Detection and Profiling of Synthetic
Opioids
by

Joshua C. Klingberg

A thesis submitted for the
Degree of Doctor of Philosophy (Science)

University of Technology Sydney



Certificate of authorship and originality

| certify that the work in this thesis has not previously been submitted for a degree nor has it been

submitted as part of the requirements for a degree except as fully acknowledged within the text.

| also certify that the thesis has been written by me. Any help that | have received in my research
work and the preparation of the thesis itself has been acknowledged. In addition, | certify that all the

information sources and literature used are indicated in the thesis.

This research is supported by an Australian Government Research Training Program Scholarship.

Production Note:
Signature removed prior to publication.

NAME: Joshua C. Klingberg

DATE: 23 February 2021

~1l~



Acknowledgements

Acknowledgements

This PhD would not have been possible without the help | received along the way from numerous

people, and | would like to take the opportunity now to thank them for their support.

Firstly, | would like to thank my primary supervisor Shanlin Fu. It has been a pleasure working with
you throughout my Honours and PhD work. Your constant support and encouragement were

invaluable in helping me push through, especially when things weren’t going to plan.

To my co-supervisor Ron Shimmon, my time working in the labs would not have been the same (and
would have been a lot more difficult) without you. No matter how busy you were, you always made
time to help, and | will be forever grateful. Your chemical knowledge and encouragement helped get

me through when things weren’t going my way in the laboratory.

Finally, to my external supervisor Adam Cawley, thank you for everything that you did for me
throughout my PhD. From providing equipment and materials, to being on the receiving end of many,
many emails, your constant guidance and advice were always welcome and helped me lift my work

to a higher standard.

| would also like the thank the Drug and Toxicology Research Group at UTS who have always been
supportive, and in particular Laura and Rhiannon, who I've had the pleasure to work alongside since
Honours. Always having someone to bounce ideas off was amazing, and really helped keep me sane
throughout this whole process. | would also like to thank Beth for all of her help while we were out
at the racing lab. It would have been a very different experience without someone else to annoy (and
teach me how to do stuff). | would also like to acknowledge Dan Pasin, who laid the groundwork for
much of the work that | did throughout my PhD and was always happy to answer any questions that

I had and help me get everything working properly.

| would like to thank all the staff at the Australian Racing Forensic Laboratory for allowing me to work
alongside them in the lab and taking time out of their busy day to help me. In particular, | would like
to thank Lauren McClure for all of her help on the instrument and for answering my many, and

probably sometimes stupid, questions.

| would like to thank Chris Fouracre from Agilent Technologies for his help and support throughout

my project. Having an industry contact that was willing and able to assist me with developing my

~ il ~



Acknowledgements

work was invaluable and made the whole process a lot smoother. Similarly, | would like to thank
Emmanuel Blanchard from MathWorks for his help developing the statistical models used in this
thesis. Your advice and explanations of how things worked really helped me improve my

understanding of statistics and how it could be applied to my project.

Finally, | would like to thank my family for putting up with me and supporting me throughout my PhD
journey. The constant encouragement | received was amazing and especially to my Mum who would

just sit and listen while | talked about whatever it was | happened to be working on at the time.

While | am glad to be finishing, | will always be grateful for all the support | received along the way

and the many memories that came with this PhD.



Table of contents

Table of contents

CERTIFICATE OF AUTHORSHIP AND ORIGINALITY ..ccceuuueeummmeeenenenneeneeeeneeeneeenneeeeeeeeeeneeeeemeessesssesssesssenees I
ACKNOWLEDGEMENTS ..ottt s s s s s s s e s e e s s s s s s s s s e s s s s e s s s e s s e s s s s nnnnees n
TABLE OF CONTENTS ... s s s s s s s Vv
LIST OF FIGURES ......ccoiiiiiittiiiiiiiiiintitciiiiinetiee s insssssseeeeesissssssssseeessssssssssssaeesssssssssssssesssssssssssssnens Xl
LIST OF TABLES .....ccuiiiiiiiiittttttiiicinnteteciincisssssteessssesssssssseeeesssssssssssneeesssssssssssssesessssssssssssssessssssssnnne XV
ABBREVIATIONS ....oittiiiiiiiiiieneettiniiieneteeesssssssessee e s sesssssssseessssssssssssessssssssssssssseessssssssssnssssesssss XVl
PUBLICATIONS AND CONFERENCE PROCEEDINGS .........oviiiiirniinnnnininneeneeenneeseeesaeeneessaeesaeasaeaee XXI
72 X2 20 024 O L XX
CHAPTER 1: INTRODUCTION ....oeiiieenniiiiiinitimnanniiiinneiimmmnssiiiineemmsssssiiissiismsssssisisistessssssssssssessssssssssssssessnns 2
1.1 BACKGROUND ..ctieiiieiiiiieieieieieieeeeeeeeeteteeeeeeeteeeteeeseseeeteteteeeeeseseeeeseeseeeeeeeeeeeeeseeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeenmnn 2
1.1.1  IMPACt Of DIUQG USE ON SOCIELY .....ccceeeeeeeeeie e eeteee e et e eettta e ettt e e e st aaeestaaaessssaeastseaeesssaaeeassnas 2
1.1.2  NeW PSYChOACEIVE SUDSEANCES ........ceoueeeeeeeiiieieeeieetee ettt sttt sie e aee e 4
1.1.2.1 INTEIrNAtIONAl DIUZ TrENAS .oeiueiiieeiiie ettt e e st e s e bb e e et e e e sbbeeesabeeeesbeeessbbeeesssaeesnssneas 4

1.1.2.2 N A [T TN D U= N =T Vo K SO PUPUPN 6

1.1.3  Legal and LAW ENfOrCEMENT ISSUES ........cc.vvveeereeeesciieeeeiieeeecteaessaeaaestteaessastaasssaaaessseaessnsesensnenes 6

1.2 SYNTHETIC OPIOIDS ...cviiitiiiiiiiitii ettt s s ba e s b e sba e s be s s saa e e bes s 10
1.2.1  StruCtUre QNA CREIMUSIIY ......ccc.ueeeeeeeeeeeeeeeeeeeeeeettee et ttte e e ettt e e ettt e e et a e e et e e e eassaaessasasaeatsaaeesseas 12
1211 Non-pharmaceutical FENTANYIS .......cocvieiiereeeee et se e n e e e eane 12

1.2.1.2 NOVEl SYNhETIC OPIOIAS «..eeeueeeririiiieeiee sttt st saee s e saneesbeesareesneeenne 14

1.2.1.3 Pseudo-Novel SYNthetic Opioids .......ccveiiiiiiiiiiieciee et ere e e s tae e e s e e e ssabeeessaeaesnnee 17

1.2.2  Pharmacology and TOXICOIOGY .......ccuuueeeueeeeeiieeesiee e ectteeeste e e eetea s st e e e st aesteaessssaeeessesaesneeas 18
1.2.21 Non-pharmaceutical FENTANYIS ........couviiiiiiiecee ettt e e e ta e e e e e e e eabeeeebaeeeeanes 18

1.2.2.2 [N Lo N < ISV g 1= ol @ o] T 1 o 3SR 20

1.2.2.3 Pseudo-Novel SYNthetic OPioids .......ccueiveriieeieeree st este et e ste et esee et este e s e eteeseae e seessseesseesseeennneanes 21



Table of contents

1.2.24 (@] o ToT [0 I 2 {=Tot &1 o W o] £Y =T P USRS SU PN 21
0 B 011 ¢ L= KU SRS 22
13 RECOMMENDATIONS FOR THE ANALYSIS OF SEIZED MATERIAL ..ccciurtteieireeeiirteesireeeseire e snree e sireeesenne e snneeas 24
14 NON-TARGETED ANALYSIS 1eeeiiiiiirirtitetiiiiiiisittte s ssiiine s et e s s s ssbas e e e s s s s saba s s e e e e s e sabaaseeeessssabasaseeesesasranans 25
1.4.1  Collision-indUucCed DiSSOCIALION ........c.c.eeevueersueiesiiieiiieieeeciee et sttt e et ese e st e s e s e ssee e 26
1.4.2  Data ACQUISITION METROTS .........oveeeieeeeieieeectee et e e ettt e e ettt e et e e e sttt e e et aeessaeaestasaeeanseaeesanees 27
1.4.2.1 Data-dependant ACQUISTTION ......ccueerieeiieeieereeeieestee et e sete et e s e e seeesraeesaeeeteesseesnseessseeseesnseenseesnseensees 28
1.4.2.2 Data-independent ACQUISITION ....c.coiiiiiieeiieiee ettt s ee e e et seee st e e saaeebeesnteeneeenneeneeas 29
1.4.3  DOEA PrOCESSING ...ccoouieeiiiiiiieiiie ettt ettt ettt sttt et e s st e s st e s etneeesannes 30
1.4.4  Statistical Analysis and MacRhiNg LEAIrNING ............cccceeecueeesueemsieeeieisieeeiee sttt 34
1.5 SYNTHETIC ROUTE PROFILING ...cuvtuverieesteesteete ettt st s st sreesatene s st esneesneen e e senesanesreesneesneenntemneennene 35
1.5.1  Value of the CReMUCAI PrOfile............oueeeeueieeeeieeeseeeeeeeee ettt e e e e sttt e e ettt e e saaaestaaeeeenseaeesanees 37
1.5.2  Profiling of SYNtREtiC OPiOids. ............oeeecuveieeeeieeeeceeeeeeee et e st e e ettt e e et a e e s iaa e e staaaeestsaaaeesnes 39
1.6 PROJECT OBJECTIVES «.uvtteiiitteetiittee s ettt e sttt e s st e s et e e smeae e s aaba e e s e bt e e e smneeesambeeesanne e e e snnneesanbaeesenneeesnnneas 40
1.7 REFERENCES. ¢..ttttettesteesteeteeutesutesueesteenteenteeutesatesueesseeseenseeaeeeaeessee bt anbeenbesatesstesaeenaeensesnsesasesaeanseanseentens 41
CHAPTER 2:  COLLISION-INDUCED DISSOCIATION STUDIES ......cccccoviiiinmmmnneiiiicisssnneeeeiiscisssnseeeessssssssens 56
2.1 2110 Y PP 56
COLLISION-INDUCED DISSOCIATION STUDIES OF SYNTHETIC OPIOIDS FOR NON-TARGETED ANALYSIS ....cvirivreeiriirieriirerennnnne 57
2.2 INTRODUCTION ..tttetiiiiiiiitttee e ettt et e e sttt e e e s s iar et et e e e s b e et e e e s s e sasb b s et e e s s e s s baaeeeeesesssrasaseeesesasrnneee 58
23 MATERIALS AND IMETHODS. ..cceiiiiiittieeteiiiiitni ittt s sttt s s ab et e e s s ssba s e e s s e sasbaa e e e e e s s sssranaseeesesennnnneee 60
DG I N Yo V=T o [ Lo B =T To 1= o 1 RS 60

5 B 0] 0 o] (o AR X [ 1o [0 o KSR 61
2.3.3  SAMPIE PrEPAIALION ... et e e et e ettt e e e sttt e e ettt e e e e taaaestssaeeassssesssssaeasssesaaans 61
2.3. 4 INSEIUMENTAI ANGIYSIS ...ttt e e sttt e e et e e e et e e e et s s e e aasaaeessssaeasssesanans 62
2.4 RESULTS AND DISCUSSION ..cceiiiiiiiiiiieeeiiiiietie et ettt sttt e e s e e e s s ssban et e e s s e saran e e e e e s e snnnnneee 63
2.4.1 Collision-induced DiSsOCIQtiON PATAWAYS .......ccccuveeeeeeeiiesiieeesciieeesieteeseeaesitttaessteaasssaaaeessseaenns 63
2.4.1.1 Non-pharmaceutical FENTANYIS ......cc.viiiiiiiiece et ettt e e e e e e bae e e abaaeeareeas 63

NViN



Table of contents

2.41.2 1Y BT g 1T @] o] o] o U ST SR 66
2.4.1.3 U SEIIES OPIOIAS .ueieiiiiieiiiieieiiie ettt e e ettt e eete e e eetbe e e e taeeeeatee e e taeeestseeeeabaeeaassseessbeeeasaseeassaeeeasseeaasneaeannes 67
24.1.4 W Series PSEUAO-OPIOIAS . .eeeiiuriiieiiiie ittt ettt e e st e e s bt e e s sabe e e s at e e e sabbeeseabaeeeanteeenas 69
2.4.1.5 IMIT=A5 et e s e e e e ab e e s bt e s et e e e e ab e e e s et e s s br e e e nanee 70
2.4.2  NON-tArgeted SCrEENING. ........ccovueeiiiiieeet ettt ettt ettt et ettt ettt e saae et esane s 71
25 CONCLUSION . ...eeeuteeetteiteeete st st st ettt ettt r e b ettt s e e s e s ae e s aeea e esa e e et saeesm e e eb e e neearesanesenesaeesaeenneenneenns 76
2.6 REFERENCES. ..ttt tiuttteiiitite ittt iitbtt ettt s bt s b e e s ab et e s s abb e e s ba e e e s aab e e e s s abb e e e s bba e s e sabaeessabaeeesannns 77
CHAPTER 3: NON-TARGETED ANALYSIS — COMPOUND DETECTION.......cccciviiiiummenriiniiisssnnneesssssssssansenes 80
3.1 L2 10 Y PP PP 80
FINDING THE PROVERBIAL NEEDLE: NON-TARGETED SCREENING OF SYNTHETIC OPIOIDS IN EQUINE PLASMA........ccevvirirennnne 81
3.2 INTRODUCTION ...ttt et eteesrt et ettt st st sbeesae e et et st e sr e e n e e r e e r e seneseee s bt e sb e e aeesneemneeneesre e neenreeanesmnesanes 82
3.3 EXPERIMENTAL 1eeuuttteiittiteiirie e siiret ettt sian s bb e s b e e s sab e e s s ba e e s ba s e e s s ab e e e s s abb e e e sbaa e e e sabaeessanaseesannnes 84
3.3.1  SOIVENLS QNG REAGENTS....cc.eveeeeeeeeteeeetee st e e ettt e et ete e e sttt e e e sttt e e essaaaestseaessssssasssseeeasseaennnes 84
3.3.2  SAMPIC PrOPAIALION ... et e ettt e e ettt e e e et e e e e taaaestsaaensassaseeasssaenssenenanes 84
3.3.3  INSErUMENEAI ANGIYSIS ...ttt ettt ettt e 86
I B D o 1o IV 1o VY KOS 87
3.34.1 Targeted Compound Extraction Limit of DETeCTiON........ccccviiiiiiiiiiiieeccceee et e e 87
3.34.2 Product 10N SEAICHING (PIS) c..uviiieiiie ettt et ettt e e e e ta e e e s v e e eabe e e staeeesasaeesenbeeesnsreaennnes 87
3343 KENAIICK MasS DEFECE.....ciueeiiiieierieeeet ettt sttt sttt b et e b e s esbe et e sbesnnennean 88
33.44 NON-TArgEtEd WOIKFIOW ....ooueieiiieeieeee ettt e st e st e e eete e saeesseesnseenseesnseennneenee 89
3.3.5  BlINA THQI SETUP .....ooeeeeeeeeeeeeeeee ettt e et e ettt e e ettt e e ettt e e ee st e e e s tsaaesaassasesasssaeasseaenanes 89
3.4 RESULTS AND DISCUSSION ...citiiiiiiiiiiiiieetiiiiiiietitee e iiiertte e s siier et e e e s seibaae e e e e s s seibaneseeesssennnaseseessenannres 89
3.4.1 Implementation of Non-targeted WOrKfIOW..............cooeecueeeecieeeesciieeecieeeeceeeeseeeesiteaeseaeaenanns 89
3.4.2 Application of SCreening TECANIGUES ...........ccoccuveeeeeiieeeeeiieeeecieeeeeeeeeescteeessteaeesssaaesssaaessseaeesnns 90
34.21 [ o Yo 18Tl Fo T Y=Y T e o 1= SRR 90
3.4.2.2 Kendrick Mass DEfECt ANAIYSIS ....ccuuiecierierieeieeree st e see et esee st e saeesteesteesseeeseessaeeseesnseenseesnseennenanes 93
S B =112 o I I o o | OO PP U P OPOPPPP 95

~ Vil ~



Table of contents

3.4.4  COMPATiSON Of TECANIGUES.......ccc..eveeeeieeeeeeeeeeee e et eee e e st e e e sttt e e s staaeatssasssssesesssssaaesssseaanns 98
3.5 MOLECULAR FEATURE EXTRACTION .eeiiuuriiiiirrieiirieeeiiinieesitnee s srntesssrte e sinne e snasesssbesssnnaeessanasessnnasessnnns 102
3.5.1  BOCKGIOUNG. ...ttt ettt s e st e et e st e s st e s e e snee e 102
R A = (o114 110 1=1 1 1o | SR 102
3.5.3  RESUIES AN DiSCUSSION ...ttt 104
3.6 CONCLUSION ...ceuutieirteiitte st ettt sit et ettt e saa e s be e e s b et s ba e e s b s e s be e e s ba e e ebe e e s bsesbe e e baesbe s e sbaesabesennneeaneis 107
3.7 REFERENCES..1tttutttetstttte ittt sttt e sttt s b e s e e e s b bt e e s bbb e e sab b e e s e bb e e e s bbb e e s sab e e e s s bb e e e s bbb e e s sabaeessnbeeesannns 107
CHAPTER 4: NON-TARGETED ANALYSIS — COMPOUND IDENTIFICATION.....cccccottuuiiimmnniiinennsinennsinenns 112
4.1 RATIONALE ...ttt ettt et sttt ettt et st e s bt e sa e e et st s ae e s b e e bt ear e e aresanesanesanesreenneeaeennesnnene 112
TOWARDS COMPOUND IDENTIFICATION IN NON-TARGETED SCREENING USING MACHINE LEARNING TECHNIQUES............... 113
4.2 15T ] 01U o T PP 114
4.3 EXPERIMENTAL 1. uvttteiitieeiiitee st e sttt s ebb e s et e s s bb e st b e e s sab b e e s sbb e e e s bbb e e s saba e e s s b b e e e saabaeessbaeessanbaeesannns 115
4.3.1  SOIVENLS AN REAGENTES.......eoneeeeeieeeeeeeeeee ettt ettt ettt e s e s esaeesaee e 115

22 B2 0 ¢V o I e 1T [ ] o Ky 115
20 G B Yo 0 ) =0 o =] 4 Yo 1o 11 (o) S 116
4331 Class Prediction SAMIPIES .....cccciiii ittt et eete e e e ta e e e e ba e e e abeeeeabe e e sabeeeearaeeennreeas 116
43.3.2 Retention Time Repeatability STUAIES .....ccviecee et e e snee e 116
4333 Retention Time Prediction SAMPIES ........ccvieceerieccieeeeree e seee st e e seeesae e s e e seesaeennneenes 117
4334 Plasma EXtraction MO ........cc.uiiiiiiiiiiecieceeee et 117
4.3.4  INSErUMENEAI ANGIYSIS ..ottt ettt s e s aeesaee e 118

R B D o 1 [ Y Lo Y KR 118
4351 Class Prediction SAmMIPIES .....coocuiii ettt e e ete e e s ta e e e e ba e e e abaeeeabe e e sabeeeearaeeennreeas 119
4352 Retention Time Prediction SAMPIES .....cocuiii ittt et e e e s e e e e eabe e e s raeeeeanes 119
4.3.6  MOIECUIAE FEATUIES ...ttt ettt sttt ettt eneeanenaees 119
4.3.7  SEQUSEICAI ANGIYSIS ..veeeaaeeeeeee ettt e ettt e e e e e ettt a e e e e et sttt e e aaeeeasssssssaaaaeeassaees 120
43.7.1 Class Prediction MOGEHING ......ooveeriiiieee et e s e san e e b sneenenes 121
4.3.7.2 Retention Time PrediCtion ...ttt 122

~ Viil ~



Table of contents

4.4 RESULTS AND DISCUSSION w....veuveeureereeresreniresseesseesseesseeeteneesmeesseesseessesaresenessnesmeesseenseenseensssneesnessseessenas 122
4.4.1  Class Prediction MOGEIIING.............ccccueeeeeceeeeeceeeeeee e et e e ettt e e e ttaa e e staa e e s staaaessasaaeesseaaens 122
4.4.2  Retention Time Repeatability SLUIES ...........cccoceirveeeieieiieiieeeee et 128
4.4.3  Retention TiMe PrediCtion ...........c.ccoeeveereeiiieiiieiieiesteetieteee sttt 131
4.5 CONGCLUSION ...t eeuteeureeuteeutesetesttesseesteestee st et e eme e sbe e s e e b e e s s e sa s e s asesaeesbee s bt e bt e st eme e emeeeseeene e beeaneenresanenmnesnnes 136
4.6 REFERENCES ..ttt tiuttteiittitesittie sttt e sttt ettt sbe e s s bba e s e e s s b bt e e s bbb e e s s aba e e s s b b e e e saaba e e e sabaeesenbanesanns 136
CHAPTER 5: NON-TARGETED SCREENING WORKFLOW .....ccceeiiiiiiiiinneeeiiiiiiissinnseesessssssssssseessssssssssasees 141
5.1 RATIONALE ...ttt e e s b e e e e s s a st e e e e s s b s s e e e e s s e sasbaaseeeesesas 141
5.2 IMPLEMENTATION OF NON-TARGETED SCREENING PROCESSES IN FORENSIC TOXICOLOGY ...vvvviurniiiinnieeiniiieinnns 142
2 R 00 ¢ ] o YoV 14 To [ D=4 (=Tt o Lo ) B RSN 142
5.2.2  Compound IdeNtifiCALION ...........c.eeeeeeeeieeeeieeeeeeeeeee et e s te e e sttt eeeetea e e st e e e stseaesanseaeesaseeaaas 144
53 CONCLUSION ..ctttiitttee ittt ettt ib e st s s e e e s b e e s b b e e e s ab et e s e b b e e e s bbb e e s s b e e e s s bbe e e snbaeessabanesas 147
54 REFERENCES. .. euvttttietiiitiiitt e ettt sttt e s s bbb s e e e e s e bbb e e e e e s e s bbb s e e e e e s s aab s s e s eessesnsbanaeeeesesas 147
CHAPTER 6: SYNTHETIC ROUTE PROFILING ......ccooviummrtriiiiiiissnnnneetiiiisssaneneeesissssssssseneesssssssssssssseessssssns 150
6.1 RATIONALE ...ttt ettt sttt ettt et st s e st s bt e s m e e et et et s et e e r e e r e e r e e resenesenesenesreenneenntenntemeeeneenneenneeas 150
6.2 L1 Y0 01U oy 1 T PP PP 151
6.3 EXPERIMENTAL 1. utttetitttee sttt et e s ettt a e sba e s s bt e e ssba e e s s ba e e s s b bt e e s aba e e s sbae e s s smb e e e saabaeessbaeessnbanesanns 152
6.3.1  SYNLRELIC SEIALEGY..cnueeeeieeieeeeeee ettt s et e s ettt et e sane e st e e naneenanes 152
6.3.1.1 IMIAEEITALS .ottt e bbb a e 153
6.3.2  INSEIUMENTALION ...ttt ettt 153
6.3.2.1 Gas Chromatography — Mass SPECIIOMELIY.....ccuiiiiiiiieciiie ettt et rir e e ar e e s taeeeeareeas 153
6.3.2.2 Liquid Chromatography — Mass SPECIIOMELIY ......ccuiiieiieeeiieeeicreeeecite e e e e e e e sire e e e e e e e ebeeeenareeeens 154
6.3.3  Recursive FEAtUre EXTIUCEION .......c.cccuvieveueiiiiiiiiiiiiiiiisiiie sttt ettt ettt 155
6.3.3.1 Gas Chromatography — Mass SPeCErOMELIY.......ccceirriierieeieeie e s 155
6.3.3.2 Liquid Chromatography — Mass SPECLrOMELIY ......ccvviriiieriieriie ettt er e seee e 155
6.3.4  StAtiStICAI MOAEIIING ........oooeeeeeeeeeeeeeeeee ettt et et 156

6.4 RESULTS AND DISCUSSION .....eeuveereereererreseresseesseesseesseeseeneesmeesseesseessesaresenessnesseesseenseenseensssneesnessseessenas 157



Table of contents

6.4.1 Identification Of MQJOI IMPUIIEIES............ceeeeueeeeesiiseeeieeeeceteeectee e este e e sttt e e e itea e e seeeeasaeaesnees 157
6.4.1.1 CommON SYNThETIC IMPUITTIES .....cciiiii et e e et e e e abe e e e sab e e e eaaee e nbaeaennreeas 157

6.4.1.2 ROULE-SPECITIC IMPUIILIES 1..vveeetieeieccee ettt e s te et e te s te e et e e s seeeseessaeeseesnseessaesnseesseeanes 160

6.4.2  Statistical Approaches to Route ClaSSIfiCation..............ccceevceeveesiiriiriisiieseeseeie et 163

6.5 CONCLUSION . ... ttetetteteete et et sttt ettt et s s st e bt e et e et st e s bt e b e e st e n e s enesane s bt e sseeneennesaneereenreeneearess 169
6.6 R 21113 ol =TT 169
CHAPTER 7: OVERALL CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK...........cccuneeerrnn. 172
7.1 OVERALL CONCLUSIONS «..evttiiittieeirttessiibteessirt e sibs e s siba e s sbae e sibbe e s sabae e s s bb e e e sabb e e s sabaaesssabaeesaabaeeesannnes 172
7.2 RECOMMENDATIONS FOR FUTURE WORK ......uuuiiiiiiiiiiiiiiiiiiiei it sians e sana e s e 173
APPENDIX L ..uuuuiuueeieiiiiiiiinnneeeeiiiiiiiisereeeiiiieimsseneeetisiesssssteeetiiisssssmteesiosssssstttessiessssssseeesssssssssssssseesse 176
APPENDIX 2..cuuuieeiiieiiiiiiiinteeeeiiiiiissseeeeiiiisissssseessissssssssseeessssssssssssseesssssssssssssesesssssssssssseesssssssssssssessssss 178
Yo o =01 0 G 205
APPENDIX 4.....eeeeiiiiiiiiiiiieieeeiiisisssesseee s sass s e e s s s s s s aas s e e e s se s s aa s s e e e s s e s b s b e e e e s s s e R s e e e e e e s e an R e e e e e e s 212
X 2 111 0. G S 225



List of figures

List of figures
Figure 1-1: Trends in number of drug users by drug class (Adapted from UNODC) & ............ccoou..... 2
Figure 1-2: Changes to the NPS market reported in 2017 (Adapted from UNODC) ™ .........c.cocveveenennes 5
Figure 1-3: Chemical structure of fentanyl ........cc.ooeoiiii i 12
Figure 1-4: Chemical structure of MT-45 ......ooo it e et e et e e e sara e e e enaraeeean 16

Figure 1-5: Chemical structures of benzimidazole isomers, including etonitazene (A), isotonitazene

(B), @NA ClONTTAZENE () cuvvrrrreeeieeiieiiireeeee ettt e e eeeeree e e e e e eeeabaeeeeeeeeeeesssbresreeeeesessssreseseeesesnssees 17
Figure 1-6: Synthesis of fentanyl as patented by Janssen M0 ..o 22
Figure 1-7: Generic synthesis procedure for fentanyl derivatives.........cccocvveeiicieeicciiee e, 23

Figure 1-8: Comparison of data-dependent and data-independent acquisiton techniques in high-

resolution mass spectrometry (Adapted from Zhu et al.) 132 i, 28

Figure 1-9: Comparison of the different workflows for biased non-targeted screening as proposed by

Pasin et al. *?2, The * denotes that specialised software is required ...........ccccoceveuerveeeeeeeereeneneenens 31

Figure 1-10: Chemical profiling of MDMA, as carried out by NMI (Adapted from Morelato et al.) 183!

Figure 1-11: Framework for processing of case information to support the three different levels of

forensic intelligence (Adapted from Marclay et al.) % ... ....ooiiiiiiieeeeeeeeee s 37

Figure 2-1: General chemical structure of fentanyls (A), AH series opioids (B), W series opioids (C), U

series opioids with (D), and without (E) a methylene spacer and MT-45 (F)......ccoovveeevceeeeencreeeeennnen. 59

Figure 2-2: Proposed structures of fragments observed for NPFs containing differing tails and C9 side

chains, showing molecular ion (1) and common product ions (1a — 1C) ..cccccveeeeecieeeeiiieee e, 64

Figure 2-3: Proposed structures of fragments observed for NPFs containing a phenylethyl tail and

lacking a C9 side chain, showing molecular ion (2) and common product ions (2a — 2g) ........cc........ 66

NXiN



List of figures

Figure 2-4: Proposed structures of fragments observed for AH series opioids, showing molecular ion

(3) and common Products 10NS (38 = 38) ..uiiiiiiciiieeeeiee ettt e et e e et e e e etre e e e ebee e e seraeeeeebaaaeeanes 67

Figure 2-5: Proposed structures of fragments observed for U series opioids containing a methylene

spacer, showing molecular ion (4) and common product ioNns (42 —4C) ...cccceeeeciiieeeeciieeeecieee e 68

Figure 2-6: Proposed structures of fragments observed for W series opioids, showing molecular ion

(5) and commOon Product I0NS (58 = 5C) vevveiiiiieiiiieiiieecieeeste et e eeeesre e ste e e ste e e steeesaaeesaseeenreeesareesnees 70

Figure 2-7: Proposed structures of fragments observed for MT-45, showing molecular ion (6) and

PrOAUCT IONS (B8 — B0) ..vvveeiiieiiieiiiriiiee e e ettt ee e e e e eeetbreeeeeeeeesebareeeeeeeeesessrsreeeeesesesasssssaeeseseeesnssrsrneens 71

Figure 2-8: Extracted ion chromatograms for diagnostic product ions 105.0704 (top) and 188.1439

(bottom) showing the identification of acetyl fentanyl and fentanyl in 0.1 ng/mL mixed spike........ 74

Figure 2-9: Extracted ion chromatograms for diagnostic product ions identified for the AH series
opioids: 144.9612, 172.9561, 189.9827, 201.9827, and 284.0609 (A), and for the U series opioids with
a methylene spacer: 158.9768, 218.0140 and 298.0766 (B), showing the identification of AH-7921 and

U-50488 in an equine plasma sample spiked with a mixture of NPFs and NSOs at 0.1 ng/mL .......... 75

Figure 3-1: Chemical structures of opioids included in the study including acetyl fentanyl (A), fentanyl

(B), carfentanil (C), AH-7921 (D) and U-50488 (E)....ccuuvrerieieiiiiirieeeeeeeeeeiieree e e e eeeeiireeeeeeeeeeesareneeens 85

Figure 3-2: EICs showing the targeted extraction of known precursor masses showing the detection
of the spiked compounds in a 0.05 ng/mL spike. The common product ions used for the PIS screening
also showed detection of the samples peaks and could be easily distinguished from the matrix blank,

showing the specificity of the teChNIQUE. ......euviiiiiei e e e 91

Figure 3-3: Example overlaid EICs for common U series product ions m/z 158.9768 (red), 218.0140
(blue) and 298.0766 (green) from a spiked plasma sample with 0.05 ng/mL U-50488 (A) and a blank

Figure 3-4: EICs for some of the identified masses from DefectDetect showing selectivity to the spiked
compounds in comparison to the blank (A) and the results table given by DefectDetect for the spiked
sample (B). The detected class for each mass in the results table is given according to the filters listed

in Table 3-2. AC: Amide Chain, Cy: Cyclic, FA: F analOgUES ........cccceeeeeeeeeciiiieeeee e eeeccirree e e 94

~ X1l ~



List of figures

Figure 3-5: PIS results obtained from the blind trail showing the detection of both monitored ions in

the 0.5 ng/mL spike and only detection of the m/z 188.1439 ion in the 0.05 ng/mL spike................ 96

Figure 3-6: PIS results for the spiked acetyl fentanyl standards (A) compared with the associated KMD

resUlts fOr €aCh SAMPIE (B)...uiii ittt e et e e e et e e e e aaa e e e e abaeeeeeasaeaaan 97

Figure 3-7: EICs showing common fentanyl product ions at m/z 105.0704 and 188.1439 (A) showing
a peak for carfentanil at a lower abundance at m/z 105.0704 (B) but not m/z 188.1439.................. 99

Figure 3-8: Layout of the Profinder outputs showing: (A) list of compound groups; (B) compound
information within each sample; (C) EICs for selected compound group; (D) Find by Formula mass

spectra for selected COMPOUN BIrOUP .....uiiiiiiiiie ittt et e e e st e e esbre e e e ebae e e e enbaeeessbeeeeennes 105

Figure 3-9: Overview of the effects of different filtering processes on the number of compounds

extracted by the recursive feature extraction approach ........cccoccveiiviiii e, 107

Figure 4-1: Generic structures of the opioid subclasses used in the class prediction model, including

fentanyl analogues (A), AH series (B), and U series with (C), and without (E) a methylene spacer. 123

Figure 4-2: Confusion matrix showing the prediction accuracy of the developed Naive Bayes model

{{oY gr=F- ol o JeY o] To] o IR U] o Yo F= 113U 126

Figure 4-3: Model accuracy following removal of individual predictors in comparison to the accuracy

of a model trained with all features (red). A lower RMSE indicates a higher model accuracy......... 132

Figure 4-4: Predicted (RRTp) vs. experimental (RRTe) for the developed Gaussian Process Regression

Figure 4-5: Residuals produced from the retention time prediction model...........ccccccvvveeerreeeennnen. 134

Figure 5-1: Proposed non-targeted screening workflow for detection of unknown compounds.... 143

Figure 5-2: Non-targeted screening workflow for proposing putative identifications of detected

UNKNOWN COMPOUNTS.....uuiiiiiieeeeiiiiititeeeeeeeeeiittteeeeeeessseantesseeeeeseesassssaseeeesssassssssssessesssasasssesseesessennnsnns 146

Figure 6-1: Overall synthetic route for the production of acetly fentanyl. Compounds in black are
those specific to the majority of synthetic methods. Compounds specific to each method are shown

in blue, Valdez *3! (Method 1); brown, One Pot 7! (Method 2); and green, Siegfried **Y) (Method 3).

~ Xiil ~


file:///C:/Users/j2kli/Dropbox/Uni/PhD/Thesis/Thesis%20v5.docx%23_Toc63272243
file:///C:/Users/j2kli/Dropbox/Uni/PhD/Thesis/Thesis%20v5.docx%23_Toc63272243
file:///C:/Users/j2kli/Dropbox/Uni/PhD/Thesis/Thesis%20v5.docx%23_Toc63272243

List of figures

TBAB: tetra-N-butylammonium bromide; ACN: acetonitrile; DCM: dichloromethane; DIPEA:

(o TTTYeT o o] 1V2 L=Td o1V =T 411 1= PP 153

Figure 6-2: Chemical structures of some of the common impurities identified. (A) 1-phenethyl-

piperidine-4-ol; (B) 4-anilino-N-phenethylpiperidine; (C) acetanilide ..........cccocereeciiereeciieeeeieene. 158

Figure 6-3: Chemical structures of N-ethylacetanilide..........ccocceeiriiiiiiiiniiiini e 159

Figure 6-4: Chemical structures of (2-chloroethyl)benzene (left) and (2-bromoethyl)benzene (right)

Figure 6-5: Chemical structures of some impurities specific to the Valdez method. (A)

diisopropylethylamine (DIPEA); (B) N,N-diisopropylacetamide; (C) styrene ........ccccecevveeeecveeeennnen. 160

Figure 6-6: Chemical structures of some impurities specific to the One-pot method. (A)

phenacetaldehyde; (B) phenacetaldehyde dimethyl acetal; (C) phenethyl alcohol......................... 161

Figure 6-7: Principal component analysis showing the separation between different synthetic
pathways based on GC-MS analysis for 2 components (top) and 3 components (bottom). Red: Valdez
(Method 1); Blue: One-pot (Method 2); Yellow: Siegfried (Method 3). Each data point represents
samples prepared in separate synthesis batches. The first 3 components accounted for 76.81% of the

AV L E= T Tl 1 (=Y | 164

Figure 6-8: PCA loading plot showing the separation of the entities identified after GC-MS analysis

Figure 6-9: Principal component analysis showing the separation between different synthetic
pathways based on LC-MS analysis for 2 components (top) and 3 components (bottom). Red: Valdez
(Method 1); Blue: One-pot (Method 2); Yellow: Siegfried (Method 3). Each data point represents
samples prepared in separate synthesis batches. The first 3 components accounted for 80.99% of the

AV L =Y L= o (==Y ) 167

~ X1V ~


file:///C:/Users/j2kli/Dropbox/Uni/PhD/Thesis/Thesis%20v5.docx%23_Toc63272259
file:///C:/Users/j2kli/Dropbox/Uni/PhD/Thesis/Thesis%20v5.docx%23_Toc63272259

List of tables

List of tables
Table 1-1: Summary of main regulatory options available (Adapted from Reuter and Pardo) *7...... 9
Table 1-2: Chemical information of the fentanyl derivatives .........ccccevvcieeiiiciie e 13
Table 1-3: Chemical information for the AH series of novel synthetic opioids..........cccoecvieeiicieennnns 14
Table 1-4: Chemical information for some of the U series of novel synthetic opioids...........c.......... 15
Table 1-5: Chemical information for the U series opioids containing a methylene spacer............... 16
Table 1-6: Chemical information for the W series of novel synthetic opioids........cccccevvcvieiiicieennns 18
Table 1-7: Potency of various fentanyl derivatives compared with morphine and fentanyl............. 19
Table 1-8: Categories of Analytical Techniques as define by SWGDRUG 21 | ......coivviiviiiieinee, 25
Table 2-1: Summary of diagnostic product ions for each subclass of synthetic opioids ................... 73
Table 3-1: Diagnostic product ions from each compound class used for screening 1224 ................... 88
Table 3-2: Kendrick mass defect (KMD) filters used for compound detection..........ccccecveeeeriieeennns 89

Table 3-3: Kendrick mass defect (KMD) analysis of one set of 0.1 ng/mL samples, showing consistent

detection of analytes of interest and total number of filtered results for each sample..................... 95

Table 3-4: Overview of the estimated limits of detection (LODs) and screening cut-offs for the

different detection techniques apPPlied .........eeeiiiiii e e e 101
Table 4-1: Molecular features used for retention time prediction.........cccceevciieeiiiieiiicieecce, 120
Table 4-2: Accuracy of each class prediction model trained...........cccevevciiiiiniieeiccee e, 125

Table 4-3: F1 scores and Matthew’s Correlation Coefficients calculated from the optimised

Lo LY L Tot= Y dTe] 12 0o Yo L1 128

Table 4-4: Overview of the average standard deviation (SD) and relative standard deviation (%RSD)

values for the repeatability studies conducted on neat standards .........cccceeeeciieeeeciieeeccciee e, 129

~ XV ~



List of tables

Table 4-5: Overview of the average standard deviation (SD) and relative standard deviation (%RSD)
values for both the absolute retention time (RT) and relative retention time (RRT) of the spiked

[ g T aT o] 1o (g T IR 130

Table 4-6: Accuracy of each retention time prediction model trained, measured by the root mean

SQUATE EITON (RIMISE) ...ttt ettt e e et e e e ettt e e e e be e e e e abaeeeeeasteeeeanstaeesanstasesansraeesanses 131

Table 6-1: Prediction accuracy for each trained model ..........coueeeiiiiiiciiiiie e, 168

~ XVl ~


file:///C:/Users/j2kli/Dropbox/Uni/PhD/Thesis/Thesis%20v5.docx%23_Toc63272334
file:///C:/Users/j2kli/Dropbox/Uni/PhD/Thesis/Thesis%20v5.docx%23_Toc63272334
file:///C:/Users/j2kli/Dropbox/Uni/PhD/Thesis/Thesis%20v5.docx%23_Toc63272334

Abbreviations

%RSD

2-BEB

2-CEB

4-ANPP

4-FBF

ABS

ACIC

ACMD

ACN

AFP

AIDIP

AIHW

ANN

AORC

ARFL

ATS

CAS

CE

CE-DAD

CID

CRM

csv

DALY

DBE

DCM

DDA

DEA

DIA

Abbreviations

Relative Standard Deviation
(2-bromoethyl)benzene
(2-chloroethyl)benzene
4-anilino-N-phenethylpiperidine
4-fluorobutyryl fentanyl

Australian Bureau of Statistics

Australian Criminal Intelligence Commission
Advisory Council on the Misuse of Drugs
Acetonitrile

Australian Federal Police

Australian lllicit Drug Intelligence Program
Australian Institute of Health and Welfare
Artificial Neural Network

Association of Official Racing Chemists
Australian Racing Forensic Laboratory
Amphetamine-type Stimulants

Chemical Attribution Signature

Collision Energy

Capillary Electrophoresis — Diode Array Detector
Collision-induced Dissociation

Certified Reference Material
Comma-separated Value
Disability-adjusted Life Years

Double Bond Equivalents
Dichloromethane

Data-dependent Acquisition

Drug Enforcement Administration

Data-independent Acquisition

~ XVii ~



Abbreviations

DIPEA
EIC
EMCDDA
ESI

ESI+
EWA
FbF

Fbl

FTIR
FWHM
GC-MS
GPR

HR
HRMS
Hy
ICP-MS
IS

KMD
LC-ELSD
LC-MS
LC-QTOF-MS
LDso

LR

m/z
MALDI
MCC
MCR
MDA
MDF

MDMA

Diisopropylethylamine

Extracted lon Chromatogram

European Monitoring Centre for Drugs and Drug Addiction
Electrospray lonisation

Positive Electrospray lonisation Mode

Early Warning Advisory

Find by Formula

Find by lon

Fourier Transform Infra-red Spectroscopy

Full Width at Half Maximum

Gas Chromatography — Mass Spectrometry

Gaussian Process Regression

High Resolution

High-resolution Mass Spectrometry

Hydrophilic Factor

Inductively Coupled Plasma — Mass Spectrometry

Internal Standard

Kendrick Mass Defect

Liquid Chromatography — Evaporative Light Scattering Detector
Liquid Chromatography — Mass Spectrometry

Liquid Chromatography — Quadrupole Time of Flight — Mass Spectrometry
Median Lethal Dose

Low Resolution

Mass-to-charge Ratio

Matrix-assisted Laser Desorption/lonisation

Matthew’s Correlation Coefficient

Multicomponent reaction
3,4-methylenedioxyamphetamine

Mass Defect Filtering

3,4-methylenedioxymethamphetamine

~ XViil ~



Abbreviations

MFE
MPP
MRM
MS/MS
MSC
MSE
MSE
NDSHS
NIST
NLF
NMI
NMR
NPF
NPP
NPS
NSO
ONDCP
PCA
PCDL
PIS
PLS-DA
PMMA
QqQ
RFE
RMSE
RRT

RT

S/N

SD

SPE

Molecular Feature Extraction

Mass Profiler Professional

Multiple Reaction Monitoring

Tandem Mass Spectrometry

Molecular Structure Correlator

Elevated Mass Spectrometry

Mean Square Error

National Drug Safety Household Survey
National Institute of Standards and Technology
Neutral Loss Filtering

National Measurement Institute

Nuclear Magnetic Resonance Spectroscopy
Non-pharmaceutical Fentanyl
N-phenethyl-4-piperidone

New Psychoactive Substances

Novel Synthetic Opioid

Office of National Drug Control Policy
Principal Component Analysis

Personal Compound Database and Library
Product lon Searching

Partial Least Squares — Discriminant Analysis
Para-methoxymethylamphetamine

Triple Quadrupole

Recursive Feature Extraction

Root Mean Square Error

Relative Retention Time

Retention Time

Signal-to-noise Ratio

Standard Deviation

Solid Phase Extraction

~ XiX ~



Abbreviations

STRL

SVM

SWATH

SWGDRUG

TBAB

TIC

UHPLC-MS

UNODC

VBA

Special Testing and Research Laboratory

Support Vector Machine

Sequential Windowed Acquisition of All Theoretical Fragment lon Mass Spectra
Scientific Working Group for the Analysis of Seized Drugs
Tetra-N-butylammonium bromide

Total lon Chromatogram

Ultra High-performance Liquid Chromatography — Mass Spectrometry

United Nations Office on Drugs and Crime

Visual Basic for Applications

~ XX ~



Publications and Conference Proceedings

Publications and Conference Proceedings

Refereed Journal Publications

1. Klingberg, J., et al., Collision-Induced Dissociation Studies of Synthetic Opioids for Non-targeted
Analysis. Front. Chem., 2019. 7(331).

2. Klingberg, J., et al., Finding the Proverbial Needle: Non-targeted Screening of Synthetic Opioids
in Equine Plasma. Drug Test. Anal. 2020. DOI: 10.1002/dta.2893

Refereed Conference Proceedings (presenting author underlined)

1. Klingberg J, Shimmon R, Cawley A, Fu S. Organic Impurity Profiling of Fentanyl Derivatives. Oral
presentation at the 8" European Academy of Forensic Science Conference (August 2018), Lyon,

France.

2. Klingberg J, Shimmon R, Cawley A, Fu S. Collision-induced Dissociation Studies of Synthetic
Opioids for Non-targeted Screening. Poster presentation at the 24™ Australian and New

Zealand Forensic Science Society International Symposium (September 2018), Perth, Australia.

3. Klingberg J, Cawley A, Pasin D, Fouracre C, Fu S. Development of Non-targeted LC-HRMS
Screening for Synthetic Opioids in Equine Plasma. Oral presentation at the 72" Meeting of the

Association of Official Racing Chemists (May 2019), Paris, France.

4. Klingberg J, Cawley A, Shimmon R, Pasin D, Fourace C, Fu S. Development of Non-targeted
Screening Strategies for Synthetic Opioids. Oral presentation at the Forensic and Clinical

Toxicology Association Conference (June 2019), Adelaide, Australia.

5. Klingberg J, Cawley A, Shimmon R, Pasin D, Fouracre C, Fu S. Development of a Non-targeted
Screening Workflow for the Detection of Synthetic Opioids in Equine Plasma. Poster
presentation at the 57" Annual Meeting of the International Association of Forensic

Toxicologists (September 2019), Birmingham, United Kingdom.

~ XX1 ~



Abstract

Abstract

Synthetic opioids are a drug class of particular concern due to their incredibly high potency and the
large public health threat that they pose. These compounds have also seen significant modification,
highlighting the importance of developing techniques that can detect them without relying on
databases or certified reference materials. This work provides a comprehensive investigation into the
detection and profiling of synthetic opioids from the perspective of both drug screening in biological

matrices and analysis of seized drug samples.

Collision-induced dissociation studies were conducted on a range of different synthetic opioid
standards and common product ions belonging to each opioid subclass were identified for use in
non-targeted screening strategies. Product ion searching, Kendrick Mass Defect analysis and
recursive feature extraction approaches were evaluated for data analysis. Product ion searching and
Kendrick mass defect analysis proved effective, with estimated screening cut-offs proposed of
0.05 ng/mL and 0.1 ng/mL, respectively. Recursive feature extraction was found to have a high
sensitivity for the detection of spiked compounds, however unbiased extraction of all compounds

within a sample presented issues with relevance for screening.

Machine learning approaches were investigated for the identification of unknown compounds. A
Naive Bayes classification model was trained, exploiting the common fragmentation pathways
identified, to predict the opioid subclass of a sample with 89.5% accuracy. Additionally, a Gaussian
Process Regression model was optimised to predict the experimental relative retention time of a
compound based on its molecular features. Relative retention times were predicted for 79.7% of the
samples within #0.1 of their experimental value. By using these models as complementary
approaches putative identities of unknown compounds can be proposed with greater confidence

before confirmation using certified reference materials.

A preliminary study was also conducted into the synthetic route profiling of acetyl fentanyl. Several
common impurities were identified, as well as a number of impurities that were unique to a specific
method. These impurities can provide an analyst with an indication of the method used in the
synthesis of a seized sample. Furthermore, a statistical approach was taken, with the creation of
principal component analysis plots and classification models. The PCA plots showed distinct

separation between samples made with different methods and the trained classification models
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displayed high accuracy. These results should be reviewed in context, however, as small sample sizes

were used in this preliminary study.

~ XX1il ~






	Title Page
	Certificate of authorship and originality
	Acknowledgements
	Table of contents
	List of figures
	List of tables
	Abbreviations
	Publications and Conference Proceedings
	Abstract



