL method described by Thompson et al.(32) Architecture of the
separation and amplification domains, described previously, was minimally changed and
replicated on a single uEDisc or uAmpDisc.(42) Briefly, both the uEDisc and uAmpDisc were
assembled using five polymeric layers (clear polyethylene terephthalate (PET); TRANS-NS,
Filmsource Inc., Maryland Heights, MO, USA and black PeT) with applied adhesives (HSA: heat-
sensitive adhesive; Adhesives Research, Inc., Glen Rock, PA, USA) (Fig. 1). All layers were laser
ablated using a CO; laser system (VLS3.50, Universal® Laser Systems, Scottsdale, AZ, USA) to

transmit microfluidic architecture. The layers were washed using two 10-minute cycles of
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deionized water for and dried in a chemical hood overnight. The layers were aligned and heat-

bonded by passing the aligned disc through an office laminator heated to ~180 °C.

Each uEDisc domain contained an injection molded cyclic olefin copolymer (COC)
microfluidic chip bonded to the underside of the uEDisc via pressure sensitive adhesive (PSA,;
Adhesives Research, Inc., Glen Rock, PA, USA) in which electrophoretic separation of
complementary DNA (cDNA) fragments transpired (Fig. 1). The separation channel is 6 cm in
length at 80 um x 80 um and a cross section for sample injection. To complete the electrophoretic

circuit for separation, gold electrodes were fabricated from 24K gold sheets (L.A. Gold Leaf

Wholesalers, Covina, CA,

USA) bonded to PSA and % :
3 N
PeT that were laser- © i\
. PeT HSA bPeT HSA PeT
ablated to achieve the p— ————

correct architecture and

bonded on the top of the

Accessories

UEDisc. The UEDisc PeT-PSA-PMMA-PSA  Gold Electrodes PMMA-PSA COC Channel  PMMA-PSA

Figure 1: Fabrication of the discs. The disc consists of five layers
of polyethylene terephthalate (PeT), heat sensitive adhesive
(HSA), and black PeT. The top and bottom layers are affixed with
pressure sensitive adhesive (PSA) on polymethyl-methacrylate
(PMMA), gold electrodes, and cyclic-olefin copolymer (COC)
separation channel, respectively. Each layer was cut using a CO;
laser cutter and laminated together.

measured ~133 mm in
diameter and ~0.6—3.5 mm
in height depending on the

features.

Each uAmpDisc was assembled similarly to the uEDisc with the same polymeric layers

with adhesives, ablating with a CO; laser system, and washing protocol. After the layers were
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aligned and laminated, small polymethyl methacrylate (PMMA) pieces capped with PeT were
bonded to the topside of the uAmpDisc via PSA for larger volumes. Both discs had a final PMMA
piece bonded to the underside with PSA that fits an adapter piece. The 3D-printed adapter piece
for interfacing the puEDisc and uAmpDisc with the centrifugal platform was made of black
EverydayPLA (polylactic acid; Type A Machines, CA, USA) filament using a Series 1 PRO (Type A
Machines, San Leandro, CA, USA). The completed adapter measured ~46 mm in diameter with

an inner hole of ¥13 mm diameter and ~1.4-2.8 mm in height.

4.2.7 Micro-disc electrophoresis

The automated system was connected to a laptop with Atmel Studio software v7.0 (Atmel
Corporation, San Jose, CA, USA) to control all the necessary movements of the pEDisc and
UAmpDisc to collect and adapt the data for analysis in GeneMarker HID software. For heating
studies, there is a heated stage under the separation channel held at 37 °C either not at all, prior
to, during separation, or right before the separation. Once fluidic movement was complete, the
UEDisc separation channel was located rotationally via the photo-interrupter and clamped by the
clamping motor to establish electrical contact between the gold pogo pins in the mechatronic

device with the gold electrode pads on the uEDisc.(43)

The uEDisc is comprised of three replicate separation domains, each having independent
electrodes and separate separation channels. With this architecture, one post-PCR sample can
be electrophoresed in ~15 minutes. Each domain allows for an amplified sample to be input and

‘heat-snap-cooled’ before micro-disc electrophoresis (ME), the separation polymer pipetted into
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the polymer chamber and centrifugally driven into the separation chamber, and alignment of the

gold electrodes to the POGO pins for ME to occur.

After the sample (3 uL amplified products (cDNA), 3 uL WEN Internal Lane Standard (ILS)
500 (Promega, Madison, WI, USA) and 6.5 pL nuclease-free water (Molecular Biologicals
International, Inc., Irvine, CA, USA)) was loaded into the uEDisc, it was heated ‘heat-snap-cooled’
at 95 °C for 3 min, and then snap cooled on ice for 3 min. Before a separation, a novel
hydrophobically-modified polyacrylamide polymer (44) was loaded via device rotation at 3000
RPM for 5 min, followed by the actuation of two laser valves (45) (described in Woolf et al.) to
establish electrical connectivity with the polymerin the sample waste (SW) and buffer (B)
electrodes. A third laser valve was actuated and the pEDisc was spun at 3000 rpm for 10 sec to
allow the sample to interface with the sample (S) electrode. Electrophoretic injection was
performed at 600 V for 120 sec from S to SW electrodes, and separation at 1500 V from B to

buffer waste (BW) with a pullback voltage applied at 200 V at S and SW for 500 sec.

At completion of the separation, integrated data analysis was performed in the software
through a data analysis pipeline, which involves trimming of primer peaks, baseline subtraction,
pullup correction, and 10X signal amplification using a digital filter. The processed data was then
re-formatted and saved as a “.txt” file for compatibility with Microsoft Excel, as well as a “.fsa”
file for forensic analysis in GeneMarker HID software (V2.8.2). The uEDisc and automated system
were used to separate all of the single- and multiple-body fluid samples amplified with one of the
three body fluid panels. A threshold was set at 100 RFU beneath which any peaks detected would

be designated as background noise and not automatically detected by the software.
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The fluorescent data from the uEDisc was compared to an ABI 3130xl and an ABI 3500.
Due to the differences in instrument sensitivity, the data was minimum-maximum-normalized
for each detection system to compare it more easily from the three separation platforms. The
equation used for comparison, which shows the relative fluorescence intensity (RFU) for each
peak was subtracted from the lowest RFU value and then divided by the highest RFU value
subtracted from the lowest RFU that was detected across all samples and genes from that system.
(46) This min-max normalization was performed on the fluorescent data from all three systems

to allow direct comparison between detection systems across body fluids.

4.2.8 On-disc reverse transcription and amplification

The previously published amplification architecture was adapted to create the uAmpDisc,
which contains 6 domains (for 6 samples) that allow for RT and PCR to amplify RNA targets on-
disc.(35) The uAmpDisc and automated system were used to reverse transcribe and amplify the
MRNA targets on the three panels, developed by ESR. For heating, there were two Peltier heaters
on the automated system used for amplification purposes on the uAmpDisc. The total volume of
the RT reaction is 10 pL and the PCR reaction is 20 pL, with 5 ul RNA sample and 5 pul cDNA sample,
respectively. The RT reaction is pipetted into the RT chamber, and the puAmpDisc is spun to align
the Peltier heaters above and below the chamber, then clamped to sandwich the uAmpDisc. After
reverse transcribing the RNA into cDNA, the uAmpDisc is unclamped, a laser valve is irradiated,
and spun to move the cDNA into the RT Excess and PCR chamber. The cDNA in the RT Excess
chamber can be pipetted out to perform PCR in-tube, if preferred. The volume of cDNA spun into

the PCR chamber becomes the aliquot for the PCR reaction. After the PCR master mix is pipetted
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on the uAmpDisc, a laser valve is opened, and the liquid is spun into the PCR chamber. The Peltier
heaters are clamped to sandwich the uAmpDisc and heated to conditions for PCR. The amplified
fragments can be pipetted off the uAmpDisc to be size separated by electrophoresis, whether
that be by integrating the uEDisc architecture with the pAmpDisc architecture or in a

conventional capillary.

4.3 Results & Discussion

As a portable version of the conventional methodology, the protocols optimized by ESR
scientists for body fluid profiling were adapted for microfluidic technology. Starting at the end of
the workflow process, the body fluid panels were optimized for ME using a previously developed
integrated system and a microfluidic disc specifically designed for size separation of fragments.
The ME protocol was assessed using single-source and mixture samples for rapid ME (<15 min)
and fluorescent detection of low concentrated samples. The next phase of the project was to
adapt the RT and PCR 2-step protocol for microfluidic technology. After optimizing the RT

protocol on-disc, the production of cDNA was assessed as well as the overall assay time.

4.3.1 Integrated system

An instrument capable of electrophoresis in a polyethylene disc with the corresponding
software was developed to allow for automated microfluidic steps on a centrifugal disc.(35, 42)
The same instrument and software were repurposed to enable fluidic control and LIF detection
for amplification and separation on the pEDisc and puAmpDisc (Fig. 2A). Briefly, the discs are
mounted onto a rotational platform, much like a CD-ROM, and an optical sensor placed near the

outer perimeter of the disc, which allows for accurate positioning of the uEDisc and uAmpDisc
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Peltier
Heaters

Figure 2: Automated system for microchip electrophoresis and amplification. (A) The
integrated system has a laser for opening valves, peltier panels for heating, and pogo pins to
attach to the gold electrodes to complete the connection for electrophoresis. (B) Top view of
the integrated spin system. (C) Housed below the disc is the optical detector and blue laser for
excitation.

(Fig. 2B). The motor driving the rotational platform is controlled by software (Atmel Studio v7.0)
where the spin speed is defined by user input. The system associates architectural features with
coordinates that are defined by: 1) the distance from the center of the disc (radius), and 2) the
number of degrees from ‘home,” defined as 0° radially; these are input to the software for
accurate positioning (e.g., align the red laser diode with valves that are opened by ablation).
Similarly, defined by coordinates relative to ‘home’, the system can rotate the disc to the
accurate position needed to align the POGO pins for contact with the gold electrodes for
application of voltage to the separation microchannel or Peltier heaters for heating. Specific
voltage/times are used to define consistent injection at the cross-t followed by size-based
separation of the fragments. The detection system is equipped with a blue laser (488 nm) for
excitation, and emitted light is funneled by the optics to a four-color optical detector

(photomultiplier tube) as fragments pass through the detection window (Fig. 2C).
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Due to the multi-function nature of this automated system, one of the main advantages
is the ability to adapt the system to other microfluidic discs. However, the layout of the system
requires certain architectural features are integrated onto microfluidic devices in a prescribed
manner. For example, the separation channel should be placed towards the outside of the yEDisc
for three primary reasons, including: 1) to permit necessary pressure from centrifugal forces for
rapid polymer filling, 2) to align the separation channel with the optics for fluorescent detection,
and 3) to align the static POGO pins with the gold electrodes featured on either end of the
separation channel. Designing the architecture of a microfluidic disc to fit this system can be
challenging due to limitations in alignment of hardware for specific actions to areas on a

microfluidic disc.

Previously, the integrated system was built to accommodate microfluidic discs that
produced DNA profiles in a ‘sample-to-result’ format.(35, 42) Since the ‘sample-to-result’
microfluidic disc previously used contained functional domains for DNA extraction, amplification,
and electrophoresis, this architecture presented a launch point for creating the pEDisc and
UAmpDisc given that the sample preparation domains are not required at this point. The uEDisc
was comprised of three replicate separation domains, each having independent electrodes and
separate separation channels. With this architecture, one post-PCR sample can be
electrophoresed in ~15 minutes (Fig. 3). The uAmpDisc shown below contains 6 domains (for 6
samples), allows for RT and/or PCR on-disc to amplify nucleic acid targets, and then pipette out

the amplified sample (Fig. 12).

Page 113 of 200



Chapter 4 — Microfluidic bfID Panel

(\) £ Polymer

.

Chamber

Heat Snap 1y | Detection

Cool Chamber /[ £ Window
Cross-T cocC

Channel

Domain 1

c

Sample 1 Polymer ) 1 1
I I N
( , ‘J W/ ./ -/

4 > i . N >
- o s Laser % Detection LV A
s _— Ve = Ll S—

Figure 3: Design and architecture of uEDisc for size separation of amplified fragments. (A)
Triplicate domains can be analyzed per disc. (B) Architecture of an individual domain, with an
exploded view of the cross-t section. (C) Fluidic movement within the separation disc.

4.3.2 Optimizing on-disc separation parameters

Similar to commercial CE systems exploited for forensic analysis (e.g., ABI 3130xI, ABI
3500x!) where extensive optimization of commercial systems is performed by the manufacturer,
CE on novel systems such as this inherently requires that a number of parameters be optimized
for effective functioning of the system as a whole. (47) Previous work has shown sufficient
separation of 10 STR loci ranging from 80 to 500 bp using this on-chip platform with 1 base pair
resolution (35); thus, in this study we focused on optimizing sample injection time, sample input,
and thorough heating of the separation channel during electrophoresis to adequately separate

the amplicons in three body fluid panels.
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When compared to the gold standard instrumentation, in which the electrokinetically-
injected sample contains amplified fragments, ILS, and formamide, the sample injected on the
UEDisc system contains amplified fragments, internal lane standard (ILS), and water. While this
difference (water versus formamide) may cause concern for denaturation of amplicons or
evaporation, previous work has shown this has no adverse effects on the size separation on-disc.
(42) The ratio of sample volume to injection total volume is doubled on this system: 1 pL of
amplified sample goes into 9 L of Hi-Di formamide and ILS on a conventional CE system, whereas
3 uL amplified sample goes into 10 uL of water and ILS on this system. Due to differences between
conventional CE and this system, the parameters for electrophoresis should be optimized to show

sufficient size separation of the amplified fragments.

To assure optimal separation of the fragments, the volume of gRT-PCR product
electrokinetically injected and the optimal channel temperature for electrophoretic separation
was determined by assessing height, size, and shape of the fluorescent signal. Previously, a total
volume of 13 pL (3 plL of amplicons, 10 L of water and ILS) was previously demonstrated(42) to
sufficiently separate amplified STR fragments by size. Here, we analyzed a smaller input of an
amplified sample in the same total volume (Fig. 4A) to determine if a similar input volume as the
conventional CE system could be used on-chip. As expected, peak heights decreased with the
lower sample volumes. Higher input volumes were considered, but we wanted to balance using
the least volume of sample while obtaining peak heights that are high without saturating the
detector. Therefore, injected sample was composed of a total sample volume of 13 uL, with 3 pL
sample, 4 pL ILS, and 6 pL water as this yielding the most robust detection of both ILS peaks and

sample amplicons peaks.
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A Resulting electropherograms from various sample inputs
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Figure 4: Optimization of microchip electrophoresis. (A) Electropherograms of various sample
inputs for microchip electrophoresis. (B) Microchip electrophoresis highest peak height (RFU)
via fluorescence detection with and without heat.

The optimal channel temperature was assessed by heating before, during, and omitting
heating on the uEDisc. Since the capillaries on conventional systems are heated by an oven during
separation, it was hypothesized that heating of the COC channel on the uEDisc would be
advantageous to create uniform heating across the channel. A metal plate is housed within the
automated system that was previously heated underneath the COC channel to 37 °C. It was found
that with heating before or during a separation the peak heights in the blue and green channel
decreased, while the red channel was virtually unchanged (Fig. 4B). It was theorized that there
was a heat gradient vertically through the channel that could impede the separation due to a
change in viscosity of the polymer. Alternatively, the heat produced from the voltage through
the capillary combined with extra heating from the metal plate could cause joule heating
affecting the resolution of the peaks and peak broadening, leading to smaller peak heights. Due
to these possibilities and the experimental data, the metal plate was not heated during all the

separations in this project.
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Finally, optimization of sample injection time was important in balancing maximum peak
height with minimal peak broadening. The electrokinetic injection was tested with a voltage (600
mV) similar to conventional CE systems for various amounts of time to the sample waste
electrode (30-180 sec). If the injection time is not long enough, the sample will not reach the
cross-t for sufficient fluorescent detection (Fig. 3B). On the other hand, if the injection time is too
long, the bulk of the sample may bypass the cross-t leading to decreased fluorescent signal. Fig.
5 shows the electropherogram with each fluorescent channel after a separation on-chip. Using a
30-second injection with 600 mV, the amplicon peaks associated with mRNA targets and ILS
peaks were not present. However, using a 60- or 90-second injection with 600 mV the peaks
associated with amplicons of mMRNA targets were present and ILS peaks were detected with lower
peak heights over time. Detection of the ILS peaks, especially in the 80 — 200 base pair range, are
important for accurate sizing of the amplicon peaks as all of the mRNA targets in the panel range

from 100 to 200 bp in size. Of all the injection times, the 120- and 180-second injections with 600
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Figure 5: Various injection times were evaluated to allow sufficient sample across the T-
junction. The sample, ILS, and voltage (600 mV) were kept constant. (A-E) Fluid profiles of
separations show highest fluorescent peak heights at both 120 and 180 sec injections. (F) When
comparing the profiles, the 120 and 180 sec injections allowed for high sample and ILS peaks. The
lower injection times did not separate the ILS sufficiently (shown by low peak heights in A-C).
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mV were the only two that detected the ILS peaks and all of the sample peaks associated with
MRNA targets saturated the detector. While either injection time could be used to detect all the
necessary ILS peaks with the on-chip electrophoresis, we selected 120-second injection,

ultimately decreasing overall separation time by one minute.

Continuing forward, a separation on the uEDisc was performed with 3 uL of amplified
product, without extra heating from the metal plate on the automated system, and at an

injection of 120 sec with a separation of 300 sec.

4.3.3 Single source fluid comparison

Received from ESR, single source body fluid amplified samples were separated on the
UEDisc with the optimized conditions, described above. To compare the uEDisc and integrated
system to conventional methods, the fluorescent data was normalized using a minimum-
maximum calculation (Fig. 6). The normalized peak heights for replicate separations were
averaged across multiple donors. The 11 peaks associated with the target body fluids were
consistently detected when separated on the uEDisc and demonstrate comparable results to
gold-standard instruments. This is significant because not only did the uEDisc detect all of the
gene peaks associated with amplicons of the mRNA targets, but in some of the body fluids the
UEDisc detected the peaks as well or better than the 3130xl or 3500. For example, peaks
associated with amplicons of both mRNA targets specific to venous blood (HBD and SLC4A1),
were detected in both samples with comparable intensity relative to the commercial instruments
(Fig. 7). These samples consistently showed peak heights from the puEDisc that were higher than

or similar to the 3130 and 3500 systems. The Quadruplex panel associated with amplicons of
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Figure 6: Normalization calculation. The fluorescent data from three electrophoresis
instruments were analyzed, but the three instruments produce fluorescent signal on
different scales. By normalizing the signal, the signal from the instruments can be more
easily compared.

MRNA targets specific to Vb (HBD, SLC4A1) and Mb (STC1, MMP10). Similar trends were observed
when considering the two peaks associated with menstrual blood targets (STC1, MMP10). The
two peaks associated with venous blood targets (HBD, SLC4A1) were also detected in both
menstrual blood samples, but in much lower peak heights using the uEDisc. This shows the
integrated system can detect multiple amplicons with high and low fluorescent signal on the

UEDisc.

The duplex peaks associated with amplicons of mRNA targets specific to buccal
contributions (HTN3, FDCSP) were consistently detected in all three systems in amplified samples
from different swabs. Fig. 7 shows the HTN3 peak to be consistently higher than the FDCSP peak
using the puEDisc system; this phenomenon was also exhibited by separation and detection with
the 3130x| instrument. On the 3500 instrument, however, these two peaks had relatively
balanced peak heights. This imbalance with the 3500 system could be attributed to the effect of

environmental on the samples prior to detection with the three platforms (i.e., shipping,
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environment, etc.). After the samples were extracted, reverse transcribed, amplified, and
separated using the 3500 system in one laboratory (ESR, NZ), the samples were shipped to the
UVA laboratory and detected using the 3130 instrument and uEDisc system. During this process,
the sample composition may have degraded or slightly changed causing the differences.
Regardless of minor differences in peak balance, both mRNA amplicons in the Duplex panel were

consistently detected using all three systems.
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Figure 7: Single source fluid comparison of peak heights from gold-standard CE systems and
the chip microfluidic system. The sample was separated on the chip microfluidic system in
either duplicate, triplicate, or quadruplicate, respectively, then averaged for the graph.

Finally, the Pentaplex panel, containing the vaginal fluid and semen mRNA targets, was
used to identify samples from two vaginal fluid donors and two semen donors (50 pL and 5 pL)
using the three separation platforms using. While the vaginal fluid marker (CYP2B7P) was one of
the lowest normalized peak heights detected across all three platforms, the peak height was
consistently detected above the lower threshold using the uEDisc system (Fig. 8). This peak had
higher peak heights on the uEDisc system than the 3130 instrument, but lower than the 3500

instrument, showing the uEDisc system is comparable with both gold standard systems. Similarly,
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all four peaks associated with amplicons of semen mRNA targets (TNP1, MSMB, KLK2, PRM1)

were detected using the uEDisc system at higher or comparable peak heights than in the 3130 or

3500 instruments with the 50 uL semen sample, again showing a strong comparison between the

UEDisc system and the gold standard systems. This trend continued with the 5 uL semen sample,

with the exception of the KLK2 gene. The KLK2 gene peak height was much lower than the three

other genes and the allele was not automatically called by the software in one of the four

replicates. However, the KLK2 peak was able to be manually called with the lowest value of 47
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Figure 8: Representative electropherograms from single-source body fluid samples after
microchip electrophoresis.
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RFU (under threshold) and highest of 845 RFU using the uEDisc system. This data shows that even
though the sample was small in volume, the uEDisc system was still able to detect all of the semen
genes in the Pentaplex panel, similarly to the conventional instruments. Additionally, the data
shows that all of the vaginal fluid and semen samples were detected in the uEDisc system

comparably to the gold standard systems.

4.3.4 Multiple source fluid comparison

While detection of single-source fluids is important, many forensic samples are not single
source and often contain anywhere from one fluid to all five fluids, in addition to others not
tested here. The amplified products from two mixed samples (e.g., samples containing multiple
body fluids) were separated on each of the three platforms for comparison. To simulate the type
of sample that would be present in one of ~45,000 forensic samples received and backlogged(48)
from sexual assault evidence kits, a mock sample was constructed to contain both vaginal fluid
and semen. All associated mRNA markers for these targets can be probed using a single primer
panel (Pentaplex). The data in Fig. 9 shows simultaneous detection of all five targets consistently
across replicates. The semen target (TNP1) and seminal fluid target (MSMB) amplicons were
detected using the uEDisc system at peak heights higher than both the 3130XL and 3500
instruments after normalization, while the other three genes in the panel for vaginal fluid
(CYP2B7P), seminal fluid (KLK2) and semen (PRM1) had comparable peak heights to the 3130 and
3500 instruments. The overall lower peak height of the vaginal fluid (CYP2B7P) in this sample

could be due to the sample itself or imbalanced amplification of all five targets during the RT-PCR
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heating. However, the entire Pentaplex was successfully detected using the uEDisc system better

or comparable to the two conventional instruments (Fig. 9).

M 3500xL ®3130xL & Chip 3500: n=1
1 3130: n=1
I l Chip: n=8
0.8
506
s
2
Z 04 | A
0.2 - IH I I
0 H_= 1 |
[~ 9 o - o
& S > 3
~N A o ~N
o o o
> >
O )
VF + Se (Pentaplex) VF + Bu VF + Bu (Duplex)
(Pentaplex)

Figure 9: Multi-source fluid comparison of peak heights from gold-standard CE systems and
the chip microfluidic system. The samples were separated on the chip microfluidic system in
either quadruplicate, respectively, then averaged for the graph.

The second mixture sample was comprised of vaginal fluid and buccal fluid that was
amplified with the Duplex and Pentaplex panels. The buccal amplicon (HTN3) was detected on
the uEDisc with higher peak heights more similar to the 3130 system, while the vaginal fluid
(CYP2B7P) and buccal (FDCSP) genes were much lower in peak height across all three platforms.
The vaginal fluid gene (CYP2B7P) had higher peak heights using the uEDisc system than the 3130
system, but lower peak heights than the 3500 system. The buccal gene (FDCSP) was detected
similarly in the uEDisc and 3130 systems, but much higher in the 3500 system. The imbalance
with the 3500 system could be attributed to environmental effects on the samples prior to

detection with the 3130 and uEDisc platforms (i.e., shipping, environment, etc.). However, the
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three genes required to accurately determine the composition of this mixture sample were

consistently present on all three platforms. The electropherograms are compared for both

mixture samples in Fig. 10. This data shows the uEDisc system can perform just as well as or

better than the gold standard systems with single- and multiple-body fluid samples. It also shows

replicate consistency in the uEDisc system among both types of samples.
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Figure 10: Electropherograms from mixture samples after microchip electrophoresis. (A) All
MRNA targets were detected from a vaginal fluid swab with 50 pL of semen sample. (B) All
MRNA targets were detected from a vaginal fluid swab with buccal sample. Both samples were
extracted and amplified at ESR, and microchip electrophoresed at UVA.
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4.3.5 On-chip separation sensitivity

We sought to interrogate the sensitivity of our uEDisc system by empirically determining
an analytical limit of detection for each body fluid panel. Each PCR product was serially diluted
from the initial sample (neat) to a 1:32 factor, representative of low-concentration samples
frequently encountered in forensic casework. Fig. 11 shows the non-normalized fluorescence
signal detected on the uEDisc system using the diluted samples. Any analytical system has
thresholds that determine what is called as an actual peak versus what is considered background
noise. For the uEDisc system, we set a threshold beneath which any peaks detected would be
designated as background noise and not automatically detected by the software, which was at
100 RFU. However, some of the peaks were visually seen and manually given a peak height.
Unsurprisingly, after a 1:2 dilution, the fluorescence signal considerably decreased for all
amplicons in the three panels. Even with the decrease in signal, 10 of the 11 genes were
automatically detected by the GeneMarker software at the 1:8 dilution and all of the Quadruplex

was detected at the 1:8 dilution.

The Quadruplex panel contains primers to interrogate the four genes specific to venous
blood and menstrual blood. The data in Fig. 11 demonstrates that dilutions greater than 1:2
exhibit a sharp decline in fluorescent signal; yet, even at the 1:32 dilution, both genes for venous
blood and menstrual blood were detected above the threshold using the uEDisc system.
Additionally, both genes for venous blood and menstrual blood were detected in both donor’s

samples using the uEDisc system. Using the same two standards stated before, the uEDisc system
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for venous blood and menstrual blood is 1:32 dilution of liquid or whole swab sample,

respectively.

Similarly, the Duplex panel, which contains the two genes for buccal fluid (HTN3, FDCSP),
was detected in both donors on the uEDisc system (Fig. 11). The peak associated with the
amplicon of mRNA target HTN3 was detected above the threshold at the 1:32 dilution, but the
peak associated with the amplicon of mRNA target FDCSP was only detected above the threshold
from the neat to the 1:8 dilution. For the Duplex panel, the sensitivity of the uEDisc system for

buccal fluid is 1:8 dilution of a whole swab sample.
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Figure 11: Sensitivity of on-chip fluorescent detection. Two donor amplified samples were
serially diluted before microelectrophoresis via the uEDisc and integrated system and averaged
for this graph. Each sample was separated in quadruplicate. Inset shows fluorescent signal of
three fluid’s targets near the calculated threshold. * = all dilutions were manually called.

Lastly, the Pentaplex panel contains the genes specific to semen, seminal fluid, and
vaginal fluid. After dilutions, the vaginal fluid gene (CYP2B7P), was detected at the dilution of
1:16 using the uEDisc system. The KLK2 gene for semen was the only gene that completely
dropped out (was not visibly present) after a 1:8 dilution of the 5 uL semen sample and not

automatically after a 1:2 dilution, while the other three semen genes were visibly present at all
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dilutions of a 5 puL semen sample. Nonetheless, to reliably determine semen is present in the
sample, all four genes should be detected by the uEDisc system. By this standard, the uEDisc
system could consistently detect all four genes from the Pentaplex panel in the neat sample (50
ul dried on swab) isolated, purified, amplified, and diluted down to a 1:2 dilution. Using both our
guidelines (threshold and detection of all body fluid amplicons), the sensitivity of the pEDisc
system for semen is 1:2 dilution of a 5 pL sample and for vaginal fluid is 1:16 dilution of a whole

swab sample.

4.3.6 Optimization of sample volume and on-disc heating

To develop an integrated device capable of performing sequential assays, the next phase
of this project worked to integrate the on-disc RT and PCR prior to separation. The architecture
of the uAmpDisc permits the RT reaction to flow into the PCR chamber as the sample input (Fig.
12). The size of the chambers was approximated in AutoCAD and the experimental volume
moving into the PCR chamber was tested to verify the correct sample volume for the PCR
reaction. The architecture of the puAmpDisc included a laser valve and RT Excess chamber
upstream of the PCR chamber to aliquot the necessary sample volume in the PCR reaction.
Additionally, extra cDNA in the RT Excess chamber can be pipetted off disc and amplified in-tube,
if necessary. Previous studies by ESR scientists used either 2 or 10 pL of sample in the in-tube PCR
reactions, thus the architecture for the uAmpDisc was fabricated to produce a sample input that
averaged the two volumes. The size of the RT Excess chamber was designed to hold the remaining
4 uL of cDNA after spinning the sample (6 pL) into the PCR chamber. To determine fluid volumes,

known volumes of red dye (0.5 to 10 uL), which encompassed the volumes used in the previous
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Figure 12: uAmpDisc with six identical RT & PCR domains. (A) The disc consists of five layers
of polyethylene terephthalate (PeT), heat sensitive adhesive (HSA), and black PeT. (B) Each
domain has individual chambers for RT, excess cDNA, and PCR. (C) Fluidic movement within
the layers of the disc.

in-tube studies(1), were pipetted into the PCR chamber and imaged for pixel count. The number
of red pixels were counted using FlJI and a standard curve was constructed to approximate the
volume flowing into the PCR chamber (Fig. 13A; R?=0.9945).(49) Multiple uAmpDiscs were
fabricated with different RT Excess chamber heights (y-axis) to vary the volume of sample input
to the PCR chamber. To simulate the correct volumes, 10 uL of red dye was pipetted into the RT
chamber, the laser valve was opened, and the uAmpDisc was centrifugally spun into the RT excess
and subsequently the PCR chamber. The number of red pixels were measured, and the volumes

were determined based on the standard curve (Fig. 13B). It was determined that the optimal
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height for the RT Excess chamber chosen was ~1.43 mm (y-axis), permitting a sample input of ~6

uL for the PCR reaction.
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Figure 13: Analyzing the volume of cDNA in the PCR reaction after RT assay. (A) Using FlJI
software, the pixels colored red were located and counted for each volume of liquid inside the
PCR chamber. A standard curve was generated to determine the volume of cDNA overflowing
into the PCR chamber. (B) The RT Excess chamber was changed in size to change the volume
flowing into the PCR reaction. The liquid flowed into the PCR chamber was averaged to
determine the sample volume in the PCR reaction.

Using the uAmpDisc, the Peltier heaters were optimized to produce the desired in-
chamber temperatures for the RT protocol. The temperature was tested by inserting a
thermocouple into the RT chamber with or without 10 pL of water and recording the measured
temperature with a Versalog. Both Peltier heaters sandwiched the uAmpDisc, while the software
inputs were toggled. Fig. 14A shows minimal difference between the temperature when testing
air or water and demonstrates a very stable temperature across replicates. The 25 °C step was
the most difficult to optimize due to the proximity to room temperature (22-23 °C). Initially, it
was thought the reaction could sit in-chamber for the 25 °C step time without the use of Peltier

heaters, but the temperature did not average at 25 °C (Fig. 14B). In testing of the Peltier heaters,
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it was determined that a software input of 26 — 28 would illicit an average response temperature
of 25 °C in the requisite chamber and the software inputs for 25, 37, 85 °C were 26, 41, 97,
respectively. Once the software input temperatures were determined, the RT protocol was

tested multiple times (n=5) to show stability of the temperature from run to run (Fig. 14C).
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Figure 14: Temperature optimization inside RT and PCR chambers. (A) Air and water
temperature measurements averaged over 60 sec inside the RT chamber. (B) Exemplary
temperature profile with the optimized RT protocol. (C) Optimization for the 25 °C
temperature.

4.3.7 Decreasing overall time of RT reaction on-disc relative to in-tube

After the in-chamber temperature was optimized, each step of the RT protocol was
decreased and assessed for cDNA quantity via gPCR. Initially, the RNA from a blood sample was
converted to cDNA in-tube with and without the RT enzyme (Fig. 15A). The conversion without
the RT enzyme was performed to determine if any residual DNA in the RNA lysate would amplify
the 18S target, while the conversion with the RT enzyme served as a ‘baseline’ for total RNA in
the blood sample. The results indicate that the neat sample with RT enzyme converted RNA to
cDNA and amplified around cycle 25. Fig. 15B-D shows how each step of the RT protocol can be

Page 130 of 200



Chapter 4 — Microfluidic bfID Panel

reduced significantly to decrease the overall assay time. The 25 °C primer annealing step was
reduced from 10 min to 1 min. However, there was a statistical difference between the in-tube
and on-disc cDNA production at all three intervals. The 37 °C step was the most reduced from
120 min to 8 min with a slight difference in cDNA production, as was evidenced by the shifting Ct
value. While this step is critical step to this assay, the data shows it can be drastically reduced
with similar results as in-tube reactions.(50, 51) Comparing in-tube vs. on-disc cDNA production,
a statistical difference from a t-test was found at 60, 45, 30 min, but not at 15 and 8 min. When
the 85 °C step was reduced from 5 min to 1 min, the production of cDNA changed based on dCr
value for both in-tube and on-disc but decrease the time any further and the quantity of cDNA
diminishes. There was a significant difference in cDNA production between the in-tube and on-
disc with 30 and 15 sec, but not at 1 min. However, Fig. 15D does show we can reduce this step
by 4 minutes and still produce cDNA. Finally, the concentration of the RT enzyme was increased

to determine if more cDNA could be produced. Fig. 15E shows that an increase in enzyme can
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Figure 15: Optimization of each RT step for sufficient cDNA production using a neat venous
blood or saliva Total RNA sample. (A) RT performed in-tube (solid) using previously optimized
protocol. (B-D) Decreasing time of each step in the RT protocol to compare tube (solid) vs chip
(striped) cDNA production. (E) Additional enzyme was added to optimized protocol. The dCr was
calculated the negative control minus sample for in-tube and on-disc.

Page 131 of 200



Chapter 4 — Microfluidic bfID Panel

slightly increase cDNA production, however, there was no significant difference. Additionally, if
more RT enzyme were added to the reaction, the price per reaction would increase by $2 — 4
(USD). To be time-reducing, the final RT protocol was optimized at ~11 minutes with 1X RT

enzyme, which saves roughly 110 min from the RT protocol.

This RT protocol was used to amplify known single source body fluids obtained from ESR.
The fluids were lysed and purified for RNA by the scientists at ESR and sent to the Landers lab at
UVA. Donors from all five body fluids were reverse transcribed using the optimized protocol (Fig.
16). All of the samples amplified at or before cycle 25 using the 18S rRNA targets and were
determined to be statistically different from the NTC (p-value <0.01: Tube Buccal D2, Tube V Fluid
D1, Disc Buccal D2, Disc M Blood D1; p-value <0.001: remaining samples). Comparing the in-tube

vs on-disc RT reactions, there was ~ 2-5 cycle difference with more cDNA being produced in the
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Figure 16: Bar graph showing optimized RT protocol with various body fluids. The 18S rRNA
gene was quantified to determine cDNA productions via Total RNA concentration in triplicate
of two donors.
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in-tube reactions, but no statistical difference between the in-tube and on-disc RT reactions. The
on-disc reactions produced sufficient cDNA that can be amplified in downstream PCR reactions
and electrophoresed for body fluid profiling. Overall, this data sets up the next phase of this

project: optimization of the ESR’s PCR protocol on-disc.

4.4  Summary

This research showed proof-of-concept microfluidic electrophoresis with on-disc
fluorescence detection and on-disc reverse transcription of a transcriptome-based method for
forensic body fluid identification. Given that forensic laboratories are overburdened, it was
important to achieve rapid time and amenability to high throughput with these techniques. To
address this, the uEDisc was designed to accommodate three parallel domains to enable analysis
of three samples with a single disc and in 15 mins. Importantly, all mRNA markers for single-
source samples of five body fluids, as well as mixed samples, were detected using three primer
panels. The uAmpDisc was designed for 6 samples/disc for rapid RT and PCR protocols. This disc
reverse-transcribed multiple single source body fluids 10X faster (120 min < 11 min) than the in-

tube reactions.

These results demonstrate progress towards a fully integrated sample-in-answer-out
system for simultaneous forensic body fluid identification of six body fluids. Through
incorporation of on-disc RNA extraction with the optimized RT, PCR, separation, and detection
reported here, a uTAS device will be developed. Such a device would have important implications
in expediting the forensic body fluid identification process with high sensitivity and specificity of

MRNA targets. To realize this, the next steps will be to optimize the PCR amplification method
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previously used with these panels onto the microdevice. (1) The existing discs’ architecture will
be augmented to accommodate RNA extraction using the PCL fabrication method. Subsequent
optimization of amplification parameters (i.e., temperatures, clamping pressure) will be
conducted to maximize RT-PCR efficiency and yield, then applied to both single-source and
mixture samples. The resulting micro total analysis system (UTAS) (52) will permit complete,
automated, direct-from-sample RNA-based body fluid identification amenable for use by
nontechnical personnel. This instrument will then be compared to ubiquitous standard
instruments used in the forensic field. Overall, this research shows promise for a new body fluid
detection method that can rapidly and consistently identify any of the five forensically relevant

body fluids on the three panels.
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Chapter 5: Microfluidic RT-PCR methods for liver immune

response and SARS-CoV-2 targets

5.1 Introduction

Microfluidic alternatives for detection and analysis are attractive for clinical applications
for several notable reasons. Critically, the microscale regime minimizes manual intervention,
decreases reagent and sample volume requirements, and reduces the time necessary to perform
chemical reactions. (1) Another major benefit of using microfluidic technology is the ease with
which such devices can be adapted for a wide array of applications with an integrated system. In
particular, rotationally driven microfluidic platforms enable fluid flow without the need for bulky
external hardware. This permits all fluidic handling steps to be automated within a fully enclosed
system, significantly minimizing analyst exposure and potential sample contamination. (2) The
preliminary experiments for two clinical applications geared towards reducing the overall assay

time, while maintaining the sensitive detection of mRNA targets, are described here.

The first clinical application investigated was the rapid detection of the novel beta
Coronavirus Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), the virus at the
root of the world-wide pandemic of 2020. First identified in December 2019 in Wuhan, China,
the virus spread quickly, causing a global pandemic. (3, 4) As of May 2021, the coronavirus disease
2019 (COVID-19) pandemic has affected over 164 million people and caused more than 3.39
million deaths. (5) Diagnostic testing for SARS-CoV-2 has primarily focused on symptomatic

individuals. These tests are performed using samples collected from nasopharyngeal swabs , as
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per the Centers for Disease Control and Prevention (CDC) recommendations. (6-9) After sample
collection, virions must be lysed, and viral mRNA purified before performance of reverse
transcriptase quantitative polymerase chain reaction (RT-gPCR). However, there are
shortcomings with RT-qPCR (e.g., amplify one target per reaction, long assay times) that
emerging technology can improve. Several alternative detection methods for detection have
emerged in recent months to 1) address the increased demand for diagnostic laboratory testing,
2) include surveillance of asymptomatic persons, and 3) to accommodate specific clinical
community needs. (10, 11) In addition to diversifying available testing methodologies, it is
important that all novel approaches for coronavirus clinical testing remain inexpensive,
expedient, and require minimal training to implement. Since the emergence of the pandemic in
late December of 2019, only a handful of centrifugal microfluidic platforms have been developed
for SARS-CoV-2 nucleic acid-based testing; of these, many either employ isothermal techniques
with limited sensitivity (12) or use cost-prohibitive injection-molded discs for fluidic handling.

(13)

The second clinical application involved amplification of immunoregulatory biomarkers
to identify whether a transplanted organ, e.g., liver, was being ‘tolerated’ or rejected by the host.
Organ transplants are an annual necessity in hospitals worldwide. (14) Specifically, liver
transplants are the second most commonly transplanted organ in the US, with nearly 6,000 such
surgeries performed annually. (14) In the months immediately following the transplant, weekly
patient testing is required to monitor the organ’s functionality. Pending satisfactory results, the
testing frequency is then reduced to once per month. While these tests are necessary to monitor

and prevent organ rejection, the required time commitment and cost of testing are burdensome
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to the transplant patient. Currently, the 5-year survival rate of liver transplantation is 68%, and
the patients must follow an immunosuppressive drug regimen for the remainder of their lives.
(15) While these medications vitally prevent graft rejection by weakening the immune response,
their side effects include increased susceptibility to infections, sepsis, cancer, and renal failure.
(16) Research efforts from the University of Toronto have compiled a panel of immunoregulatory
genes whose relative expression levels indicate allograft tolerance or rejection. (17) Following
this finding, the Liver Immune Tolerance Marker Utilization Study (LITMUS) was established, in
which patients are weaned off of their antirejection regimen based on his previously studied
patterns of immunoregulatory biomarker expression in peripheral blood mononuclear cells
(PBMCs). Successful withdrawal from immunosuppressive medications alleviates the side effects
commonly experienced by patients. The LITMUS research currently shows promising results in

clinical trials. (18)

In the following sections, a rotationally driven polymeric microdevice, and corresponding
integrated device, is described for rapid nucleic acid amplification of mRNA targets that were
adapted for two separate clinical applications. In both applications, the device was constructed
using inexpensive polymeric materials according to the print-cut-laminate (PCL) method (19). On-
disc RT-PCR was enabled with a corresponding mechatronic system for rapid, accurate thermal
cycling. (20) This method for rapid amplification is characterized with the intention of integration

with other microfluidic detection methods (e.g., fluorescence, colorimetric, size separation).
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5.2 Methods & Materials

5.2.1 Sample collection for SARS-CoV-2 detection

Standard of care testing was performed according to the manufacturer’s protocol with
one of the three available methods with emergency use authorization (EUA) from the FDA. These
methods are the Abbott Alinity-m SARS-CoV-2 assay, the Abbott M2000 Real-Time SARS-CoV-2
Assay, and the Xpert Xpress SARS-CoV-2 Assay. Previously tested and refrigerated clinical samples
in viral transport medium (VTM) were de-identified according to the IRB-approved protocol and
assigned a study sample number. Each sample was vortexed for 10 sec, and a 1 mL aliquot was
removed and placed in a labeled 2 mL microcentrifuge tube. Aliquoted patient samples were

inactivated by heat treatment for 30 mins at 65 °C and stored at -20 °C until further analysis.

5.2.2 Cell lysis and RNA purification

Patient samples were previously analysed for diagnostic purposes by real-time RT-PCR in
the clinical laboratory at the University of Virginia Health System. Any sample received with an
assigned Cr value was considered clinically positive. Clinical Cr values were also used to infer

comparative viral titres.

Sample extractions included a pre-concentration step in which 25 uL of Nanotrap
Magnetic Virus Particles (CERES Nanosciences, Inc. Manassas, VA, USA) were mixed with 250 pL
of the heat-inactivated patient sample to capture viral particles. Following a brief incubation, the
nanoparticles were magnetically separated, and the supernatant removed. Nanotrap particles

were resuspended in an RNAGEM (MicroGEM Int., Charlottesville, VA, USA) cocktail comprised
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of 44 uL water, 5 puL BLUE buffer, and 1 uL RNAGEM enzyme solution to lyse the viral coat and
release the viral RNA. Following incubation for 10 min at 75 °C then 5 min at 95 °C in a thermal
cycler, the nanoparticles were again separated magnetically, and the supernatant was collected

and retained. The RNA extracts were stored at -80 °C until analysis.

5.2.3 Primer and probe information

The CDC developed an assay for SARS-CoV-2 detection under an EUA in February 2020.

(21) The N1 gene was targeted for RT-PCR in-tube and on-chip analysis (Table 1).

Table 1: Primer and Probe sequences for the CDC’s SARS-CoV-2 mRNA assay. FAM
= Fluorescein and BHQ1 = Black Hole Quencher®-1 dye oligonucleotide modification.

MRNA Target: N1 gene Sequence
Forward Primer 5’-GACCCCAAAATCAGCGAAAT-3’
Reverse Primer 5’-TCTGGTTACTGCCAGTTGAATCTG-3’
Probe 5’- FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ1-3’

Beckman Coulter commercialized the Genomelab™ GeXP Human ReferencePlex kit, (22,
23) which was used for optimizing the LITMUS RT-PCR protocol (Sykesville, MD, USA). The kit
contains 25 mRNA targets between 150 — 350 bp in length tagged with fluorescent D4. The

Kanamycin resistance (Kan®) target was used as the normalizing target.

5.2.4 RT-PCR method

The CDC 2019-nCoV Real-Time RT-PCR Diagnostic Panel was used for amplification. Crt
values obtained via real-time RT-PCR were used for relative quantification of SARS-CoV-2 mRNA.

(24) Each 20 pL reaction was composed of 5 puL TagPath™ 1-Step RT-qPCR Master Mix (Thermo
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Fisher Scientific, Waltham, MA, USA), 1.5 puL SARS-CoV-2 (2019-nCoV) CDC RUO N1 primer-probe
mix (Integrated DNA Technologies, Coralville, IA, USA), 8.5 uL PCR-grade water (Molecular
Biologicals International, Inc.), and 5 pL of extracted viral RNA. The 2019-nCoV_N_Positive
Control plasmid (Integrated DNA Technologies) was used for positive controls. Samples were run
in duplicate on either a MyGo Pro real-time PCR instrument (IT-IS Life Science Ltd., Dublin,
Ireland) or a 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, California, USA)
with detection in the FAM channel. The most rapid assay conditions were: 1) reverse
transcription at 50 °C for 60 sec, 95 °C step for 180 sec followed by 2) amplification of cDNA for
40 cycles of denaturation and annealing (95 °C for 3 sec and 60 °C for 30 sec). The ramp rates
were +5 °C/sec and -4 °C/sec, respectively for both the MyGo Pro and 7500 Fast instruments.
Successful detection was defined as any sample which met the fluorescence cut-off threshold

prior to a Cr = 40, as described for the CDC RUO Kkit.

The Human ReferencePlex RT-PCR kit is a 20 pL reaction for RT and PCR individually. For
RT, the reaction contained 4 pL RT Buffer 5X, 2 uL RT Reverse Primer Plex, 1 puL Reverse
Transcriptase, 5 pL pre-diluted Kan® RNA (1:50 dilution with 10 mM Tris-HCI, pH 8), 3 pL of
DNase/RNase free water, and 5 puL Sample RNA at 5-20 ng/uL. The positive control was a Control
RNA Template at 100 ng/uL from the Human ReferencePlex kit. The RT reaction was performed
on a Veriti thermal cycler at 48 °C for 1 min, 42 °C for 60 min, 95 °C for 5 min, and held at 4 °C
until amplification. For PCR, the reaction contained 4 pL PCR Buffer 5X, 4 uL of 25 mM MgCl,, 2
puL PCR Forward Primer Plex, 0.7 pL of Thermo-Start DNA Polymerase, and 9.3 uL of cDNA

samples. The PCR reaction was performed on a Veriti thermal cycler at 95 °C for 15 min, 35 cycles
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of 94 °C for 30 sec, 55 °C for 30 sec, 70 °C for 1 min, and held at 4 °C until electrophoretic

separation.

5.2.5 Capillary electrophoresis

The Human ReferencePlex was size separated on a Genomelab GeXP system with
Fragment Analysis and GeXP Data Tool software (Beckman Coulter). The reactions consisted of 1
uL of the amplified sample, 0.5 puL DNA Size Standard-400, and 38.5 pL Sample Loading Solution

in a 96-well plate. One drop of mineral oil was added to the top of each well.

5.2.6 Microchip fabrication

Centrifugally driven microfluidic devices for real-time RT-PCR were fabricated according
to the print-cut-laminate (PCL) method. (19) The architecture was designed using AutoCAD 2019
software (Autodesk, Inc., Mill Valley, CA, USA), then ablated into five polyethylene terephthalate
(PeT) layers (Film Source, Inc. Maryland Heights, MO, USA) using a CO; laser (VLS3.50, Universal®
Laser Systems, Scottsdale, AZ, USA). The fluidic layers (2 and 4) were coated on both sides with a
heat-sensitive adhesive (EL-7970-39, Adhesives Research, Inc. Glen Rock, PA, USA). (25) An
intervening layer of black PeT (Lumirror* X30, Toray Industries, Inc., Chhuo-ku Tokyo, Japan)
prevented flow between discrete fluidic layers before laser valving. (26) All five layers were
washed in two 10-min cycles of deionized water and dried in a chemical hood overnight. The
layers were bonded together using an office laminator (UltraLAM 250B, Akiles Products, Inc. Mira
Loma, CA, USA). A laser-ablated polymethyl methacrylate (PMMA) component was adhered to
the device surface using pressure-sensitive adhesive (ARcare 7876, Adhesives Research, Inc.). A

20 uL RT-PCR reaction was pipetted into a loading chamber, which flowed into the PCR chamber.
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The associated instrumentation for fluidic and temperature control has been described in detail
in Chapter 4 (Fig. 1). The integrated system has two Peltier clamps for heating and a red laser for
valve control. The Peltier heaters were found to have a ramp rate of ~8-9 °C/sec, whereas most
conventional thermal cyclers have ramp rates of ~5 °C/sec or less. Off-disc electrophoretic
detection was achieved using a DNA microchip in the Bioanalyzer 2100 (Agilent Technologies,

Santa Clara, CA, USA).

Peltier

Laser

Figure 1: Hardware diagram for PCR on a microfluidic disc. (A) System with laser and dual
Peltier heaters. (B) Placement of PCR chamber sandwiched between Peltier heaters.

5.3 Results & Discussion

Microfluidic technology has many advantages for advancing current biochemical assays
and has shown reduced cost, footprint, overall assay time, and portability. The results below
detail initial experimental findings for two clinical assays on a microfluidic disc for one-step RT-
PCR heat cycling. For the SARS-CoV-2 project, amplification of a plasmid and clinical samples were
detected after reducing the overall assay time. For the LITMUS project, the inclusion of closable
valves on the disc and reduction of steps in the protocol show good prospects for a portable

device to assess gene expression of mRNA targets.
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5.3.1 Optimization of Peltier heating for the integrated system

The protocol for the CDC SARS-CoV-2 assay was adapted to a microfluidic platform to

decrease the overall assay time while maintaining the specificity and sensitivity of the in-tube

reaction (Fig. 2). All of these conditions were tested using the RNA plasmid control in a

microfluidic disc. First, PCR reactions were prepared in-tube and pipetted into the PCR chamber.

The microfluidic disc was then spun to align the red laser underneath the laser valve on the disc.

After the laser valve was opened, the reaction mix moves from the top fluidic layer to the bottom

fluidic layer via centrifugation, filling the PCR chamber. Finally, the Peltier heaters on the

integrated system moved vertically to sandwich the chamber in the disc.

Due to the micro scale of the chamber (~450 um depth), it was initially thought that one

Peltier heater (either above or below) would suffice to

produce the correct in-chamber

PMMA PeT

|

PCR Mix w/Sample

2 3 4 5

HSA bPeT HSA PeT PMMA

\ /

Laser Valve PCR Chamber

Figure 2: Microfluidic disc and architecture. The microfluidic disc contained 6 domains / disc
and was fabricated using 5 alternating layers of plastics and adhesives via the Print-Cut-
Laminate method. To the top of the disc, PMMA with PSA pieces are adhered for pipetting in
the PCR reaction. To the bottom of the disc, PMMA with PSA is adhered to the center of the
disc as an adapter for the integrated system.

Page 146 of 200



Chapter 5 — Microfluidic Clinical Applications

temperature. This presumption was evaluated by inserting thermocouples both within the
chamber and outside the disc (Fig. 3A). The thermocouples were taped either to the top or
bottom Peltier heater as well as to the inner and outer surfaces of the PCR chamber. The
temperature was recorded every 5 sec over the course of 1 min. According to the temperature
profiles, a much higher temperature gradient through the depth of the PCR chamber was
observed when using a single Peltier heater. The temperature gradient would change depending

on ambient temperature changes and create variable results during amplification due to the

A Peltier Module B 120
100 .
\\\ . .
“\\~\ eL) 80 "..._..
\ 5 >
E 6o »
Temperature Gradient ™, " ) ¢
£ ] 2 40
Target 95 °C 60 °C 72°C
20 y = 0.8914x - 0.9067
R%=0.9917
0
40 60 80 100 120
83°C SiEC 64 °C Software Input

Peltier Module

Figure 3: Microfluidic temperature optimization. (A) The in-chamber temperature was
assessed with 1 and 2 Peltier heaters. Using a Peltier heater above and below the PCR
chamber, there was a minimal temperature gradient. (B) A linear relationship was
demonstrated between the software inputs and in-chamber temperatures.
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temperature gradient. As such, the initial assertion that a single Peltier heater would suffice was
disproven, and two Peltier heaters were evaluated next to determine whether they would

provide a consistent temperature throughout the PCR chamber.

As shown in Fig. 3A, the temperature gradient when employing two Peltier heaters was
within 1 - 2 degrees Celsius of the intended temperature, as compared to a 2 — 8 degrees Celsius
range observed using a single Peltier heater. This finding confirms that the chambers of a
microdevice should be heated bilaterally for optimal results. The precise software input
temperature needed to achieve the temperatures in-chamber was also determined via this
process (Fig. 3B). A linear correlation between the increase in software input and in-chamber
temperature was observed (R?=0.9917). This high degree of correlation is significant as it ensures
that any future temperature assessments can be accurately extrapolated and tested with the

integrated system and microfluidic disc.

In addition to temperature accuracy, the timing of each step in the PCR protocols was
reduced to determine how rapidly the integrated system could change temperature while
achieving the correct temperature. The Peltier heaters were able to maintain the correct
temperatures for a minimum of three seconds per step. Any further decrease in step time was
shown to disrupt this stability. The initial enzyme activation step was decreased from 3 min to 1
min, thereby reducing the total time by 2 mins. The denature step in the cycles were kept at 3
sec (Fig. 4A). This step facilitated the achievement of the target temperature with a shorter hold
time but was less sustainable over 40 cycles. Although the denaturation cycling step could be

decreased to 1 sec, the reactions were tested at 3 sec to allow for sufficient denaturing of the
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amplicons. The annealing step was varied the most to achieve the fastest PCR while consistently

amplifying the target; this was decreased from 30 sec to 3 sec, thereby reducing the fastest total

amplification time from 34 mins to approximately 11 mins (Fig. 4B).

The denature and annealing steps were also tested at 1 sec for accurate temperatures.

However, the integrated system was unable to accommodate the speed of the temperature

change required for cycling. The later cycles did not reach the required temperature when this

speed was employed, and consequently, 3 sec was the minimum time used for any step in PCR

cycling.
A B 40PCR 0
System Initial 40 cycles Total Time Cydles of: 6
95°C: 3 sec E -
7500 Fast  95°C 180s 95°C 3s 60°C 30s ~75mins sgeisvsee ‘o UUUUUUUUUu—“UUUUUUUUMUUUUUUUUUUUWUUUUUUUUU-L

5

8
MyGoPro  95°C 180s 95°C 3s 60°C 30s ~60mins “0
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Figure 4: Microfluidic time optimization. (A) Total time comparison between amplification
instruments. (B) The integrated system was tested with decreasing times to determine the

fastest time for each step in a cycle.
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5.3.2 On-disc detection of SARS-CoV-2

5.3.2.1 Comparison to conventional methods

Conventional methods were used as a baseline comparison for the overall time of the
assay while optimizing the integrated system for rapid PCR. Samples were amplified using the
fastest times with fluorescence monitoring at every cycle using the ABI 7500 Fast Real-Time PCR
system by using the maximum ramp rate and smallest times at each step. (Fig. 5A). The total
amplification time was ~40-45 min using 3 and 30 sec cycles for denaturing and annealing,
respectively. The instrument has a fixed minimum time of 30 sec for any step where fluorescent
data is collected. The annealing step could be held for a minimum of 5 sec if an end-point assay
were used, that is, there was no stepwise data collection. The use of an end-point essay, which

is how the microfluidic disc was tested, reduced the total runtime to ~25-28 min.

A MyGo Pro Real-Time PCR system was also used to evaluate overall amplification time
(Fig. 5B). The amplification was completed by the MyGo Pro in ~37-42 min using the same
protocol. However, this included detection at every cycle’s annealing step. This instrument has a
fixed minimum time of 20 sec for any step where fluorescence data is collected. This restriction
could be circumvented by conducting an end-point assay, whereby the minimum time required

was reduced to 5 sec and an overall PCR assay time of ~20-25 min was achieved.
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Figure 5: Assessment of conventional methods. (A) Total time to run 40 cycles on the ABI 7500
Fast system was ~40-45 minutes with detection at every cycle. (B) Total time to run 40 cycles
on the MyGo Pro system was ~37-42 minutes with detection at every cycles. (C-D) Standard
curve using dilutions of the plasmid on both the 7500 and MyGo Pro systems.

The two conventional systems were further tested with an RNA plasmid dilution to
evaluate the amplification performance (Fig. 5C & 5D). The data obtained from these systems
were used to deduce the overall runtime to be targeted or improved upon when adapting the
amplification protocol for on-chip amplification. The data also indicated the minimum plasmid
concentration that could be detected with rapid amplification. When compared to conventional
methods, the microfluidic device held promise for reducing the overall PCR assay time due to the
faster ramp rate of the Peltier heater and ability to reduce steps in PCR cycling to <5 sec.
Ultimately, if the assay proved sufficiently sensitive, the adaptation to the microfluidic platform

would provide ‘sample-to-answer’ results in a greatly reduced timeframe for point-of-need

applications.
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5.3.2.2 Time optimization of on-disc PCR protocol

One of the main goals for this project was to reduce the overall PCR assay time by
reducing the time for each step in the protocol. The CDC’s plasmid provided in the SARS-CoV-2
kit was used as a positive control for optimizing the PCR protocol on-disc. Optimization was
completed by sequentially reducing each step within the protocol, followed by electrophoretic
analysis via the Agilent 2100 Bioanalyzer. The electropherograms generated by the Bioanalyzer
can be displayed as a software-generated “gel-like” image. The optimization data are shown

according to both depictions.

The initial 95 °C step was compared at 180 and 60 sec (Fig. 6). In this step, the reverse
transcriptase is inactivated while the DNA polymerase is activated (27). Antibodies inhibit the

enzyme activity of the DNA polymerase until the first 95 °C step, preventing non-specific
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Figure 6: Decreasing initial time in the PCR protocol. The denature and anneal steps were kept
constant at 3 sec and 30 sec, respectively. (A) Using a plasmid at 10,000 copies/uL, the initial
time was decreased from 180 to 60 sec and size separated on the Bioanalyzer. The fastest time
was ~32 mins on-disc. (B) The Bioanalyzer transforms the electropherograms into gel-like
images. The peak of interest is ~79 base pairs in length.
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amplification and primer degradation. Theoretically, the reduction in time of the initial 95 °C step
should provide less activated polymerase to amplify the mRNA target. However, it was found
that both 180 and 60 sec hold times had peak heights of similar magnitude from the amplicons

for the mRNA target. The initial step was thus set at 60 sec for future experiments.

This PCR protocol is a 2-step cycling method for: (1) denaturing the DNA strands which
allows for (2) annealing of the primers with their complementary sequences. This is followed by
elongation of the target amplicon by the DNA polymerase. The initial denaturation step was kept
at 95 °C for 3 sec, primarily due to the limitations of the integrated system. However, the
annealing step was assessed at 60 °C with various hold times between 30 and 3 sec (Fig. 7). As
expected, the peak heights for the mRNA target decreased as the hold time decreased, which
means the number of amplicons produced decreased as the hold time decreased. However, all
of the time reductions enabled detection of the amplicons for the mRNA target. The fastest
annealing hold time gave an overall amplification time of ~11 mins, 4X faster than the

conventional methods. While the 3 sec hold temperature produced results with 10,000 copies/uL
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Figure 7: Decreasing annealing time in the PCR protocol. The initial and denature steps were
kept constant at 60 sec and 3 sec, respectively. (A) Using a plasmid, the annealing time was
varied from 30 to 3 sec and size separated on the Bioanalyzer. The fastest time was ~11 mins
on-disc. (B) Electropherogram results from decreasing the annealing time with 40 cycles via
the Bioanalyzer.
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of the input plasmid, future experiments were conducted with a 15 sec anneal hold time. This
was due to the significant decrease in peak height of the mRNA target with an annealing step less
than 15 sec, and the purpose of this project was to have a protocol that is as sensitive as
conventional methods while reducing the overall time. The 15 sec anneal hold time is faster than
the fixed minimum time on the conventional methods, thus the overall PCR assay time was

reduced from ~45 min to ~18 min using the microfluidic platform.

In order to investigate if the shortened initial or annealing steps provided adequate time
for the denaturation and annealing processes, the CDC plasmid was serially diluted (from 10,000-
10 copies/pL) and amplified on-disc. The protocols employing 30 and 15 sec annealing steps were
used for these experiments and resulted in overall assay times of 32 and 18 min, respectively.
The peak heights for the mRNA target amplicon and the gel-like image after amplification are

shown in Fig. 8. 1,000
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Figure 8: Decreasing plasmid concentration with fast PCR
detected with the 15 sec  protocols. The PCR protocol used was an initial step of 60 sec, with
cycles of denaturing for 3 sec and annealing for 30 or 15 sec. The
annealing  step. The  gjze of the amplified fragment was detected via Bioanalyzer, shown

in the gel-like images.
absence of the mRNA
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target with the 30 sec annealing time was likely due to user error (e.g., pipetting error), rather
than poor assay performance. In contrast to traditional methods, the attempted amplification of
<100 copies/uL on-disc were unsuccessful. Still, this method could potentially enable the

acquisition of results on a much faster time scale and with cost-efficient materials.

5.3.2.3  Evaluation of clinical samples

Finally, rapid amplification in authentic SARS-CoV-2 nasopharyngeal samples on the
microfluidic device system were performed to determine diagnostic sensitivity and specificity.
The results of time studies were used to infer that a reduced number of cycles could feasibly be
utilized. Excluding the ramp rate of the Peltier heaters, each cycle was a total of 18 sec. Each 5-

cycle reduction of the protocol resulted in an overall PCR time reduction of ~2 min.

For this set of experiments, a clinical sample previously determined to have a high
quantity of the mRNA target, according to conventional gPCR, was amplified. The sample was
amplified with an increasing number of cycles to determine the point at which detection occurred
via microchip electrophoresis on the Bioanalyzer. To mimic a less concentrated sample, a neat
nasopharyngeal sample was diluted 1:2 in nuclease-free water, and the annealing time was
decreased. Results from both tests are shown in Fig. 9, where amplification of the mRNA target
was minimally present after 25 cycles and increased in peak height up to 35 cycles. The absence
of the amplified mRNA target after 40 cycles was thought to be due to user error and not poor
assay performance. The diluted sample yielded low peak height only after 40 cycles. The overall
time of the amplification method using the microfluidic device was 12—18 min, depending on the

number of cycles. This data showed that decreasing the annealing step was not advantageous for
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the on-disc protocol, and the
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amplicons of the mRNA Figure 9: Clinical sample amplified on-disc with varying
cycles. The PCR protocol used was an initial step of 30 sec, with
target. cycles of denaturing for 3 sec and annealing for 15 or 7 sec.
The size of the amplified fragment was detected via

Bioanalyzer, shown in the gel-like images.
Three clinical samples

were amplified (in triplicate) either on-disc or in-tube for a direct comparison of assay
performance between the microfluidic system relative and conventional methods. Patient
samples were classified as having either high, moderate, or low quantities of the mRNA target by
previously performed gPCR at the UVA hospital. Plasmid at 1,000 copies/pL diluted in nuclease-
free water served as the positive control. A fourth patient sample, which did not contain the
SARS-CoV-2 mRNA target, and nuclease-free water, both served as negative controls. As
expected, Fig. 10 shows a decrease in peak height in correlation to the quantity of the mRNA
target within the patient samples. This data also indicates that a sample considered to have low
quantities of the mRNA target was detected after 40 cycles of amplification on-disc. This is

significant because the nasopharyngeal samples received for testing using conventional methods
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Figure 10: Clinical samples amplified by PCR on-disc. Each
sample was amplified in triplicate and the controls in
guadruplet. The size of the amplified fragment was detected
via Bioanalyzer, shown in the gel-like images.

(qPCR) were undetected with
lower quantities of the
mRNA target, thus the
microfluidic approach s
comparable to the data from
the conventional approach in
less time. None of the
negative control samples
were observed to have
amplified  on-disc.  This

further demonstrates the

comparative viability of the microfluidic disc vs. conventional methods in regard to specific

amplification of the mRNA target for SARS-CoV-2.

Although the clinical and diagnostic sensitivity of the assay on-disc was found to be

twofold less than conventional methods, the total assay time was reduced two to threefold and

analytical and diagnostic specificity remained above 95%. Overall, this data shows promise for

continuing optimization of the on-disc method to improve sensitivity with the reduced time.

5.3.3 On-disc amplification of LITMUS targets

5.3.3.1 Initial testing of disc architecture modifications

A second clinical application for RT-PCR on-disc is based on clinical trials from the

University of Toronto assessing organ tolerance titled Liver Immune Tolerance Marker Utilization
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Study (LITMUS). Their research entails developing a panel of mRNA targets that indicate if a
patient is accepting or rejecting a transplanted liver by evaluating gene expression relative to a
‘housekeeping gene’. A housekeeping gene is a gene that is found abundantly and consistently
within a particular sample (e.g., 185 rRNA, B-2-microglobulin, B-actin). (28) To assess gene
expression, their protocol was to use conventional instruments for in-tube RT-PCR and capillary
electrophoresis. RNA is extracted from a venous blood draw and tested for the gene expression

of 22 specific mRNA targets, 5 housekeeping genes, and 1 internal control. (29)

As preliminary testing for these particular targets, Sciex developed the Human
ReferencePlex containing 24 mRNA reference targets with Kan® as the internal control, a panel

similar to that resulting from University of Toronto’s research (Fig. 11A). Since this is a two-step

A Number Target Gene Size (bp) | B -
1 Ezrin 150
2 QRSHs glutaminyl-tRNA synthetase 160
3 Histone deacetylase HD1 165
4 Transferrin Receptor 172
5 Nuclear factor NF45 186
6 MLN51 197
7  glycerol kinase 201 e | ‘
8 Proteasome subunit Y 211, | 42— 00 e ‘ ' N ' J
9 Ribosomal protein L37a 214 L A s st A e s s
10  18s-rRNA 220 o
11  E2 Ubiquitin conjugating enzyme UbcH5B 225
12 Elongation factor EF-1-alpha 233
13 cyclophilin A 237
14  Lysosomal hyaluronidase 253 “
15  Transcription Factor IID 258 . i
16  beta-actin 267 Chip = | "
17 GAPDH 277 | i b ‘ I
18 ATP synthase 281 o ‘> (4In ke (| [
19  18kDa Alu RNA binding protein (SRP14) 291 - ‘ I ( ‘ \ ! “.
20 Hypoxanthine ribosyl transferase 305 i kL_‘u_‘u__.._ A LU, WL MLJ__QL,.«..."A_..
21  Beta 2 microglobulin 314
22  Ca2-activated neutral protease large subunit 317
23 Kanamycin resistance** 325
24  Acidic Ribosomal Protein (RPLPO) 330
25  beta-glucuronidase 338

Figure 11: Human ReferencePlex successfully separated on a conventional instrument (GeXP)
and micro-disc. (A) The Human ReferencePlex was separated and amplified for adaptation to
microfluidic devices. (B) All 25 mRNA targets were identified via micro-disc electrophoresis.
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process (RT-PCR then capillary electrophoresis), one of the main goals was to adapt both
biochemical assays to microfluidic platforms and integrate the architecture to provide a disc that
performs both assays in succession. Previous research conducted in our Lab detailed the size-
separation of this panel using a microfluidic device with the same architecture and an integrated
system mentioned in Chapter 4. Compared to separations on a gold standard capillary
electrophoresis instrument (GenomelLab GeXP Genetic Analysis System), all 25 genes in this panel
were detected with similar peak height ratios using the microfluidic device (Fig. 11B). The next

phase in this project was the optimization of the RT-PCR protocol for on-disc amplification.

The in-tube RT-PCR reaction is ~2.5 hours on a conventional thermal cycler, with an initial
15 min 95 °C enzyme activation step. The high heat removes the thermolabile monoclonal
antibodies that render the DNA polymerase inactive, which ‘activates’ the polymerase to
elongate the target sequence. (30) This step is critical in the PCR reaction because it prevents the
amplification of non-specific products and allows for room temperature reaction setup. However,
holding at this high temperature for extended periods was problematic for the microfluidic disc
integrity. The HSA which used to bind the disc layers together, softens at this temperature.
Therefore, as the air between the various layers expands, slow delamination of the disc occurs
and liquid from within the HSA layer or the PCR chamber begins to permeate beyond the chamber
borders. In order to rectify this issue, two solutions were tested in combination: 1) a shorter

initial 95 °C step was tested and 2) the PCR chamber on the microfluidic disc was sealed.
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Woolf et al. showed that channels leading to chambers could be ‘closed’ on a microfluidic
disc by adjusting the height of the red laser used to open valves. (31) Since the middle layer of
the discs are black, increasing the distance between the red laser and the disc results in melting
(as opposed to ablating) of the material next to a channel, essentially closing the channel and
blocking liquid or air from passing. The disc used for this application took advantage of ‘closing
valves’ by incorporating two into the architecture (Fig. 12A). The reaction was spun into a PCR
chamber flanked by ‘closable valves’ which were then irradiated. The new architecture was used
to amplify the panel between 120-40 sec for the activation step and then electrophoresed on the
GeXP system. Post amplification, most of the PCR chambers (75%) were found to contain little
(~5 pL of the 20 pL) to no amplified sample for electrophoresis theoretically from the long
amplification time. Although the production of amplification fragments was observed (Fig. 12B)

in cases where liquid was successfully retained after heating, low peak heights were obtained
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Figure 12: Initial closed chamber testing on microfluidic disc. (A) Two air vent channels were
closed by laser irradiation. (B) The initial 95 °C step was varied to show the minimum time
needed for amplification.
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from all of the reactions. There was a slight decrease in signal intensity as the time of the
activation step was decreased. Thus, the results indicate that reducing the initial step from 15
mins to 2 mins activates some of the polymerase to perform PCR, but loss of reaction liquid is

still a problem.

5.3.3.2 Optimization of PCR protocol

In order to address the fluid loss observed during initial testing of on-disc PCR activation,
a series of time-reduction studies were performed using a new architecture which employed two
closeable valves and a simple dye solution to visualize fluid movement post-incubation. These
studies were designed to determine the maximum period that liquid could be retained on-disc
when exposed to high (95 °C) applied heat before evaporation of the reaction liquid. It was found
that when retention times were increased while the channels were closed, the fluid moved
between the layers of the disc or breached the closable valve and evaporated. As previously
mentioned, the high heat makes the HSA layers of the disc malleable, and thus liquid can be
forced into these layers. It was theorized that since the HSA has a melt temperature close to 100
°C and becomes malleable at 95 °C, the air in this layer displaced liquid from the chamber. As
presumed, it was found that large air bubbles developed in the PCR chamber after heating for 5
min, and much of the liquid was expelled from the PCR chamber (Fig. 13). This was determined
by capturing images at various times during the heating and using ImageJ to count pixels
attributed to the dye color. The increase in time (2 min to 5 min) was shown to inversely
correlated with the number of pixels attributed to the inside of the chamber. Next, the activation

step was conducted for a 4 min period. Although numerous tiny air bubbles were observed after
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4 min of heating, most of the liquid
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Figure 13: Assessment of evaporation after cycling.
Following the Using colored dye, the initial step was varied, and the
cycle times were kept constant for 40 cycles. Images

establishment of optimal holding Were captured after cycling and, using Image J, the
number of pixels were calculated. As the initial time

time for the initial step of on-disc  increased, less colored dye was in the PCR chamber.

amplification, the focus shifted to optimization of additional parameters. Again, optimization was
first explored using in-tube amplifications. The 4-min initial step was used to amplify the positive
control with an increasing number of cycles to determine the minimum cycle requirement. Given
that each cycle is approximately 90 seconds, and if ramping times of the Peltier heaters are not
considered, reducing the number of cycles by 5 decreases the overall time by approximately 7.5
min. The peak height for fluorescence at the detector corresponds to the number of amplicons
produced at a given amplicon size. While the peak height of the targets in the panel were higher
in-tube than the previous on-disc results, the conventional GeXP instrument did not detect

targets in the panel until 35 heating cycles had elapsed (Fig. 14). As expected, the signal intensity
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Figure 14: Decreasing cycle number in closed channel amplification. The initial step was 4
mins with cycles of 20 sec for each step (denature, anneal, extend). As expected, with more
cycles the signal intensity was greater.
for the targets increased as the number of cycles increased due to exponential amplification of
the target sequences. This indicated that reduction in the number of cycles might not be possible,

but this could be revisited following optimization of other parameters (e.g., step times in cycles,

polymerase concentration, primer concentration).

Lastly, reduction of the total reaction volume was assessed as a means of reducing the
cost per test. Additionally, reducing the total reaction volume results in an increased sample
concentration, which could improve sensitivity. If the sample is more concentrated, the PCR
reaction may produce more target amplicons and higher peak heights. Moreover, a lower total
reaction volume allows for a reduction of the PCR chamber size. This could allow multiple PCR
chambers to be placed under the Peltier heaters (as opposed to a single chamber currently) which

could vastly improve assay throughput.

The total reaction volume was reduced from 20 pl to either 10 or 5 pL then amplified in-
tube and electrophoresed on the GeXP system. Fig. 15 shows the peak heights for all 25 targets
in the Human ReferencePlex panel. All 25 targets were detected in all three reaction volumes

evaluated. Roughly half of the targets yielded a lower peak height in the 10 and 5 pL reactions,
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specifically, the shorter fragments (~150-200 bp) were lower in the 5 pL reaction than the 20 pL
reaction. Regardless, the data indicated that, with further optimization to the PCR protocaol,
reducing total volume could produce enough amplicons to assess the gene expression compared

to the internal control (Kan®).

Despite significant advancements in assay optimization, this RT-PCR protocol requires
substantially more fine-tuning to be fully optimized for on-disc reactions. Future experiments
could evaluate the effects of an increase in polymerase and primer concentrations, a shortened
step time in enzyme activation or cycling, a higher number of cycles, or using a different
polymerase in the reaction that does not require a long activation time. An increased polymerase

concentration would increase the quantity of amplified targets within the same 4 min time period

M Ezrin QRSHs HD1 TR m NF45 ®mMLN51 mGlyKin  mPsubY mRPL37A
m18s ® UbcH5B ®mEFla M cycA LysHy tfllD bActin GAPDH ATPsyn
ESRP14 mHypRibT mb2M m Ca2sub mKanR m RPLPO bGlucur
8000
7000
6000
5000
4000
3000
2000
1000
0

Signal Intensity

20 pL 10 pL 5L NTC (20 pL)

Total Volume of PCR reaction _

Figure 15: Total volume reduction with in-tube PCR reactions. All 25 mRNA genes in the Human
Reference Panel were detected via capillary electrophoresis after reducing the total volume. By
decreasing the total volume, the sample concentration will be increased. Additionally, the smaller
total volume means smaller chamber size, which means more PCR chambers can be fit under the
Peltier heaters.
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but could be limited by the number of primers available. Therefore, an increase in the primer
concentration would also require exploration. Regarding the reduction of step time, although
counterintuitive, a time reduction may result in the accommodation of additional cycles with a
minimal impact on overall assay time. The additional cycles could potentially enable the

production of more amplicons in a given period.

If it is determined that the protocol is not adaptable to a microfluidic platform due to the
need to reach and maintain 95 °C, similar results could be obtained by changing the components
in the reaction. Many PCR reactions occur with polymerases that do not need a hot-start step or
are designed for rapid amplification in-tube, which is advantageous for this application. The data
shown in this chapter for the LITMUS project result from the initial optimization experiments for
RT-PCR on-disc. Thus, justification is provided for continuing protocol optimization efforts, with
the goal of a significantly reduced overall time and reagent cost without hindering the analysis

method.

54 Summary

In a point-of-need setting, an ideal device and accompanying biochemical test would
typically be user-friendly, time and cost-efficient, and produce easy-to-understand results. The
experiments in this chapter focused on decreasing the overall assay time while maintaining
sensitivity of the assay for two clinical applications. The architecture on the microfluidic disc
allowed for six samples to be amplified per disc and was fabricated with off-the-shelf, cost-
effective materials. It was determined that two Peltier heaters were needed for accurate heating

during amplification in both applications. The use of a single Peltier resulted in a non-ideal

Page 165 of 200



Chapter 5 — Microfluidic Clinical Applications
temperature gradient within the PCR chamber. Using two Peltier heaters flanking the PCR

chamber, the overall PCR time was assessed for two clinical applications.

For the SARS-CoV-2 project, the overall assay time was reduced from ~45 min using a
conventional qPCR system to a minimum of ~11 min on-disc. While the initial enzyme activation
step could be decreased by 2 min, reducing the annealing step of each cycle was shown to have
a more significant effect on the overall assay time. Comparatively, the time taken for the
annealing step could be reduced to <5 sec on-disc, a feat that was not possible using the
conventional methods. Despite reducing the time, low quantities of the mRNA target were

detected after amplification on-disc as seen on the conventional methods.

For the LITMUS project, the move to microfluidic technology was made more challenging
due to a long enzyme activation step requiring high heat. Even with the incorporation of closable
valves in the architecture of the disc, evaporation or displacement of the reaction liquid from the
PCR chamber persisted. However, a maximum of just 4 min was feasible for the enzyme
activation step with small air bubble accumulation. This is significantly shorter than the 15-min
step demonstrated in the original protocol. Low peak heights post-amplification indicate that a
smaller quantity of DNA polymerase becomes activated with a shorter heat enzyme activation
step. Preliminary studies revealed that a minimum of 25 cycles is needed for detection using a
conventional capillary electrophoresis instrument, which can serve as a minimum number of
cycles when optimizing this protocol on-disc. Additionally, the total reaction volume could be
reduced to 5 pL while producing signal intensity similar to the original 25 uL reaction. Reducing

the total reaction volume allows for a smaller chamber on the microfluidic disc, and possibly
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multiple reactions to occur simultaneously under a single Peltier heater to increase sample

throughput.
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Chapter 6: Final Remarks

6.1 Conclusions

This dissertation has described advances made in rapid nucleic acid amplification
methods using in-tube and microfluidic technology for forensic science and clinical applications.
Specifically in forensic science, body fluid identification (bfID) has been researched to develop
new methods to update the conventional assays. While there are promising techniques published
in literature, no technologies have been introduced in forensic laboratories to address the
current analytical weaknesses. The current bfID methods are destructive towards DNA material
needed for downstream profiling, readily available for only three body fluids, and detect
biological material that is not specific to humans or a single body fluid. Two methods described
in this dissertation were developed for this application: (1) using a novel isothermal amplification
method with fluid-specific mRNA targets and objective colorimetric image analysis detection as
a laboratory technique and (2) an automated microfluidic platform to convert RNA to cDNA,
amplify mRNA targets, and fluorescently size separate the amplicons as an on-scene technique.
Along with the forensic application, novel technology for two clinical applications were
developed as point-of-care or on-scene analysis methods, which highly advantageous and can
easily be accomplished by a microfluidic approach. Microfluidics offer advantages for these
applications with the ability to achieve specificity and sensitivity similar or better than

conventional methods. The research presented here demonstrates the rapid technology that
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addresses some of the core issues pertaining to the conventional methods utilized in the clinical

and forensic communities.

The work in Chapter 2 aimed to develop a colorimetric isothermal amplification method
that specifically identifies mRNA targets for forensic bflD. This workflow was chosen due to the
minimal steps required to complete the assay, simple technology for heating, and its simple
incorporation into the forensic workflow. Using the LAMP method, five mRNA targets were
optimized for single fluid specificity with comparable sensitivity levels to conventional methods.
The temperature, primer concentration, and mRNA target were varied to determine the best
conditions for producing rapid results. There was a significant increase in specificity for all five
MRNA targets after a DNase treatment was implemented in the lysis and purification method.
After optimization, the LAMP method was able to show a consistent color change for picogram
levels of total RNA for blood, semen, vaginal fluid, and menstrual blood mRNA targets, and
nanogram levels of total RNA for the saliva mRNA target. To circumvent the subjective visual
detection of color change, image capture and hue color analysis was implemented. An imaging
box with static lighting and a smartphone was used for image capture, and Image J software was
utilized to assess the hue (or shade of the color) of each reaction for a positive or negative result.
The results in this chapter provide a first step towards developing a novel approach for forensic

bfID.

Building on this optimization, Chapter 3 details a 3D-printed system (cLAMP system) for
combined heating of the LAMP reactions and automated image analysis as an objective detection

method. The cLAMP system is user-friendly, compatible with multiple colorimetric dyes that can

Page 171 of 200



Chapter 6 — Summary & Final Remarks

increase or decrease in hue via color change, and provides consistent, steady isothermal heating.
Similar to in-tube analysis, the cLAMP software calculates a threshold based on the average of all
reactions’ initial hues and deems a reaction positive once the hue passes the threshold. This
system was built to be a one-step analysis method for LAMP reactions. Compared to the
conventional thermal cycler, this system showed similar temperature and ramp times across the
96 well plate. The initial testing with the five mRNA targets with single-source body fluids was
successful, providing a color change in < 30 minutes. To assess the performance of the cLAMP
system with forensic type samples, a mock study with various mixtures of 2 or 3 fluids, aged
samples, post-coital samples, and substrates known to inhibit PCR were tested using the LAMP
method. From the single-blind mock study, the saliva and vaginal fluid targets worked effectively
(>80%), the venous blood target performed moderately (>70%), and the semen and menstrual
blood targets performed the worst (>50%). Further analysis determined the Se target is not as
sensitive as a lateral flow assay (conventional method), and the Mb target is not fluid specific due
to amplification in V Fluid. While the cLAMP system did not perform as well as a conventional
thermal cycler with these mRNA targets, the hardware and software do provide a rapid objective
method for heating and analyzing LAMP reactions that can be used in various laboratory

applications.

Alternatively, Chapter 4 details a novel on-scene method for forensic bfID using
microfluidic technology and a panel of mRNA targets for the identification of six body fluids.
Scientists at the Institute of Environmental Science and Technology (ESR) in New Zealand
developed a panel of three plex’s with one or two mRNA targets that specifically determines

venous blood from menstrual blood (Quadruplex), buccal fluid (Duplex), and vaginal fluid from
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semen or seminal fluid (Pentaplex). Each of the targets are tagged with either FAM or HEX
fluorophores and are less than 200 bp in length. The current workflow for this panel, which starts
with DNA/RNA co-elution and RNA purification, then RT and PCR of the RNA, followed by size
separation on a capillary electrophoresis instrument, was adapted to a microfluidic platform.
Starting with fluorescent size separation, a microElectrophoresis Disc (4EDisc) was fabricated to
allow 3 samples/disc with separations in <15 minutes. Single source and mixture samples were
detected on the uEDisc using the three plex’s at a 1:2 dilution of 5 pL of semen, 1:16 dilution of
a vaginal fluid swab, 1:8 dilution of a buccal swab, and 1:32 dilution of liquid venous blood or a
menstrual blood swab. Next, the RT reaction was optimized on a ‘micro-amplification’ disc
(uAmpDisc) using Peltier heaters to amplify the mRNA targets with the final goal of integration
on one device. The uAmpDisc was designed for rapid RT and PCR of 6 samples/disc. After adapting
the RT protocol to the uAmpDisc, the reaction was completed 10X faster (120 min = 11 min)
than the in-tube protocol with minimal loss in cDNA production in single-source body fluid
samples. The results in Chapter 4 demonstrate advancement towards a fully integrated sample-
in-answer-out system for simultaneous forensic bflD of six body fluids. Through integration of on-
disc RNA extraction and purification with the optimized RT, PCR, separation, and detection, a
UTAS device can be developed. Such a device would have important implications in expediting

the forensic bfID process with high sensitivity and specificity of mRNA targets.

The experiments in Chapter 5 focused on decreasing the overall assay time while
maintaining its sensitivity for two clinical applications. It was found that heating with Peltiers
above and below the PCR chamber allowed for a much smaller temperature gradient than only

using one Peltier heater. For the SARS-CoV-2 application, the overall PCR assay time was reduced
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from ~45 minutes using a conventional gPCR system to a minimum of ~11 minutes on-disc.
Reducing the annealing step time in the PCR cycles had the most significant effect on reducing
the overall time. The positive control plasmid was detected at 10 copies/uL on the microfluidic
disc within 18 minutes. While detection at this concentration level is good, compared with the
conventional methods, the PCR on-disc is not as sensitive. The conventional methods were able
to consistently detect < 10 copies/pL of the plasmid. However, the microfluidic disc was able to
detect known clinical samples classified as having either high, moderate, or low quantities of the
mMRNA target by conventional gPCR. The data in this chapter supports ongoing efforts to optimize
the PCR protocol by reducing the overall assay time while maintaining the sensitivity found using

conventional methods.

The move to microfluidic technology for the LITMUS application was more challenging,
primarily due to a long enzymatic activation step at high heat. The panel for detection in Chapter
5 contained 25 mRNA targets ranging from 150 to 338 bp in length. The microfluidic disc for this
application included closable valves in an effort to minimize reagent evaporation or flow out of
the PCR chamber. Long heating steps produced large air bubbles in the PCR chamber. Using the
microfluidic disc with closable valves, the enzyme activation step was reduced from 15 to 4
minutes, resulting in the formation of smaller air bubbles. All targets within the panel were
detected with a minimum of 30 cycles with the 4-minute enzyme activation step, and the total
volume was able to be reduced from 20 plL to 5 pL. Despite significant advancements in assay
optimization, this RT-PCR protocol requires substantially more fine-tuning to be fully optimized

for on-disc reactions.
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6.2 Future Work

The LAMP method developed for forensic bfID showed promise for a specific and sensitive
method but could be improved upon. While the vaginal fluid and saliva targets amplified well in
the mock study in terms of correctly identifying the fluid, the venous blood, semen, and
menstrual blood targets did not amplify well producing less than 80% correct fluid identification.
For the venous blood mRNA target, the issue was false positive color changes, presumably due
to primer dimers. A future endeavor to circumvent this issue would be to redesign the primers
for the same location on the human B-hemoglobin gene (HBB) and amplify no-template controls
to determine whether primer dimers would be an issue. Data from Chapter 2 showed high
sensitivity (total RNA picogram level) for the detection of HBB, and high specificity towards
venous or menstrual blood. Ideally, a different set of primers for the same locus would produce
similar results. Furthermore, if none of the new primer sets were suitable, a completely new

mMRNA target could be assessed for venous blood.

The issue with the semen target (SEMG1) was assay sensitivity due to low concentrations
of the target in known and mock semen samples, hindering amplification during the LAMP
reaction. There are a few different approaches to fixing this issue. One approach would be to add
in @ mMRNA concentration step before the LAMP reaction. In theory, this could increase assay
sensitivity to the Se mRNA target by providing a better chance at amplifying the low target
concentrations. Another strategy could be to increase the volume of sample in the LAMP
reaction. Not only could this expedite the color change to produce faster results, but there would

be more sample in the reaction to facilitate amplification. The more complex approach would be
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essentially starting over by finding another mRNA gene that is highly concentrated in semen and

design primers for LAMP to provide suitable specificity and sensitivity.

Finding a mRNA target for menstrual blood identification was the most challenging with
this project. The mRNA targets that were assessed did not provide the specificity required to
distinguish menstrual blood from the other body fluids, most notably from venous blood, due to
the presence of this target in both fluids. Specifically, the only mRNA target (MMP10) that did
not amplify in venous blood showed expression in vaginal fluid samples, thus this target was not
specific to menstrual blood. The next steps for this fluid would be to research the literature to
compile a list of MRNA targets highly expressed in menstrual blood, design LAMP primer sets for
the targets, and optimize the reaction to obtain single fluid specificity and high sensitivity.
Alternatively, if a single mRNA target cannot be found to differentiate menstrual blood from the
other fluids, the use of two mRNA targets might. However, this approach would require two
LAMP reactions due to the single-target character of colorimetric LAMP or optimization for a

multiplexed target and color change LAMP reaction.

The 3D-printed system developed for automated, one-step LAMP heating, and image
analysis performed very well in the mock study. Nonetheless, improvements could be made to
confer the system a smaller footprint, faster preheat time, more controlled heating, and better
portability for on-scene analysis. One improvement would be to replace the Raspberry Pi camera
with a flatbed scanner (Fig. 1). The fixed focus lens on the Raspberry Pi lacks a software-based
auto focus function; thus, each camera module must be individually focused by hand through

trial and error. This has produced a lack of consistency in image quality between the four cLAMP
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Figure 1: Current and future versions for cLAMP system comparison. (A) Current version with
Raspberry Pi camera and laptop. (B) Design for version cLAMP v4.0 with laptop, scanner
camera, and touch screen computer.

systems described in Chapter 3. A flatbed scanner would gain better consistency in image quality
due to the auto focus function. Moreover, the z-axis form factor of the system can be reduced
by as much as 32%, as the distance set for the camera to capture the entire 96-well plate is
removed. Additionally, with the reduced height of the system there is less air to be preheated,
thus decreasing the preheat time from the current 45 min. Another improvement would be to
replace the laptop with a touch screen computer that fits on top of the system. Along with the
switch in camera, this addition would decrease the overall footprint and allow for portability for
on-scene use to identify body fluids. Finally, an improvement would be to replace the convective
heating with other heating units (e.g., Peltier heating, flexible heaters, adhesive heaters).
Another type of heating could produce faster ramp times and less temperature deviation

between wells. However, the trade off with switching the heating unit would be the cost of
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materials. Overall, the combined system that was built for LAMP heating and image analysis
worked well when tested, but improvements could produce better results when identifying

MRNA targets for forensic bfID.

For the microfluidic approach to forensic bfID described in Chapter 4, the next steps
would be to optimize the PCR protocol on-disc and develop an DNA/RNA co-extraction method
amenable to a microfluidic platform. The main advantage of transferring the in-tube PCR protocol
to a microfluidic platform would be to reduce the overall assay time from ~3+ hours to <30 min
(Table 1). This could be achieved with the fast ramp rate of the Peltier heaters and by decreasing
the time for each step in the PCR cycling. Currently, there are 35 cycles at 4.5 min/cycle (95 °C 30
sec, 60 °C 3 min, 72 °C 1 min). Furthermore, the in-tube protocol optimized by ESR recommends
a 15 min enzyme activation step and 10 min extension step after cycling to allow the polymerase
to finish adding nucleotides to complete the amplicons.

Table 1: Optimization of PCR protocol to microfluidic platform.

PCR Steps
Initial Cycling Extension Total Time
Platform| Reagents
e Time Temp | Cycles Time Temp Time Temp Time Temp | Time Temp
Tube Normal 15min  95C 35 30sec 95C 3 min 60 C 1 min 72C | 10min 72 C |182.5 min

+Polymerase
Disc +Primers 1 min 95C 35 3 sec 95C 3 sec 60 C 3 sec 72C 1 min 72C | 7.25 min
+dNTPS

The results in Chapter 5 showed a maximum of 4 minutes for the holding at 95 °C for the
enzyme activation step, thus, the protocol will be decreased by at least 11 min initially. Each step
in the cycling could be reduced to a minimum of 3 sec, shaving 4 min from each cycle for a total
of 140 min saved. While the final extension step is very important for quality amplification,
reducing the time of this step would also save up to 9 min on the protocol. To determine if the

time reductions had a major impact on the amplicons produced, the results could be size
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separated on a conventional capillary electrophoresis instrument and assessed for peak height

imbalance and fluorescent signal of each target. In addition to time reduction, the concentration

of reagents could be assessed with the faster protocol in an attempt to increase fluorescent

signal. The main reagents which concentrations could be increased are the polymerase to allow

for more enzyme to be activated and produce more amplicons, and the primers to allow for more

annealing during cycling.

The second future endeavor with this project (Chapter 4) would be to assess efficient co-

extraction methods easily amenable to a microfluidic platform and integrating each section of

the workflow together (Fig. 2). Currently, most forensic co-extraction methods are silica column-
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Figure 2: Initial design for on-disc RNA extraction method. (A) The disc would allow for
simultaneous extraction of four samples where DNA is kept in one chamber, while the RNA
portion undergoes a DNase treatment and is kept in a second chamber. ‘X’ denotes channel
closure to separate DNA and RNA fractions. (B) In-tube enzymatic liberation of PCR-ready
DNA and RNA is a 10 min assay that is temperature controlled. Copies of the human GAPDH
gene (DNA) detected by gPCR plotted alongside copies of mRNA detected by RT-qPCR for
three separate targets. (Miles & Saul, 2019, MicroGEM with permission)

Page 179 of 200



Chapter 6 — Summary & Final Remarks

based, with downstream DNase treatments for RNA purification. While adapting the silica
column to a microfluidic platform is possible, an alternative method would be to use an
enzymatic lysis to separate the DNA from the RNA material. To perform an enzymatic method,
typically the hardware required is a heating platform which could be performed by the Peltier
heaters on the integrated system. The separation of DNA from RNA would be more complex but
could be separated via magnetic beads or using lithium chloride to precipitate the RNA from
solution. Once the method for co-extraction is optimized, the architecture from the co-extraction
disc, the RT-PCR disc, and the microelectrophoresis disc can be integrated onto a single device.
Ideally, the integrated disc would allow for 3-4 samples to be processed from sample to body
fluid profile on a single disc in < 1 hour. This integrated disc and system would allow for specific
and sensitive mRNA target detection that easily fits into the current forensic workflow, has

minimal hands-on steps, and is portable for in-lab or on-scene utilization.

Additionally, the integrated disc and system can be adapted for rapid amplification and
detection of mRNA targets for two clinical applications, detailed in Chapter 5. Since the SARS-
CoV-2 project only detected one mRNA target, the integrated disc could contain only the co-
extraction and RT-PCR architecture. The amplicons could be detected via end-point fluorescent
detection via the optical detector on the integrated system. Alternatively, the mRNA panel for
the organ tolerance project would require microelectrophoresis of all 25 genes. Currently, this
project is undergoing optimization of the one-step RT-PCR protocol on-disc, which will be
integrated with the microelectrophoresis architecture. While both of these projects have much
optimization to be performed, the results in this dissertation show the essential first steps for

achieving a rapid, simple mRNA detection method for point-of-care assessment.
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6.3 Summary

Developing novel methods that offer solutions to complex problems in both the forensic
and clinical communities help to drive science forward and create technology that will improve
current conventional methods. Forensic clues that piece together the real narrative of a crime is
instrumental in casework and the identification of the perpetrator, thus the technology and
assays used to find said clues should be cutting-edge and reliable. Similarly, better screening
methods and technology geared towards clinical applications help identify biothreats faster such
as SARS-CoV-2 which caused the 2020 pandemic. Alternatively, improved screening methods and
technology can monitor the tolerance of a transplanted organ and may allow for a less stringent
lifestyle for the patient. Every day new threats are emerging, and with it, scientific methodology
and technology should grow to improve limitations and fill in gaps created by current technology.
The methods described in this thesis offer solutions to each of these problems and are driven by

strong forensic and clinical needs for competitive technology to existing techniques.
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