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ABSTRACT

New psychoactive substances (NPS) present a major public health crisis across the world
due to their variable potency, constant evolution within the recreational drug community, and
ability to skirt legal/policy regulations. Because of the frequency with which new substances are
introduced, it is increasingly difficult for clinical, toxicological, and forensic laboratories to keep up
with the newest drug threats, presenting a critical need for development of rapid analytical
methods capable of confident structural characterization. In the present work, we demonstrate
successful coupling of a commercial dielectric barrier discharge ionization (DBDI) source to two
ion mobility-mass spectrometry (IM-MS) instruments, including high-resolution Structures for
Lossless lon Manipulations (SLIM). The DBDI source enables rapid introduction of NPS which
can subsequently be characterized by IM-MS. Specifically, we show that IM can be used to
differentiate structural isomers of synthetic cannabinoids, benzodiazepines, nitazenes, and
fentanyl analogues with very minor differences in their collision cross sections (CCS). We also
note that the mobility spectra for those compounds presenting protonation site isomers

(“protomers”) differed from previous work on electrospray ionization (ESI)-generated species from
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our group and others; this observation is not unsurprising given the different fundamental
mechanism of DBD ionization and warrants future interrogation. Finally, we demonstrate the
combination of ion mobility with tandem mass spectrometry (MS/MS) for mobility-aligned
fragmentation that provided additional structural information for confident characterization. The
coupling of DBDI with IM-MS/MS (especially high-resolution IM) constitutes a powerful approach

for rapid analysis of several classes of NPS that could be used to improve throughput in the future.

INTRODUCTION

New psychoactive substances (NPS) are a broad group of drugs illicitly manufactured to
mimic the effects of controlled substances. These include four major classes: stimulants (e.g.,
cathinones, “bath salts”, etc.), hallucinogens, cannabinoids, and depressants (e.g., fentanyl
analogues, benzodiazepines, etc.).'® NPS can skirt federal regulations and avoid illegal
classifications, while also evading policy restrictions by utilizing different synthetic pathways
and/or chemical precursors.? But with >1,300 unique NPS identified by the United Nations Office
on Drugs and Crime (UNODC), far less is understood about their potency and unintended side
effects than their traditional counterparts.? All of these factors have led to NPS being recognized
as a major public health concern.’-® The constantly evolving NPS landscape, with estimates as
high as one new substance being introduced into the illicit drug market each week, has generated
an impetus for analytical techniques capable of structurally characterizing new species as well as
their metabolites. Gold-standard methods include mass spectrometry-based techniques, typically
coupled with gas or liquid chromatography (GC/LC-MS).#-"" However, these methods often
require considerable sample preparation and lengthy (chromatographic) analysis times,

significantly limiting throughput.

Ambient ionization, as defined by Prof. R. Graham Cooks, is “the ionization of
unprocessed or minimally modified samples in their native environment.”’? The first ambient

ionization mass spectrometry (AIMS) techniques, reported in the early 2000s, included desorption
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electrospray ionization (DESI), a solvent-based technique reported by Takats et al.,’® and direct
analysis in real time (DART), a plasma-based technique developed by Cody et al.’* In the two
decades since, AIMS has seen significant development in both technology (>45 ambient
techniques reported in literature) and its applications;'>1516 one notable example is the low-
temperature plasma (LTP) ionization source which has seen application to drugs of abuse.'”-20
Another promising ionization technique is dielectric barrier discharge ionization (DBDI), a plasma-
based technique first reported in 2007 by Na et al.?"?2 DBDI involves generation of a low
temperature plasma yielding reactive species (e.g., H3O* from ambient water vapor) for soft
atmospheric pressure ionization via processes including proton transfer. This technique enables
analysis of solid, liquid, or gaseous samples without the need for chromatography or sample
preparation,?® allowing for high throughput analysis; several recent reviews of DBDI in mass
spectrometry cover its fundamentals and applications.?324 The technology has also recently been
commercialized as “soft ionization by chemical reaction in transfer” (SICRIT) by Plasmion GmbH,

and demonstrated for forensics applications including illicit drugs and explosives.2325-28

Despite the promise of high throughput AIMS techniques like DBDI in fast screening of
illicit drugs in biological fluids,?® differentiation of isobaric/isomeric species (especially in
potentially complex matrixes) can be a challenge in lieu of prior separations (i.e.,
chromatography). One emerging solution is the coupling of ambient ionization with ion mobility
spectrometry (IMS), a post-ionization gas-phase technique capable of rapid separation of ions
based on differences in their size, shape, and charge. In addition to separation capabilities, IMS
can also measure an ion’s mobility constant (K) which can be used to derive its collision cross
section (CCS), a representative parameter that improves confidence of identification.30-32
Coupling mobility with MS (IM-MS) provides a hybrid technique capable of simultaneously
measuring both CCS and m/z of a given analyte, an approach that has been widely used to

distinguish NPS isomers.33-46
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Due to the post-ionization separation capabilities of IMS, it was logically coupled with DBDI
by several groups shortly after its development.4”-4° The approach has since been employed in
numerous applications, including for direct testing of pharmaceuticals.®® Other ambient ionization
techniques including liquid extraction surface analysis (LESA), desorption electrospray ionization
(DESI), liquid-microjunction surface sampling probe (LMJ-SSP), and paper spray (PS) have also
been coupled with IM-MS for applications ranging from dried blood spot analysis to leaf spray
(LS).5'-%% Amongst the IMS techniques demonstrated are commercial and homebuilt drift tubes
(DTIMS), as well as high field asymmetric waveform (FAIMS) devices. In the present work, we
demonstrate successful coupling of a commercial DBDI source with two IM-MS platforms, a drift
tube-QTOF and a structures for lossless ion manipulations (SLIM) traveling wave ion mobility
(TWIMS) instrument. SLIM utilizes serpentine paths to allow long-path separations (13+ meters)
with resolving power of >200.5455 Our group has previously shown SLIM differentiation of several
forensics-relevant isomer groups including fentanyl analogues, synthetic cannabinoids, xylazine
metabolites, performance-enhancing drugs, and explosives albeit using more traditional
electrospray ionization (ESI) and/or atmospheric pressure chemical ionization (APCI)

techniques.36:38.39.56.57

EXPERIMENTAL METHODS

Chemicals and Reagents

Standards of JWH 018 4-hydroxyindole, JWH 018 N-(5-hydroxypentyl), JWH 018 6-
hydroxyindole, JWH 250 N-(4-hydroxypentyl), JWH 250 N-(5-hydroxypentyl), JWH 250 5-
hydroxyindole, MDA-19 N-(4-hydroxyhexyl), MDA-19 N-(5-hydroxyhexyl), 4-cyano CUMYL-
BUTINACA, APP-BUTINACA phenylpropanoic acid, oxazepam, demoxepam, N-

desmethylclobazam, nimetazepam, (t)-3-methyl nitrazepam, 4'-chloro deschloroalprazolam,
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meclonazepam, (t)-meclonazepam, nitazene, 4'-hydroxy nitazene, N-desethyl etonitazene, N-
piperidinyl 4'-hydroxy nitazene, N-pyrrolidino metonitazene, isotonitazene, N-desethyl
protonitazene, metonitazene, methylenedioxynitazene, ethyleneoxynitazene, N-pyrrolidino
etonitazene, N-piperidinyl metonitazene, protonitazene, isotonitazene, ethylene etonitazene,
protodesnitazene, isotodesnitazene, 5-methyl etodesnitazene, despropionyl ortho-
methylfentanyl, despropionyl meta-methylfentanyl, despropionyl para-methylfentanyl, (+)cis-
isofentanyl, a-methyl acetylfentanyl, N-(1-benzyl-4-piperidyl)-N-benzylpropanamide, B-methyl
fentanyl, ()-trans-3-methyl fentanyl, B-hydroxythiofentanyl, 4-ANPP, alfentanil, sufentanil, and
despropionyl 2'-fluoro-ortho fentanyl were purchased from Cayman Chemical (Ann Arbor, Ml) as
1 mg/mL solutions in methanol. Standards of para-methyl acetylfentanyl, cyclopropyl fentanyl,
crotonyl fentanyl, butyryl fentanyl, ortho-fluorofentanyl, cyclohexyl fentanyl, carfentanil, acetyl
norfentanyl, cyclopentyl fentanyl, ortho-methyl acetyl fentanyl, fentanyl, isobutyryl fentanyl, para-
fluorofentanyl, ocfentanil, and norfentanyl were purchased from Cerilliant Corporation (Round
Rock, TX) as 1 mg/mL solutions in methanol. Chemical structures for all surveyed NPS are
provided in Figures S1-4. All controlled substances were purchased as appropriate DEA-exempt
preparations. All samples were prepared at 1 yg/mL of analyte in 50/50 (v/v) water (0.1% formic

acid)/methanol. All solvents were Fisher Scientific Optima LC-MS grade.

Instrumentation

All analyses were performed using a SICRIT© DBDI source (Plasmion GmbH, Augsburg,
Germany) coupled to either (a) an Agilent 6560 drift tube (DT) IM-QTOF (Santa Clara, CA), or (b)
a MOBIE HRIM SLIM (MOBILion Systems, Inc., Chadds Ford, PA, USA) with Agilent 6546 QTOF.
Images of the coupling to both instruments are shown in Figures S5-S6. Both systems had an
accompanying Agilent 1290 Infinity Il UHPLC used as an autosampler. Samples (10 pL) were
introduced via flow injection analysis (FIA) with a flow rate of 0.500 mL/min of 50:50 (v/v) water

(0.1% formic acid)/methanol. The DBDI source was operated in positive mode with amplitude of
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2200V, frequency of 45 kHz, and set temperature of 200 °C. Where electrospray ionization (ESI)
results are presented, they were acquired using an Agilent dual Jetstream source (AJS) operated
with conditions as reported on previously.3” Instrumental conditions for the Agilent 6560 and
MOBILion MOBIE/Agilent 6546 QTOF are contained in the Supporting Information; briefly, the
drift tube was maintained at approximately 3.95 Torr nitrogen gas and approximately 25 °C, with
electric field strength of 18.5 V/cm. The MOBIE was maintained at 2.50 Torr nitrogen gas and
ambient temperature, with SLIM IM separations performed using a sine traveling wave (TW)
operating at 25 kHz and 30 V,p; based on the electrode geometry, this frequency equates to a

TW speed of 225 m/s.

Data Acquisition and Processing

Acquisition of the IM-QTOF data was performed using Agilent MassHunter B.09.00 (Build
9.0.9044.0). Acquisition of the MOBIE SLIM data was performed using Agilent MassHunter
Acquisition Version 11.0 (Build 11.0.221.1) and MOBILion EyeOn 2.3 software (0.0.2.4201-
release-2.3.0.0). All SLIM data were first converted from the MOBILion .mbi file format into Agilent
.d file format using MOBILion EyeOn software and then preprocessed using the PNNL
PreProcessor 4.0 (2022.02.18) (Richland, WA) with a drift bin compression of 3:1 and spike
removal of 2.5 All data files were visualized/processed in Agilent IM-MS Browser 10.0.1 (Build
10.0.1.10039). Raw data extracted from Agilent IM-MS Browser were processed in Microsoft

Excel.

RESULTS AND DISCUSSION

lon Mobility Separations of DBDI-Generated NPS Species

The objective of this research was to demonstrate the coupling of an ambient ionization

technique (DBDI) with ion mobility-mass spectrometry (IM-MS) for rapid separation of
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isobaric/isomeric novel psychoactive substances (NPS) in lieu of preceding chromatographic
separations. NPS samples (powders or solutions) were dissolved or diluted, respectively, prior to
flow injection analysis (FIA) using the two IM-MS instruments. Because there was no preceding
chromatographic step, total analysis time was ~1 minute per sample, discounting the minimal
preparation (dissolution/dilution) required; this enabled a throughput of roughly 60 samples/hour.
We first investigated the mobility resolution of representative isomers within the classes of
benzodiazepines, nitazenes, synthetic cannabinoids, and fentanyl analogues using low-resolution
(Rp ~50-60) DTIMS. Benzodiazepine isomers oxazepam, demoxepam, and N-
desmethylclobazam, each detected as their protonated ion at m/z 287.062, demonstrated near
baseline separation with measured °TCCSn. of 164.6, 170.6, and 178.0 A2, respectively (Figure
1A). These compounds differ only in the position of nitrogen/oxygen substituents in their seven-
member ring. Similarly, nitazenes N-desethyl protonitazene and metonitazene differ only in the
position of a single ethyl substituent, yet were well resolved with measured PTCCSn. of 204.9 and
198.6 A2 respectively (Figure 1B). Notably, metonitazene exhibits two significant mobility
features, presumably due to the presence of protonation site isomers (“protomers”); this is not
surprising based on previous work by Hollerbach et al. demonstrating observation of protomers
for many similar nitazenes due to the presence of multiple protonatable basic sites.4® Most
interestingly, the relative ratio of these features (where the lower mobility species is more
abundant) differs from similar compounds in that previous work and indicates a fundamental
difference in protomer formation between solution-phase vs. gas-phase ionization techniques
(i.e., electrospray vs. DBDI) for these compounds; this is also not surprising based on previous
works that demonstrated how changing ionization source conditions can influence the formation
of protomers in similar drugs.3537:384142 Other examples of successful separations included
synthetic cannabinoids MDA-19 N-(4-hydroxyhexyl)/APP-BUTINACA phenylpropanoic acid
(Figure 1C) and fentanyl analogues ortho-/para-fluorofentanyl (Figure 1D). PTCCSn2 were

measured for all compounds using the single-field method with Agilent Tune Mix ions as
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calibrants®® and all values are found in Table S3. It should be noted that baseline resolution was

not demonstrated for all isomeric pairs/groups; this was especially true in cases where multiple

isomers existed and/or ACCS < 2.0%.

>

Relative Abundance

0

Relative Abundance

1 1

8

19

20

21

— Oxazepam
— Demoxepam
— N-Desmethylclobazam

22 23 24 25 26 27 28
Drift Time (ms)

— MDA-19 N-(4-hydroxyhexyl)
— APP-BUTINACA
phenylpropanoic acid

Drift Time (ms)
Figure 1. DTIMS spectra showing separation of isomers: (A) benzodiazepines oxazepam, demoxepam,
and N-desmethylclobazam; (B) nitazenes N-desethyl protonitazene and metonitazene; (C) synthetic
cannabinoids MDA-19 N-(4-hydroxyhexyl)/APP-BUTINACA phenylpropanoic acid; and (D) fentanyl
analogues ortho-/para-fluorofentanyl.

Relative Abundance

o

Relative Abundance

— Metonitazene

\ — N-Desethyl protonitazene
.1

Drift Time (ms)

— ortho-Fluorofentanyl
- para-Fluorofentanyl

20 21 22 23 24 25 26 27 28 29 30
Drift Time (ms)

For those more challenging separations, we turned to high-resolution ion mobility (HRIM)

with SLIM, which has previously been used to interrogate NPS isomers with resolving power of

~200. The separation benefits are clearly demonstrated by comparing low-resolution DTIMS with

high-resolution SLIM for nitazenes 4’-hydroxy nitazene and N-desethyl etonitazene (Figure 2A-

B). These isomers differ in the position of an ethyl substituent, yielding a ACCS of only 2.2%.
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While moderate separation is observed with DTIMS, they are well resolved with SLIM. It should
be noted that 4’-hydroxy nitazene displays different relative intensities for its multiple observed
mobility features, and this is presumably due to differences in the experimental conditions in the
two measurements (e.g., energy imparted by differences in static vs. dynamic electric fields, etc.);
this and similar classes of illicit substances have previously demonstrated such behavior
(resulting from protomers) and will be discussed later in this manuscript. Several fentanyl
analogues were also challenging to differentiate by DTIMS, such as cyclopropyl fentanyl and
crotonyl fentanyl which differ by only ACCS 1.4% (Figure 2C-D). As observed in the resulting
DTIMS and SLIM mobility spectra, separation is improved both between major peaks and, to a
much lesser extent, secondary (protomer) peaks; the difference in relative mobility separation
improvements between protomer isomers has not been observed previously, and will be
discussed later in this manuscript. Lastly, separation of isomers cis-isofentanyl, para-methyl
acetylfentanyl, and N-(1-benzyl-4-piperidyl)-N-benzylpropanamide constituted a significant
challenge as they differ only in the position of a methyl/methylene group. Specifically, the latter
two have ACCS of only ~0.3% (Figure 2E-F), and are completely overlapping in the DTIMS

spectrum, while SLIM yields moderate resolution between the two.
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Figure 2. Comparison of DTIMS and SLIM mobility spectra for isomer groups: (A-B) nitazenes 4’-hydroxy

nitazene and N-desethyl etonitazene; (C-D) cyclopropyl fentanyl and crotonyl

fentanyl; and (E-F) cis-

isofentanyl, para-methyl acetylfentanyl, and N-(1-benzyl-4-piperidyl)-N-benzylpropanamide.
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Effect of Gas-Phase lonization by DBD on Protomer Ratio

Several previous studies have investigated the presence of fentanyl/nitazene protomers
formed during electrospray ionization (ESI) using various IM-MS/MS platforms.35:37.38.40-42 A few
of these works demonstrated that changes to experimental variables including solvent
composition, ion source parameters, and ion mobility method (e.g., low-field drift tube IMS,
trapped IMS, high-field differential mobility spectrometry, and even SLIM)3* 36-3842 could easily
affect the ratio of the protomers observed, presumably by shifting the energetic transition barrier
between these various ionization states. In fact, we observed significant differences in relative
abundance of protomer peaks in this study when measuring 4’-hydroxy nitazenes with either
DTIMS or SLIM (Figure 2A-B). As for ionization source/parameters, leritano et al. posited that,
because ESI is a solution-based ionization technique, the observed ratio of those protomers may
differ if generated by a gas-phase ionization technique (e.g., atmospheric pressure chemical
ionization, APCI; or DBDI), assuming there was a difference in the relative solution- and gas-
phase basicity of the protonatable sites. Here we present an example of both a fentanyl and
nitazene analogue which differ considerably in the ratio of protomers observed between ESI and
DBDI. Figure 3A shows a mobility overlay of ESI- and DBDI-generated trans-3-methylfentanyl,
observed as its protonated species at m/z 351.244. As shown previously by our group,® when
ionized via ESI this compound displays a major mobility peak at ~22.8 ms (CCS 187.4 A2) with a
less abundant, lower mobility species at ~23.4 ms (CCS 193.1 A2). However, the DBDI-generated
protonated species sees a shift in the relative abundances, with the two protomers being similar
and the lower mobility species being slightly more abundant. Similarly, Figure 3B shows a mobility
overlay of ESI- and DBDI-generated protonitazene, observed as its protonated species at m/z
411.241, where again there is a major mobility feature at ~25.0 ms (CCS 211.4 A2) and a less
abundant, lower mobility species at ~25.9 ms (CCS 219.0 A2). Similar to the fentanyl analogue
example, ionization by DBDI causes a shift to a more abundant low mobility species. Figure S7

show the mass spectra for protonitazene (ESI- vs. DBDI-generated) corresponding to the mobility
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data in Figure 3B; this comparison shows no significant differences in the mass spectra and no
considerable fragmentation that could have potentially contributed to the difference in protomer
ratio observed. More interestingly, the previous work from Hollerbach et al. showed a relatively
higher abundance of the more mobile species;*® in that case, it should be noted that their ion
source contained only a simple fused silica nanoelectrospray (nESI) emitter, without applied
nebulizing gas and/or heat (presumably a more gentle environment than the commercial Agilent
Jetstream source presented here), which was possibly the cause of the difference. These
observations underscore the importance of maintaining experimental conditions and also prompt
a broader, more in-depth fundamental study of the difference in solution- and gas-phase
generated drug protomers; the results of the proposed study will be the topic of a future
publication. Lastly, it is interesting to note that while SLIM generally improved mobility
separations, it was not always uniform even within the spectrum for a given substance.
Specifically, we observed that the peak-to-peak resolution of higher mobility (likely N-protomer)
features for cyclopropyl and crotonyl fentanyl was improved, but the lower mobility (likely O-
protomer) species experienced only minimal change. The identities of these mobility features (N-
vs. O-protomer) were confirmed for cyclopropyl and crotonyl fentanyl by performing mobility-
aligned MS/MS on each feature, which yielded characteristic fragmentation patterns that matched
those previously reported by our group®>3 and others;*'4? the lower mobility features especially
displayed characteristic fragments at m/z 228, 132, and 132, representative of O-protonation. This
phenomenon has not been previously observed, but we hypothesize that it results from effects of

the different amide substituents (i.e., cyclopropane versus propylene) on O-protomer structure.
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Figure 3. Comparison of ESI-generated and DBDI-generated protomers, as observed in their mobility
spectra, for (A) trans-3-methylfentanyl and (B) protonitazene.

Coupling lon Mobility Separations with Structural Characterization by Tandem Mass

Spectrometry

In each instrument demonstrated herein, the mobility separations precede a quadrupole
time-of-flight (QTOF) mass spectrometer, enabling acquisition of fragmentation spectra via
tandem mass spectrometry (MS/MS) of previously mobility separated species (e.g., isomers,
protomers, etc.) in a method referred to a mobility-aligned fragmentation (MAF); our group has
previously demonstrated for several classes of NPS.353° While IMS is beneficial for separating
species in a complex mixture, this approach is critical for confident identification because it

supplements acquisition of mobility/CCS and accurate mass with structural informative
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fragmentation patterns. Figure 4 presents mobility-aligned fragmentation patterns for JWH 250
synthetic cannabinoid isomers, N-(4-hydroxypentyl) and 5-hydroxyindole, which differ only in the
position of single hydroxyl group. These species are mobility separated, with measured CCS of
188.7 and 193.0 A2, respectively, but in lieu of pure chemical standards for mobility-matching it
would be exceedingly difficult to assign the position of the hydroxyl group. MS/MS here shows
different fragmentation behavior, namely in the loss of the terminal hydroxyl group (as neutral
water) from JWH 250 N-(4-hydroxypentyl) yielding a characteristic fragmention at m/z 186 (Figure
4A), a mass difference of 18 from the diagnostic fragment observed at m/z 204 for JWH 250 5-
hydroxyindole (Figure 4B); the difference arises from the stability of the hydroxyl group in the
latter, due to its position on the conjugated ring. This IM-MS/MS approach provides a powerful
structural characterization technique by combining IM separation of potential isobars/isomers,
measurement of CCS (which is helpful for improving confidence of identification in both knowns

and unknowns), and fragmentation pattern for structure elucidation.
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Figure 4. Mobility-aligned tandem mass spectrometry (MS/MS) fragmentation patterns reveal characteristic
product ions for isomers (A) JWH 250 N-(4-hydroxypentyl) and (B) JWH 250 5-hydroxyindole.

CONCLUSIONS

Dielectric barrier discharge ionization (DBDI) allowed for rapid introduction of several

classes of novel psychoactive substances (NPS) into two different ion mobility-mass spectrometry

(IM-MS) platforms. We demonstrated several examples of isomer separations by ion mobility,

including for benzodiazepine isomers oxazepam, demoxepam, and N-desmethylclobazam, which

differ only in the position of nitrogen/oxygen substituents in their seven-member ring and have

measured PTCCSn; of 164.6, 170.6, and 178.0 A2, respectively. More challenging isomer pairs,

such as cyclopropyl and crotonyl fentanyl (ACCS 1.4%), required high-resolution Structures for
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Lossless lon Manipulations (SLIM) ion mobility to be adequately resolved. In several instances,
such as for trans-3-methylfentanyl and protonitazene, we observed mobility spectra that differed
significantly from those generated with electrospray ionization (ESI), potentially due to the
differing mechanism (gas- vs. solution-phase) for the two techniques. This highlights both the
significant need to standardize protomer measurements in NPS analysis, and to perform future
fundamental studies on these molecular classes. In the final experiments, we performed mobility-
aligned fragmentation which provided the final structural characterization point, in this case by
determining the location of a single hydroxyl group in two synthetic cannabinoid isomers; the
species (following mobility separation) could be individually dissociated and yielded diagnostic
product ions characteristic of precursor structure. Aside from the throughput advantage offered
by this approach, the combination of high-resolution mobility separations (enabling differentiation
of isobars/isomers with subtle structural differences), CCS measurement (which can also be aided
by computational modeling for theoretical structure identification), and MS/MS for structure
elucidation indicates that DBDI-IM-MS/MS has a promising future for applications in rapid NPS

analyses.
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