PALACKY UNIVERSITY IN OLOMOUC
Faculty of Science

Department of Analytical Chemistry

COMBINATION OF IONIZATION
TECHNIQUES AND ION MOBILITY-MASS
SPECTROMETRY IN THE ANALYSIS OF NEW
PSYCHOACTIVE SUBSTANCES

DOCTORAL THESIS

Autor: Marianna Nytka, M.Sc.
Field of study: Analytical Chemistry
Supervisor: Prof. RNDr. Karel Lemr, Ph.D.

Olomouc 2024



I hereby declare that | have written the dissertation thesis myself under the
supervision of Prof. RNDr. Kaler Lemr, PhD. All used information and literary sources are
indicated in the references.

| agree that this work will be accessible in the Department of Analytical Chemistry
library, Faculty of Science, Palacky University in Olomouc.

INOIOMOUC oo ettt

signature



Acknowledgment

I would like to express my deepest gratitude to my supervisor, Prof. RNDr. Karel
Lemr, Ph.D., for his unwavering support, insightful knowledge, guidance, and
encouragement throughout my Ph.D. journey.

I am also thankful to Prof. FrantiSek Turecek and Jiahao Wan ( University of
Washington, Seatle, USA) for providing theoretical calculations and valuable suggestions
that improved my work and knowledge.

Next, I am also grateful to Prof. Kevin A. Schug (University of Texas at Arlington,
USA) for allowing me to conduct my research stay in his laboratory, where | had the
opportunity to learn how to work with new techniques. Also, | am very thankful to him for
reading this dissertation thesis and his valuable comments on thesis improvement.

My big thanks also go to Mgr. Volodymyr Pauk, Ph.D. and Mgr. Lucie Borovcova,
Ph.D., for help and support in and out of the lab, especially at the beginning of my study.
My thanks also go to all my friends and colleagues from the Department of Analytical
Chemistry. | would like to express my appreciation to Mgr. Petra Svecova, Ph.D., and Ing.
Klara Slavikova for help and all adventures out of school.

My research would not be possible without financial support. | would like to thank

the Internal Grant Agency of Palacky University grant throughout the years IGA_PrF 2021 021,

IGA_PrF 2022 023, IGA PrF_2023 027, IGA _PrF_2024 026, and the Czech Science
Foundation, Grant 23-07254S.

Last but not least, 1 would like to express my deepest gratitude to my mother, Svitlana,

father, Vasyl, brother lvan, and my partner, Daniel, for their support and motivation. | would not be

here without your encouragement.



BIBLIOGRAPHIC INFORMATION

Author’s First and Last Name, title : Marianna Nytka, M.Sc.

Title: Combination of ionization techniques and
ion mobility — mass spectrometry in the

analysis of new psychoactive substances

Type of Thesis: Doctoral

Department: Department of Analytical Chemistry
Supervisor: prof. RNDr. Karel Lemr, Ph.D.
The Year of Submission: 2024

Keywords: Ambient ionization, ion mobility, mass

spectrometry, new psychoactive substances
Number of Pages: 106

Number of Appendecies: 2

Language: English



SUMMARY

This dissertation thesis is devoted to the application of different ionization
techniques and ion mobility-mass spectrometry in the analysis of new psychoactive
substances. The main goal of this work is to investigate ionization and ion mobility,
developing a new modification of desorption nanoelectrospray and a new approach to
cyclic ion mobility of new psychoactive substances (NPS). The knowledge was used to
develop new methods for identifying and distinguishing abused drugs.

The theoretical part is focused on ambient ionization mass spectrometry,
particularly spray-based liquid extraction techniques, and on ion mobility-mass
spectrometry (IM-MS). It also covered the application of ambient ionization in analyses of
new psychoactive substances and coupling ambient ionization to IM-MS.

The first part of the research covers enhancing ionization efficiency of desorption
nanoelectrospray by implementing pressure regulation at the inlet of the mass
spectrometer. The influence of the transfer capillary length, pressure drop, and the heating
capillary temperature was tested by analyzing NPS. It was confirmed that the pressure
regulation between the mass spectrometer's atmospheric and evacuated region and the
heated capillary temperature is crucial to maximize sensitivity. The applicability of the
modified inlet was tested by analyzing the trace amount of synthetic cathinone on a wallet
surface and paracetamol tablets.

The second part of the research focuses on analyzing isomeric mixtures of NPS by
cyclic ion mobility-mass spectrometry. Two approaches to determine their isomeric ratios
were proposed. The separation of lithium adducts in multipass experiments was compared
with the simple procedure based on multiple linear regression applied to characteristic
arrival time distribution (ATD) profiles of isomers and their mixture. Direct infusion and
flow injection analysis with electrospray, and desorption electrospray for solid samples
were employed. Both approaches, lithiated molecules separation and ATD profiles of
protonated molecules or ion fragments, provided comparable results. While adducts need
to be sufficiently separated, the ATD profile approach can be used for overlapping signals.
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SOUHRN

Hlavnim cilem této préce je vyzkum ionizace a iontové mobility, ktery zahrnoval
predevsim vyvoj citlivéjsi modifikace desorp¢niho nanoelektrospreje a novy piistup k
cyklické iontové mobilité¢ novych psychoaktivnich latek (NPS). Poznatky byly vyuzity k
VyVoji novych postupti pro identifikaci a rozliSeni zneuzivanych drog.

Teoreticka ¢ast je zaméfena na hmotnostni spektrometrii s ionizaci ambientnimi
technikami, zejména technikou kapalinové extrakce na bazi sprejovani, a na hmotnostni
spektrometrii ve spojeni s iontovou mobilitou (IM-MS). Dale pojednavd o ambientnich
technikach vyuzitych pti analyze novych psychoaktivnich latek a jejich spojeni s IM-MS.

Prvni ¢ast vyzkumu zahrnuje zvyseni intenzity signalu pro desorpéni ionizaci
nanoelektrosprejem zavedenim regulace tlaku na vstupu hmotnostniho spektrometru. Na
analyze NPS byl testovan vliv délky vstupni vyhiivané kapilary, snizeni tlaku a teploty
vyhtivané kapilary. Bylo potvrzeno, Ze pro dosazeni maximalni citlivosti je rozhodujici
regulace tlaku mezi atmosférickou a vakuovou ¢asti hmotnostniho spektrometru a teplota
vyhiivané kapilary. PouZitelnost upraveného vstupu do hmotnostnih spektrometru byla
testovana na detekci stopového mnozstvi syntetického katinonu na povrchu penézenky a na
analyze tablet neopioidni analgetika a antipyretika.

Druha ¢ast vyzkumu byla zaméfena na analyzu izomernich smési NPS pomoci
cyklické iontové mobility-hmotnostni spektrometrie. Byly navrzeny dva pfistupy ke
stanoveni jejich izomernich pomérii. Separace aduktd lithia ve viceprichodovych
experimentech byla porovndna s jednoduchym postupem zaloZenym na mnohondsobné
linedrni regresi aplikované na profily charakteristické distribuce doby piichodu (ATD)
izomerll a jejich smési. Byla pouZita pfima infuze a pritokova injekéni analyza
s elektrosprejem a rovnéz desorpéni elektrosprej pro pevné vzorky. Oba piistupy, separace
lithiovanych molekul a ATD profily protonovanych molekul nebo iontovych fragmentd,
poskytly srovnatelné vysledky. Zatimco adukty je tfeba dostatecné separovat, pro
prekryvajici se signaly 1ze vyuzit ATD profily charakteristické pro jednotlivé izomery
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1 INTRODUCTION

The production of new psychoactive substances often consists of the variation of
functional group position or, more generally, the production of isomers. It increases the
requirements for analyses when developing rapid, selective, sensitive methods, which are
essential to detect and separate an increasing number of NPS. Ambient ionization coupled
with ion mobility-mass spectrometry (IM-MS) represents a promising tool for solving this
analytical task. This coupling provides a fast (millisecond timescale) gas-phase separation
with minimal sample pretreatment. So far, the application of this method is limited in the
analysis of NPS.

This doctoral thesis focuses on enhancing ion transport in desorption
nanoelectrospray by pressure regulation at the mass spectrometry inlet. A mixture of new
psychoactive substances was used to evaluate the influence of pressure regulation, the
temperature of the heated capillary, and its length. The applicability of desorption
nanoelectrospray was proven by analyzing traces of abused drugs or a non-opioid analgesic
and antipyretic agent.

Cyclic ion mobility-mass spectrometry was used to discriminate NPS isomers and
determine their ratios. The high resolving power of multipass experiments could not
resolve isomeric protonated molecules. Nevertheless, the characteristic ATD profiles were
obtained by direct infusion or flow injection analysis with electrospray and desorption
electrospray ionization. Characteristic ATD profiles of protonated molecules provided
comparable results to the separation of lithium adducts, which opens new possibilities for

the differentiation of isomers of small organic molecules.
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2 THEORETICAL PART
2.1 Ambient Ionization Mass Spectrometry

Since 2004, when Cooks et al. [1] presented desorption electrospray ionization-
mass spectrometry (DESI-MS), and 2005, when Laramee and Cody [2] presented direct
analysis in real time (DART), the rise of ambient techniques began. In ambient ionization
mass spectrometry (AIMS), samples are ionized under ambient conditions with minimal or
no sample preparation [3]. AIMS sources have compatibility with multiple mass
spectrometers and allow rapid, in-situ [4] and in vivo analysis [5]. Most AIMS sources can
be classified based on their desorption process (see Fig. 1) into three groups [6]:

a) Liquid extraction — mainly utilizes the ESI mechanism;

b) Plasma desorption (thermal) — based on the same principles as atmospheric
pressure chemical ionization (APCI), where the ions are produced using a
corona discharge;

c) Laser ablation/desorption (laser-based) techniques - the analyte's desorption is

performed by irradiation with high power lasers.

Uondiosaq |B““"°\“'

Figure 1 Scheme of the major classes of ambient ionization techniques. Adopted and

reprinted from [6]. Copyright © 2013 American Chemical Society
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The liquid extraction techniques can be divided by the sample processing into three
groups: spray desorption, substrate spray (e.g., paper spray (PS), probe electrospray
ionization (PESI), etc.), and liquid microjunction (e.g., liquid microjunction-surface
sampling probe (LMJ-SSP), liquid extraction surface analysis (LESA), nano-DESI) [6].

The next subchapter will be dedicated only to spray desorption techniques.

2.1.2 Spray-Based Ambient Ionization Mass Spectrometry

Part of this section was published in a first-author publication [7] and adapted and
reprinted with permission from the journal:

Nytka, M, Borovcova, L, Frycdk, P, Bartdk, P, Lemr, K. Signal enhancement in
desorption nanoelectrospray ionization by custom-made inlet with pressure regulation. J
Mass Spectrom. 2020;55:e4642.https://doi.org/10.1002/jms.4642
Copyright 2020 John Wiley & Sons, Ltd.

License number 5730170914154.

Author's  Contribution. Marianna Nytka — investigation, formal analysis,

visualization, and writing the original draft.

Spray-based ambient techniques use the charged droplets produced from the solvent
spray to desorb or extract analyte from the sample surface. During this process, desorbed
analytes undergo an electrospray-like ionization mechanism by ion evaporation or charge

residues [8,9]. Desorbed analytes are ionized and sent to a mass spectrometer for analysis

[6].

The most used spray-based AIMS technique is desorption electrospray ionization-
mass spectrometry (DESI-MS). In DESI, the desorption and ionization is accomplished by
a droplet pick—up mechanism [10] (Fig. 2). The surface is sprayed with the charged solvent
droplets generated with the assistance of the nebulizing gas, providing the thin wet film on
the sample’s surface. This process is followed by solid-liquid microextraction and
production of the secondary droplets drawn towards the mass spectrometer inlet by an
electric field potential. Nitrogen is typically used as a nebulizing gas. Nevertheless, a
recent report shows the benefits of using helium as a nebulizing gas [11]. In this study, an

increase in signal intensities of 5 times for myoglobin and more than 20-fold for protonated
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hydrocortisone was observed using helium instead of nitrogen. The increase in signal
intensities could result from more than double the volumetric flow for helium (2 L/min)
than for nitrogen (1 L/min) at 120 psi supply pressures. The desorption footprint was
evaluated on the width of the desorption band on the microscope slide containing the
Rhodamin 6G. The desorption profile decreased from ~ 500 um with nitrogen to ~200 pm
with helium. This might be explained by a more focused droplet beam that is more
efficient in producing and less scattering of the secondary droplets that are released from
the sample surface [11]. DESI-MS requires minimal sample preparation and no matrix

deposition compared with MALDI [8].

Solvent

A ¢

o, Gas jet
\ . ES| ionization mechanisms
Thin film

I > I > B >

Charged spray impact Surface wetting Microextraction Secondary droplet

generation Mass spectrometer

Figure 2 The droplet pick-up mechanism scheme in DESI. Adapted and reprinted
with permission from [12]. Copyright © 2023 American Chemical Society.

Reproducibility in DESI experiments depends on the geometry, the pressure of the
nebulizing gas, the composition and flow rate of the spraying liquid, and the surface's
properties from which the analyte is desorbed [10,13]. DESI has a myriad of qualitative
and quantitative applications, such as the detection of inks [14,15], polymers [16—18],
explosives, chemical warfare [19,20], cancer biomarkers [21-23], and proteins [24].
Moreover, reactive DESI allows the detection of less polar compounds. That can be
accomplished by adding additives to the solvent to increase ionization efficiency. For
instance, the formation of the chloride complexes of bromophycolides via adding 100 uM
ammonium chloride into the spraying solvent improved the sensitivity of the analysis of
algal tissue. The limit of detection (LOD) (S/N > 3) improved for chloride complexes of
bromophycolides A, B, and E to 8 pmol/mm?, 8 pmol/mm?, and 10 pmol/mm? compared
to LOD for deprotonated analytes (85 pmol/mm?, 146 pmol/mm?, and 66 pmol/mm?) [25].
Chemical derivatization can be used to enhance the sensitivity of the detection of nonpolar

compounds. For example, adding 50 ppm of betaine aldehyde into the spraying solvent
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(ACN/H20 (1:1, v/v) can form hemiacetal salt by reacting with the alcohol group of
cholesterol using nucleophilic addition. This method was used to detect cholesterol in
human serum and in rat brain tissue [26]. Another example of chemical derivatization is
the production of oxime by a reaction between hydroxylamine from the spray solvent and
steroids in urine[26]. Reactive DESI-MS was also used in the study of degradation
processes [28]. Apart from the analysis of solid samples, DESI can also analyze liquid
samples. The basic setup of liquid DESI-MS is shown in Fig. 3. The sample is delivered
through the flat-ended capillary with constant flow by a syringe pump. Selective non-
covalent adduct protein probing (SNAPP) was used to evaluate the effect of the ionization
process on protein structure. 18-Crown-6 molecule was used to non-covalently bind to
protonated side chains of lysine and arginine or to the N-terminus [27]. Miao and Chen
[28] showed the application of the liquid DESI-MS on biological fluids such as raw urine,

determining the content of methamphetamine with the limit of detection 200 ng/mL.

Sample Solution

Figure 3 Liquid DESI source setup, where the green laser with green color pointed

to the droplet cloud. Reprinted from [27] with permission from Elsevier.

Another modification of the DESI source is the transmission mode desorption
electrospray ionization (TM-DESI). The sample is deposited onto a sampling mesh, with a
spray angle of 0°, to transmit the spray solvent through the sample. This source setup

eliminates the influence of geometry [29].
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One of the advantages of some spray-based AIMS is the simplicity of the source
design. Easy ambient sonic spray ionization (EASI) (first reported in 2006 under the name
"desorption sonic-spray ionization.”) uses sonic spray ionization (SSI) [30]. The simple
design of the source could lead to its usage by minimally trained people. Ion formation
occurs due to an imbalanced distribution of charges. Usually, the analytes are present as
[M+H]" as well as [M+ Na/K"] or [M-H] ions. The solvent flow, assisted with supersonic
nebulizing gas flow, hits the sample's surface to desorb analytes. Unlike DESI, EASI does
not use voltage [30]. EASI could be coupled with thin-layer chromatography (TLC) (Fig.
4) for drug analysis as well as analysis of vegetable oils [32] or high-performance TLC for
the analysis of biodiesel [31]. Also, EASI was coupled with membrane introduction mass

spectrometry (EASI-MIMS) for analysis of solution constituents [32].

Solvent N,

N '4

Atmospheric
Pressure
s oo"o
8
M

'.
o [M+H]* @ & & -

Skimmer

Figure 4 Scheme of coupling EASI with TLC plate. Reprinted with permission from
[33]. Copyright © 2008 American Chemical Society

Since EASI uses the sonic nebulizing gas flow, the self-pumping via the Venturi
effect is applied. The high-speed fluid coming through the narrow part of the capillary
causes a drop in pressure and self-pumping. Therefore, the pumping system is not needed
and costs are decreased [34,35]. V-EASI can be used for liquid samples as well as for solid
samples. Thus, this method was used in determining the methanol in biofuels by forming

the methyl esters of nicotinic acid [36] and for the study of the self-assembly of
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nucleobases [37]. The simplicity of the V-EASI source allows the bipolar analysis of
myoglobin, cytochrome C, and redox active inorganic substances by only switching the

polarity of ion optics and mass analyzer without applying the spray voltage [38].

After two years of introduction of DESI, Cooks et al. [39] presented the new ambient
technique extractive electrospray ionization (EESI). This technique is based on liquid-
liquid extraction, where two capillaries are being used. One of the capillaries delivers the
analyte solution, the flow of which is assisted by the nebulizing gas, and another capillary
is used to generate the charged microdroplets from the solvent. Similar to EESI, secondary
electrospray ionization (SESI) uses the ESI-based ionization setup to ionize analytes in the
gas phase. In SESI, the water-cooled electrospray system uses two LC pumps. The first
pump is used to deliver liquid to the electrospray needle, and the second LC pump —
introduces the volatile sample solution [40]. SESI is much softer than ESI. This was
proven by providing lower internal energies for benzylamine thermometer ions than the

ESI source [41]. This technique is commonly used in breath analysis [42].

Another modification of the DESI source, desorption nanoelectrospray (nanoDESI,
Fig. 5), was reported in 2007 by Ranc et al. [43]. It should not be confused with
coincidently abbreviated nanospray desorption electrospray (nano-DESI), which was
introduced a few years later and is more related to liquid extraction surface analysis
(LESA) than to desorption electrospray (DESI). Nano-DESI uses two capillaries without
the assistance of the nebulizing gas to create a liquid microjunction, the principle of the

technique differs from DESI and nanoDESI. [44,45].
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Figure S Scheme of nanoDESI. Reprinted with permission from [46]. © The Royal
Society of Chemistry 2016

Compared with DESI, nanoDESI generates a lower flow rate of spraying liquid and
smaller primary charged droplets. Instead of an electrospray tip (tens of micrometers ID), it
uses a nanoelectrospray tip (~2 pum ID) without the assistance of nebulizing gas. Both
techniques are suitable for direct surface analysis, are tolerant to sample contamination by
salt, and produce ions with similar internal energy. For nanoDESI, the signal-to-noise ratio
did not deteriorate substantially for samples containing up to 2.5 mol/L NaCl [47]. In the
first application of nanoDESI, the chiral analysis of ephedrine in an untreated drop of the
commercial pharmaceutical deposited on the surface was demonstrated using this ion
source and the Cooks kinetic method. This method is based on forming trimeric clusters of
the analyte with a chiral selector (usually optically pure reference substance) and a metal
ion. Two fragmentation pathways can occur, one with the loss of the selector and the
second with the loss of the analyte. The ratio of fragment intensities depends on the
relative stability of the complexes formed by the different enantiomers [43]. The
applicability of nanoDESI was shown further, for example, by chiral analysis of
pharmaceuticals in whole blood [48] or analysis of anthocyanins in a drop of red wine [49].
Considering imaging applications, the low flow rate of spraying liquid decreases sample

washing off, which can be advantageous for lateral resolution and enables repeat scans of
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the same surface area. Promising good resolution of dye squares (60 um x 60 um) has been
achieved by Hartmanova L. et al. [46]. Although technical development has improved the
robustness of nanoDESI [47] and a modification of the inlet has allowed its
implementation on a Q-TOF mass spectrometer (Fig. 5) [46], the sensitivity of the
measurements can still be an issue. Due to the small surface area sampled, only a tiny

amount of analyte is available for desorption and ionization.

2.1.3 Application of Ambient Ionization Mass Spectrometry to New

Psychoactive Substances

New psychoactive substances (NPS) are a broad group of the different classes of
abused drugs (e.g., synthetic cathinones, synthetic cannabinoids, fentanyl analogs,
piperazines, etc.). They are substitutes for known narcotics such as cannabis, cocaine, or
LSD. NPS are made in order to avoid detection by analytical methods or to create
psychoactive substances that are not yet regulated [50]. There has been a significant
increase in the number of NPS first reported to EU Early Warning throughout the 17 years,
as can be seen in Fig. 6. Over the last 15 years, 1184 NPS were identified worldwide, 41 of
which were first reported in Europe in 2022 [51,52]. The potency of some synthetic
analogs can be much higher than the drugs they replace. Consequently, new NPS
production increases the demand for fast, sophisticated, selective, and sensitive analytical
methods. Typical methods for NPS analysis are color and microcrystalline tests [53],
infrared and Raman spectroscopy [54], chromatography, mass spectrometry, and other

techniques [55-58].
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Figure 6 Number of NPS reported to the EU Early Warning system for the first
time from 2005-2022 [51].

AIMS techniques usually do not require extensive sample preparation, are
minimally destructive, and directly ionize the analytes for mass spectrometry. There are
not many reports dedicated to the analysis of NPS using ambient ionization techniques.
Nevertheless, DESI-MS has found its applications in detecting the mixture of drugs of
abuse in the presence of interfering matrices such as topical sprays and hand lotions from
fabric samples [59].

The surface material is one of the critical parameters in DESI. Various studies of
the surface showed that a semi-porous PTFE plate is a vital surface material for detecting
4-MMC, providing a LOD and limit of quantitation (LOQ) of 2.3 pg/mm? and 14.3
ng/mm?, respectively [60], and screening piperazine analogs with LOD in the range of
0.02-2.80 pg/ mm? [61]. Silica and polylactide-based functionalized with oxidized carbon
nanoparticles surfaces were shown to be the most effective in detecting synthetic
cannabinoids by microextraction using packed sorbent (MEPS)-DESI-HRMS in oral fluid
[62]. The surface is also essential in paper spray ionization (PS). The cellulosic paper has a
hydrophilic nature that promotes the elution of low-polar compounds and improves their
ionization. At the same time, it can compromise the ionization of polar compounds [63].
The analysis of the synthetic cathinones, N-benzyl-substituted phenethylamines, and
synthetic cannabinoids was performed by rubbing the samples against the PS paper [64].
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This method has been used in the detection of fentanyl analogs in urine samples at the
lowest concentration of 0.5 ng/mL [65].

Similarly to PS, fiber spray ionization-mass spectrometry (FSI-MS) was used to
identify the synthetic cathinones, opioids, and phenethylamines. Analytes were deposited
onto the capillary polypropylene hollow fiber or, in the case of the urine analysis, fiber was
dipped into the solution. FSI-MS showed better sensitivity by having five times higher ion
intensity for ethylone from the tablet than PS ionization [66].

Aside from liquid extraction techniques, plasma ionization AIMS such as DART
have been used to detect illicit drug trace levels (LOD = 0.025 pg/100 cm?) [67]. Since
herbal products can be doped with synthetic cannabinoids, their targeted analysis was
performed by DART-MS to reveal the presence of synthetic cannabinoids [68—70]. One of
the advantages of DART is that the solid sample can be analyzed directly by placing the

sample directly in front of MS inlet, as shown in Fig. 7.

Figure 7 Analysis of the doped plant by DART-MS [68]. Copyright © 2012 John
Wiley & Sons, Ltd.

Apart from their analysis in plant samples, synthetic cannabinoids were detected in
human blood by DART-MS/MS. The blood was spiked with abused drugs with further
sonication and centrifuged. The supernatant was then subjected to DART-MS/MS analysis.
The LOD for 22 synthetic cannabinoids was between 0.01 and 1 ng/mL [71].
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Standards of synthetic cathinones alone and in a mixture were detected and
differentiated by DART-MS using in-source collision-induced dissociation (CID). This
fragmentation method allowed to obtain different fragmentation spectra for isobaric and
isomeric analytes [72]. Aside from DART, the Atmospheric Pressure Solids Analysis
Probe (ASAP) usually uses the glass capillary for sample introduction, where, due to the
heated desolvation stream of nitrogen, analytes are thermally desorbed and ionized by
corona discharge [73]. ASAP enables the analysis of solid and liquid samples. The
capillary is dipped into the analyte solution or rubbed against the solid sample. There are
few reports of the identification of NPS by ASAP-MS. The 11 NPS, including synthetic
cannabinoids and synthetic cathinones, were identified by ASAP-MS and MS/MS analysis
[74]. Medical swabs were used for the sample collection instead of glass capillary,
allowing the screening of synthetic cannabinoids, cathinones, and tryptamines with a LOD
of 1 ng for cathinones and 12 pg for cannabinoids and tryptamines [75].

Mentioned reports show the applicability of AIMS in the detection of NPS despite
their limitations, such as low reproducibility, low ionization efficiency in comparison to
ESI, ion suppression due to the matrix effect, poor selectivity, and inability to differentiate
the isomers or isobars [76]. Coupling AIMS techniques with ion mobility mass
spectrometry could help to increase the selectivity and discriminate isomeric or isobaric

compounds.
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2.2. Ion Mobility — Mass Spectrometry

Ion mobility (IM) is a powerful tool for separating ions in drift gas ("buffer gas")
under the electric field. The electric field accelerates ions through the inert gas, producing
collisions of ions with the buffer gas. Those collisions produce friction force. If collisions
are frequent enough, electric force and friction force cancel each other, and the stationary
state can be achieved, providing a constant average speed (drift velocity, Va). Therefore,
drift velocity is proportional to the electric field (E), and ion mobility (K) (Eq.1). The
mobility, K, can be determined by the time (Zs) that ions spend inside a mobility cell of
fixed length (L) (Eq.2) [77,78].

vy = KE (1)

_Va_ L
K=-2= @)

The mobility K depends on the mass and charge of the ions and their shape.
Therefore, small ions have higher drift velocities than larger, less mobile ions. Reduced
mobility is calculated under the standard conditions (electric field is 1 V/cm, buffer gas
temperature is 273.15 K, pressure is 760 Torr). Reduced mobility can be calculated for the

different IM-MS platforms operating in different conditions by Eq.3 [79,80].

Ko =722 G)

The mobility of an ion is related to its collision cross-section (CCS). The term
"collision cross-section" is used and accepted widely by the IMS community. The number
of collisions is not as important as knowing the momentum transfer during the collision
between the ion and the buffer gas. The term "cross-section" covers the idea that the
molecule is a sphere and depends on its surface area. The atoms and molecules consist of
nuclei, electrons, and void, which does not make them a hard sphere. When the two
particles collide, their electron densities influence each other. Therefore, IM measurements
determine the integral of the collision cross-section on the collision energy distribution
[77]. Momentum transfer collision integral ({2 or CCS) describes the collisions of ions with

the buffer gas and ion conformations in a mobility cell and can be calculated by the

fundamental low-field mobility equation (Mason-Schamp) (Eq.4) [81],
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where e is charge of the electron; z-e - ion charge; No - buffer gas density; p -

No'Ko

reduced mass; k» — Boltzann’s constant; T- absolute temperature in drift region.

There are three ways to characterize ions in ion mobility spectrometry (IMS): drift
time (tq), reduced mobility (Ko), and CCS (Q). The drift time depends on the instrument
and its conditions. Consequently, most databases for IM-MS measurements contain CCS
values [82]. The CCS values for different IMS platforms may differ up to 2% [83]. Ion
mobility-mass spectrometry (IM-MS) is used to separate conformational isomers or
complex mixtures of isobars or isomers. IM-MS separates the charge states of ions (e.g.,
proteins) or filters the spectra by extracting the targeted analytes' signals [77].

Computational methods are important tools in understanding experimental data and
can be used to calculate CCS values. Molecular modeling generates the model structures of
the analyte and then matches them experimentally. Different theoretical computational
approaches are used to predict the 3D structures of analytes, such as molecular mechanics,
molecular dynamics, docking, semi-empirical, density functional theory, or ab initio
calculations [84]. Born-Oppenheimer Molecular Dynamics (BOMD) theory assumes that
the electronic waveform is at its ground state. BOMD provides time-resolved trajectories
by calculating nuclei motions and all valence-electron interactions [85]. The workflow of
calculating CCS values via BOMD and density function theory (DFT) is shown in Fig. 8.
Briefly, the initial structures of molecules should be generated, and BOMD trajectories for
each conformer/protomer should be run. The proton's initial position is not constrained, so
it can change its position due to nuclear and valence-electron motion. Then, the snapshots
of each trajectory are gradient-optimized, with further removal of duplicates and high-
energy ions. The remaining ions are subjected to density functional theory calculations

with further calculation of CCS values using MobCalwpr [85—-87].

23



— Born-Oppenheimer ] Semiempirical
Initial Guess | == | Molecular Dynamics | == | Snapshot selection | =) gradient geometry

(BOMD) optimization
DFT f i DFT gradient Remong
TD-DFT excited requencies | - &= | duplicate
ghcikes == AHy, AS; - geometry optimization slruchuss
Vibronic spectra DFT charge b Collision cross
calculations densities sections (CCSy,)

Figure 8 Scheme of procedure for theoretical calculations of CCS by BOMD and
density function calculations. Reprinted with permission from [87]. Copyright © 2024

American Society for Mass Spectrometry.

There are several methods for theoretical calculations of CCS values. One of those
is projection approximation (PA). This is the simplest, fastest method but lacks accuracy
[88]. This method takes atoms of molecules as hard spheres with a radius. The sample has
various orientations on which a rotation matrix (buffer gas) can be randomly applied. Then
Monte Carlo integration method can be used to determine the projection area at each
orientation. It also takes into account the buffer gas radius. CCS is determined from the
averaged area of the ion’s projection across many random orientations. This method
ignores the scattering process and long-range interactions between buffer gas and ion
[84,89].

Nevertheless, the modified PA-based algorithms have better accuracy than the PA
method alone. This can be seen in the work of Bleiholder et al. where the modified PA-
based method showed a good correlation (<2%) with the trajectory method (TM) [89].
The PA-based algorithm - the projected superposition approximation (PSA) method
reproduces the CCS calculation with an error of 10% [90]. A local collision probability
approximation (LCPA) method combines the calculations of the PA method as well as TM.
It is based on replacing the scattering trajectory with the collision probability function
using the same potential of interaction between the ion and the buffer gas [91].

Another method of theoretical CCS determination is the exact hard sphere
scattering (EHSS) method. This method neglects the interactions of buffer gas and the ion
and uses only the scattering and hard-sphere collisions [92]. The EHSS-based method of

Scattering on Electron Density Isosurfaces (SEDI) uses the defined surface shape and
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defined total electronic density value [93,94]. The diffuse hard sphere scattering model
(DHSS) is based on the prediction of how atoms would collide with the buffer gas if they
vibrate and rotate [95].

The trajectory method (TM) is considered to be a more complex, most accurate
method for CCS prediction [84,88]. This method models the momentum transfer using the
scattering process, long-range interactions between the buffer gas and the ion, and their
collisions. This method uses the ion-induced dipole term with Lennard-Jones (L-J)
interaction potential to predict the CCS values [96]. TM-based method Callidoscope uses
both helium and nitrogen as buffer gas options. Ewing S. A. et al. compared CCS values
calculated from a Collidoscope and IMoS. CCS values from Collidoscope are within 4 %
of CCS calculated with IMoS software for ions with masses ~18 Da to ~800 kDa [97].

Different software based on the theoretical calculations mentioned above are shown

in Table 1 [84].

Table 1. Summary of the most common CCS software. Reprinted and adapted with

permission from [84].

Software Method Buffer gas Reference
PA He
MobCal EHSS He [92,98]
™ He
MobCal? TM-L-J-scaled He, N» [96,99,100]
WebPSA PSA He, N> [89]
Sigma PA He [101]
IMPACT PA He [102]
CCSCal PA He [103]
- LCPA He, N> [91]
- SEDI He [94]
Collidoscope ™ He, N> [97]
HPCCS ™ He, N» [104]
MobCal-MPI ™ He, N» [105,106]
PA He, N> [107]
IMoS EHSS/DHSS He, N» [95]
TM/DTM He, N> [108]

Machine learning and deep learning are the alternative approaches to the theoretical
calculations of CCS. Machine learning uses the training data set with known experimental
CCS values, a set of molecular descriptors, a prediction algorithm, and a validation data set
[109]. Different prediction algorithms [110] are used in machine learning, such as support

vector regression [111-113], artificial neural networks, or partial least squares regression

25



[114]. CCS prediction using machine learning methods based on regression models is
faster (less than 10 min on an office laptop) than MOBCAL (15 h, requiring high
performance computing facility) [114]. Deep learning is a part of machine learning that
uses large data sets and neural networks to make CCS predictions. Meier F. et al. used
deep learning to predict over 1 million CCS values of peptides [115]. Another example of
deep learning is AlphaPeptDeep software [116]. It can predict the retention times,
intensities in mass spectra, and CCS values. This software can process peptides and
peptides with post-translational modifications [116]. Other software that uses neural
networks are DeepCCS [117] and DarkChem [118]. Both software have an average error
of ~ 2.5% for predicting CCS values.

Several IMS platforms are available on the market, as seen in Fig. 9. Those ion
mobility spectrometers can be divided into three categories: a) time-dispersive (drift tube
IMS (DTIMS), traveling wave IMS (TWIMS)), b) space or spatially dispersive (high-field
asymmetric IMS (FAIMS), differential mobility analyzer (DMA), ¢) ion trapping and
selective release (trapped IMS (TIMS)) [119].

EDTiftTubejﬂ] [Traveling Wave] Trapped IM Field Asymmetric | | Differential Mobility
(DTIMS) | (TWIMS) (TIMS) (FAIMS/DMS/DIMS) (DMA)
e N
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G| s e I ==l I
e NN —s |
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\_ lf J\L L/L A = M (ML y € .
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Figure 9 Different IMS instrumental platforms. Reprinted and adapted from [120].
Copyright © 2019 © American Society for Mass Spectrometry 2019

DTIMS enables the direct measurement of the CCS without the need for

calibration. All accessible CCS databases use CCS determined by DTIMS [96,121,122].

The drift tube utilizes a uniform electric field through the drift region. There is no flow of
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the buffer gas in the IM cell. Thus, ions move by applying the weak, uniform electric field.
This enables the measurement of K, which can be used to calculate CCS values using Eq.3
[123]. There are two methods for CCS measurements in DTIMS: single-field (calibrant
dependent) and stepped-field (calibrant independent). The stepped-field is the only
calibrant-independent method that uses the multiple drift voltages that allow direct
measurement of CCS from Eq.4. CCS values are estimated from the linear regression
between the arrival time and inversed drift voltage. Therefore, stepped-field is the "golden
method" of determination of CCS in DTIMS. The single-field method uses the single drift
voltage and calibrants with known CCS values. The linear calibration curve between the
CCS values and arrival time allows calculation of the experimental CCS [109,124—126].
The usage of the different calibrants for single-field methods can affect the CCS values.
For example, after the IM calibration with homogeneously substituted fluorinated
triazatriphosphorines, caffeine ([M+H]", m/z 195) had a CCS value of 139.6 A? [127].
Calibration based on singly charged poly-DL-alanine (n=2-21) and drug compounds
provided the CCS value for caffeine 135.2 A? [128,129]. Stepped-field DTIM was also
used for CCS determination of caffeine, which resulted in 145.4 A%[128,130]. All of this
affects the deviation of CCS experimental values from TWIMS platform, which uses the
CCS values from the various databases of DTIMS.

TWIMS was first introduced by Waters Corp. in 2006 [131]. Similarly to DTIMS,
there is no specific buffer gas flow in the drift region. IM cell consists of stacked ring
electrodes on which the oscillation electric field is applied, which propels ions like on
waves with the assistance of RF confinement to focus ion packets. Unlike the DTIMS, the
TWIMS instruments need to use CCS calibration [132—134]. Constant wave height enables
the use of low voltages, which can be beneficial for designing long path length platforms.
One such platform is Structures for Lossless Ion Manipulations (SLIM), which has over
1.1 km path length with resolving power up to 2000 with multipass devices. The RF
voltage and DC "guard" are applied for efficient ion transmission, allowing ions to pass the
same path repeatedly [135,136].

Another IMS platform that uses the TWIM technology is cyclic TWIM. It consists
of a closed-looped separator with a 98 cm path length that allows multipass separation

(Fig. 10).
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Figure 10 The scheme of the potential energy diagram of cyclic TWIMS system
featuring the acceleration of ions on the T-Wave array sidewise into the cIM cell.

(Screenshot from the Quarts Cyclic Sequence page, Masslynx).

Ions arrive at the entrance/exit multifunction array of pin electrodes (T-Wave
array). As this T-Wave array can be programmable, it can accelerate ions sidewise by a
traveling wave to the cyclic separator region. Aside from the cyclic drift cell, the
instrument has two chambers, pre-array store (before cyclic ion mobility (cIM) but after
the trap region and post-array (after the cIM) but before the transfer region), as can be seen
in Fig. 10. Pre-array store and post-array are located in the same chamber as the cyclic ion
mobility. They are used to transport the ions on and from the T-Wave array. Also, they can
store the ions from the mobility experiments (“slices of ions”) from the T-wave array
[137]. This technology gives a unique possibility to perform IMS" experiments. lons are
separated in multipass experiments. Higher resolving power (R) ( up to ~750) can be
achieved by increasing the number of passes (time that ions spend inside the mobility cell),
which correlates with path length (R~R;- (number of passes)®> o¢ R~L%®) [137]. The part of
the ions can be isolated according to the arrival time and ejected to the pre-array store. The
remaining part of ions, which are still in the mobility cell, can be removed by being ejected
to TOF without triggering the data acquisition. Upon the reinjection from the pre-array
store to the T-Wave array, potential can be applied to increase kinetic energy and, as a
consequence, to induce the collision activation of ions. Therefore, the fragments can enter
the T-Wave array for separation. These steps can be repeated, leading to IMS" experiments

[137-139].
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Another advantage of cTWIM involving ion manipulation is the "top (or tip) and
tail" function. This was applied by Kovac et al. [140] to the isomeric Tau phosphopeptides
(Fig. 11). The sequence consists of injecting ions into the T-Wave array and their multipass
separation. Then, the part of the arrival time distribution (ATD) can be selected. To
perform such an experiment, “trimming” the part of the interest should be done by ejection
of the tip. This step consists of “cutting” (sending the part of the ions to the detector
without the data acquisition) before the peak of interest. The next step is to isolate the
major peak part (s) and ejection of the tail (send everything behind the peak of interest to
the detector without triggering data acquisition). In the end, only the peak of interest will
be present on the ATD profile, which can be sent to multipass separation experiments (Fig.
11). This function can be beneficial allowing the separation of the desired conformer from

the complex mixture [140].
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Figure 11 "Tip and tail multipass separation" of Tau phosphopeptides. Reprinted
and adapted from [140]. Copyright © 2023 American Society for Mass Spectrometry.

Trapped ion mobility spectrometry (TIMS) uses the stationary electric field to
accelerate ions against buffer gas flow (unlike DTIMS and TWIMS). The TIMS analyzer

consists of a set of electrodes forming three regions: entrance funnel, TIMS mobility
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tunnel, and exit funnel. The field strength decreases toward the ejection of ions from the
mobility region. TIMS can only analyze each ion as it is being ejected, making it a highly
selective technique. TIMS has high resolving power (~ 300). TIMS, as well as TWIMS,
requires CCS calibration [120,141,142].

Field asymmetric waveform ion mobility (FAIMS), along with differential mobility
spectrometry (DMS) and differential ion mobility spectrometry (DIMS), use the oscillating
electric field in parallel buffer gas flow [120,143,144]. These IMS platforms are used as
filters in the same way as quadrupoles. They do not pulse the ions into the mobility region.
Due to the asymmetric waveform, FAIMS/DMS/DIMS cannot be used to directly measure
CCS values. Nevertheless, they acquire continuous mobility data for selected analyte
without the loss in the duty cycle and increase the signal-to-noise ratio for analytes by
working as a filter [143,145].

Differential mobility analyzers (DMA) utilize the constant electric field in the same
way as DTIMS. They are able to directly measure the mobility and CCS values without the
need for calibration. DMA is used for the analysis of macromolecules and has very small
applications for small molecules [146]. Nevertheless, recent studies show the separation of

small molecules [147,148].
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2.3 Coupling Ambient Ionization to Ion Mobility - Mass

Spectrometry

Ambient ionization mass spectrometry allows rapid analysis of samples with
minimal sample preparation or the use of a matrix. One of the disadvantages, as with other
ionization sources, is that these methods cannot separate isomeric or isobaric species
[149]. Therefore, coupling AIMS with ion mobility could increase its selectivity and
applicability due to the ability to differentiate isomers [150].

The DESI source was first coupled to IMS/Q-TOF by Weston et al. [112] to analyze
pharmaceutical drug formulations directly. Their work showed the limit of detection to the
nanomole range with increased selectivity for the drugs. Desorption electrospray mass
spectrometry imaging coupled with IMS can show the spatial distribution of the analyte on
the sample surface, e.g., the analysis of edible nuts with CCS identification for lipids [151],
or detection of fluoropezil in rat brain [152]. Another work is devoted to the analysis of
tryptic peptides by DESI-IM-MS, which helped to improve the signal-to-noise ratio and
distinguish charge-states and isobaric peptides [153].

Nanospray desorption electrospray can be coupled with various types of IMS, such
as FAIMS, DTIMS, TWIMS, and TIMS platforms, to analyze proteins in complex
biological samples [154—157]. Here, nano-DESI was modified with pneumatically-assisted
transmission of ionized molecules towards the FAIMS and orifice of the mass
spectrometer. This coupling successfully reduced isobaric interferences and enhanced the
image contrast of protein ions but had poor protein sequence coverage [157]. Coupling
nano-DESI with DTIMS allowed direct analysis of mobility (K) and, therefore, CCS
values and provided an isomer-selective ion image [154]. Due to the low resolving power
of DTIMS, nano-DESI was coupled with TIMS, which allowed the lipid isomers and
i1sobars to be resolved [156].

PS-DTIM-MS and leaf-spray (LS)-DTIM-MS are used to rapidly separate
constitutional pesticide isomers and determine CCS [126]. Moreover, PS-cTWIM-MS
allowed the fast analysis of biomarkers for the diagnosis of Parkinson's disease [158].

Analysis of abused drugs can be performed by hyphenation of DART-MS with
differential mobility spectrometry [159] while ASAP-IM-MS found application in the
analysis of lubricants[160], and polymers[161,162].
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All these applications show that merging ambient ionization with IM-MS offers
advantages in improving the signal intensity and providing ion-selective drift time data. On

the other hand, many of the AIMS techniques have not been coupled with IM-MS so far.
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3 AIMS OF THE DISSERTATION THESIS

The thesis aimed to investigate ionization by developing the new modification of
desorption nanoelectrospray ionization and to find new approach to cyclic ion mobility of
new psychoactive substances. Different ionization techniques (ESI, nano-DESI, and DESI)
and cyclic traveling wave ion mobility were used.

This dissertation thesis can be divided into the following tasks:

1. To develop the modification of desorption nanoelectrospray to improve ion

transmission to increase the applicability of the ionization source;

2. To develop a simple procedure of isomeric ratio determination using

characteristic ATD profiles of individual isomers.

The results could be found in articles published in [7] and [163].
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4 EXPERIMENTAL PART

4.1 Signal Enhancement of Desorption Nanoelectrospray
Ionization by Pressure Regulation at the Mass Spectrometer

Inlet

This work was published in a first-author publication [7] and adapted and reprinted
with permission from the journal:

Nytka, M, Borovcova, L, Frycak, P, Bartak, P, Lemr, K. Signal enhancement in
desorption nanoelectrospray ionization by custom-made inlet with pressure regulation. J
Mass Spectrom. 2020;55:e4642.https://doi.org/10.1002/jms.4642
Copyright 2020 John Wiley & Sons, Ltd.

Licence number 5730170914154.

Author's  Contribution. Marianna Nytka — investigation, formal analysis,

visualization, and writing the original draft.

Chemicals and samples preparation

3-fluoromethcathinone (3-FMC) and 3-methymethcathinone (3-MMC) were
purchased from Cayman Pharma (Neratovice, Czech Republic); cathinone, buphedrone,
methedrone, methylone, butylone, naphyrone were purchased from the Lipomed AG
(Arlesheim, Switzerland), see Fig.12 for the structures. Methanol (LC-MS grade), formic
acid (>98%), and hexamethyldisilazane (>99%) were purchased from Sigma-Aldrich
(Prague, Czech Republic), and pyridine (p.a.) was purchased from Penta (Czech Republic).
Milli-Q system (Millipore, Mollsheim, France) was used for water purification.
Paracetamol (Paralen®, Zentiva-Sanofi Company, Czech Republic) was bought from a
local pharmacy. Stock solutions were prepared with a concentration of 1 mg/mL in
methanol/ water (1:1, v/v) and stored in a fridge. The working solution of a mixture was
prepared by diluting the stock solutions to a final concentration of 1 pg/mL. NanoDESI
analysis was performed using a mixture of methanol/water (75/25, v/v) as a spraying

solvent.
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Figure 12 Structures of NPS (m/z of protonated molecules): (1) cathinone (m/z 150);
(2) buphedrone (m/z 178); (3) 3-FMC ( 3-fluoromethcathinone; m/z 182); (4) methedrone
(m/z 194); (5) methylone (m/z 208); (6) butylone (m/z 222); (7) naphyrone (m/z 282).
Reprinted and adapted from [7]. Copyright 2020 John Wiley & Sons, Ltd

Microscope slide treatment and sample deposition

The silanization procedure was performed and optimized at the Department of
Analytical Chemistry, Palacky University Olomouc. It is based on immersing the
microscope slides into the hexamethyldisilazane/ pyridine (50/50, v/v) in a closed vessel
for 2 h at 120 °C with subsequent washing with water and ultrasonication for 1 min in
water. The mixture of analytes was deposited (total volume 56 ul in five layers) onto
silanized slides by SunCollect MALDI spotter (SunChrom, Friedrichsdorf, Germany) to
generate homogeneous layers. The final concentration of each analyte on the surface was
0.5 ng/mm? ( surface area of 1.89 x 0.6 cm). Paracetamol or traces of NPS were fixed onto
microscope slides by a double-sided tape. In the nanoelectrospray setup, the spraying tip
pointed toward the inlet of the heated transfer capillary. The nanoelectrospray setup was

evaluated using 1pg/mL of the NPS in methanol/water/formic acid (75/25/2, v/v/v)).
Instruments

Analysis of NPS was performed on Xevo TQD triple quadrupole mass

spectrometer (Waters, Manchester, UK) with modified custom-made inlet (Fig. 13).
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Figure 13 Scheme of custom-made MS inlet: a - nanoelectrospray tip; b - sample

on support; ¢ - threads of a heating rope; d - stainless steel inlet capillary; e - Swagelok SS-
100-1-OR tube fitting, sealing the heated capillary (d) by a ferrule; sealed to the inlet block
by an O-ring; f - inlet block; g - reduced pressure port hose adapter, sealed to the inlet
block by an O-ring; h - sample cone (native part of the mass spectrometer, fitted in its
original location and held by the inlet block (f), sealed to the instrument by an O-ring).
Reprinted and adapted from [7]. Copyright 2020 John Wiley & Sons, Ltd

Data were collected in positive ionization mode six times (1 min acquisition each).
The nanoDESI consists of an inlet block, heated capillary, and original sample cone. The
inlet block is equipped with a port for an auxiliary pump connection. It allowed pumping
of the inner compartment of the MS inlet in comparison with designs connecting a pump to
a refluence tube [164] or a source chamber [165] in front of the inlet. Pressure drop
(difference between atmospheric pressure and pressure in the inlet) was measured by a
manometer and regulated by a needle valve, both mounted between a port (g) and the
auxiliary pump. The capillary was heated by a heating rope connected to the Regbox heater
driver (Jakar Electronics, Karvina, Czech Republic). As in the DESI source [1], the gas
flow outlet and the interlock for the ESI source were blocked. Desorption nanoelectrospray
consisted of a nanoelectrospray tip (2 = 1 um L.D., PicoTips emitter, New Objective,
Woburn, USA) and a sample stage, both manually movable in the x —y — z axes.
Proper geometry was set to obtain the best spectra quality:
e nanospray tip - target plate: vertical distance ~ 2 mm;
e angle ~ 30°
e nanospray tip - the center of sample spot: horizontal distance ~ 2 mm;
e microscope slide - heated capillary: vertical distance ~ 1 mm, angle ~ 0°;

e center of sample spot - heated capillary: horizontal distance ~ 2 mm.
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Source parameters were tuned in positive ionization mode and set as follows:
capillary voltage 2.2 kV, TQD source temperature 100 °C, temperature of the heated
capillary 100°C, 180 °C, 200 °C, 220 °C, pressure drop from 0.08 (closed needle valve) to
0.8 bar. MassLynx 4.1 software (Waters Corp., Wilmslow, UK) was used for instrument
operation and data acquisition. Data were collected in six replicates (I min acquisition

each) and processed by OriginPro 2020 (OriginLab, Northampton, USA).
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4.2 Cyclic Ion Mobility-Mass Spectrometry of New

Psychoactive Substances

This work was published as a first-author publication [163] and with the
permission adapted and reprinted from:

Nytka M., Wan J., Tureéek F., Lemr K. Cyclic ion mobility of isomeric new
psychoactive substances employing characteristic arrival time distribution profiles and
adduct separation. J. Am. Soc. Mass Spectrom. 2024;
https://doi.org/10.1021/jasms.4c00127

ACS open access

Author's  Contribution. Marianna Nytka — investigation, formal analysis,

visualization, and writing the original draft.

Chemicals and samples' preparation

Standards of hydrochlorides of 3-fluoromethcathinone and 3-methymethcathinone
were purchased from Cayman Pharma (Neratovice, Czech Republic), 4-
fluoromethcathinone, 1,3-benzodioxolylbutanamine, methedrone, buphedrone were
provided from the Lipomed AG (Arlesheim, Switzerland) and used as-is (see Fig.14 for
structures). LC-MS grade methanol and water were provided by Fisher Chemical (Fisher
Scientific, United Kingdom). Sodium nitrate (p.a.) was provided by Penta (Ing. P.Svec,
Czech Republic). Lithium chloride (>99.0 %, BioXtra), sodium hydroxide (p.a.) and
formic acid (>98%), N-ethylaniline, acetaminophen, caffeine, sulfaguanidine, and
alprenolol were provided by Sigma Aldrich (Prague, Czech Republic). The mixture of N-
ethylaniline, acetaminophen, caffeine, sulfaguanidine, and alprenolol will be called a
"small molecule mixture" in the further text.

Stock and working solutions of individual analytes were prepared at concentrations
of 1 mg/mL and 100 ng/mL, respectively, in methanol/water (1/1, v/v). Isomeric mixtures
with a total concentration of 100 ng/mL (methanol/ water, 1/1 v/v) were analyzed: a) 3-
MMC and buphedrone (m/z 178.13); b) 3-FMC and 4-FMC (m/z 182.11); ¢) BDB and
methedrone (m/z 194.13). They were prepared in isomeric ratios: 5%, 10%, 25%, 40%,
50%, 60%, 75%, 90%, 95%. Six data acquisitions were performed for each solution. The
model samples for FIA-cIM-MS analysis were prepared in the range from 5% to 45% in

six replicates, one data acquisition for each replica was performed.
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CCS calibrants (small molecules mixture) were prepared with the working

concentration of 2 pg each/mL (acetonitrile/water (1/1) with 0.1 % of formic acid).

/
HN
6! 0
F< : JnH 0 NH,
o:© K
BDB

3-MMC 3-FMC
7
HN
o O o
F ~o
Buphedrone 4-FMC Methedrone

Figure 14 Structures of investigated cathinones and phenethylamine (BDB) [163].

ACS open access

Instrument

Cyclic ion mobility- mass spectrometry
The analyses were conducted on SELECT SERIES Cyclic IMS Q-TOF (Waters Corp.,
Wilmslow, UK). Samples were directly infused into a normal flow ESI source at the flow
rate of 5 uL/min and measured in positive ionization mode. 0.5 mmol/L sodium formate in
propan-2-ol/water (90/10, v/v) was used for mass calibration (m/z 50-1200). The
instrument was operated under two sets of settings, default and labile (Table 2). The
precursor ion was selected in quadrupole resolution with highmass 15, lowmass 4.9 for
protonated ions, and highmass 10, lowmass 2 for the adduct ions. Ion mobility parameters

for single and multipass experiments are shown in Tables 3 and 4.

Table 2 Instrument settings

Settings Default Labile*
Capillary Voltage (kV) 2 1
Cone Voltage (kV) 10
Source Temperature (°C) 100

Desolvation  Temperature

°C)

250
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Cone Gas Flow (L/h) 30

Desolvation Gas Flow (L/h) 600

CE Trap (V) 6 2
CE Transfer (V) 4 1
StepWave Body Gradient 20 0
V)

Ion Guide TW Pusle Height 04 02
V)

Trap Entrance (V) 2 1
Trap Bias (V) 2 1.5
Trap DC (V) -4 -4
Post Trap Gradient (V) 3 1.5
Post Trap Bias (V) 35 16
StepWave RF (V) 200 100
Ion Guide RF (V) 300

Drift Cell RF (V) 300 200
Transfer RF (V) 200

Transfer RF Gain 5

Helium Flow Rate (L/h) 120

Nitrogen Flow Rate (L/h) 40

TW Static Height (V) 15 13
Wave Amplitude (V) (Eject

and acquire) P 10
TOF push per bin 1

* used for BDB and methedrone only

Table 3 c-IMS Parameters for single pass separation for all isomeric pairs and CCS

calibrant [163]. ACS open access

Sequence
Traveling wave
Eject and
parameters Parameter Inject | Separate
Acquire
Cyclic TW
. 375 Time (ms) 10 2 Automatic
Velocity (m/s)
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Array TW Pre Array Gradient
. 375 85 85 85
Velocity (m/s) V)
TW static height
15 | Pre Array Bias (V) 70 70 70
V)
TW start height
15 | Array Entrance (V) 10 30 50
V)
TW limit height .
35 Wave Height (V) 2 0 15
V)
TW ramping rate
2.5 45 70 45
(V/ms) Array Offset (V)
Array Mode Forward | Sideways | Forward Eject
Array Exit (V) 50 30 2
Post Array Gradient
35 35 35
V)
Post Array Bias (V) 10 10 10

The separation time for CCS calibrants for 2 pass separation experiments is shown in Table

7.

Table 4. Separation time in multipass experiment [163]. ACS open access

Precursor ion Number | Separation time
of passes (ms)
3-MMC/Buphedrone
[M+H]* S* 32
(m/z 178.13) . 46.5 (DI, DESI)
47 (FIA)
[M+Na]" 5 20
(m/z200.11) 0 =
[M+Li]" 3 20
(m/z 184.13) 10 0
3-FMC/4-FMC
MHHT > 30

41




(m/z 182.10) 65.65 (DI)
10 65.95 (FIA,
DESI)
[M+Na]+
10 80
(m/z 204.08)
[M+Li]+
25 204.9
(m/z 188.10)

Flow injection analysis

FIA-cIM-MS analyses were performed on the Waters ACQUITY UPLC I-Class
system fitted with the PEEK tubing (1/16"x0.13 mm) to bypass the column. It was coupled
with the SELECTED SERIES Cyclic IMS (Waters Corp., Wilmslow, UK) and operated in
positive ionization mode. The instrument settings (default (Table 2)) and the ion mobility
(Tables 3 and 4) were the same as for direct infusion. The precursor ion was isolated in
quadrupole and then fragmented in the trap cell with CE 28 V for BDB and methedrone
(m/z 194.11). Methanol/water (1/1, v/v) was selected as a carrying liquid with a flow rate
of 0.1 mL/min. Injection volume was 5.0 uL for 3-MMC and buphedrone (m/z 178.13); 3-
FMC and 4-FMC (m/z 182.11) pairs. Samples were measured in six replicates, and one
data acquisition was made for each replicate. The injection volume for BDB and

methedrone was 10.0 pL.

Desorption electrospray

The mixtures of isomeric pairs with the same ratios as for the ESI-cIM-MS
experiments (see the Chemicals and samples” preparation) were deposited onto the Omni
Slide Hydrophobic Arrays (Prosolia, Waters Corporation, Wilmslow, UK). The amount on
the spot was 3.54 ng/mm? and was calculated by the mass of the analyte on the spot
divided by the area of the spot. Analysis was performed on Select Series Cyclic IMS
equipped with a 2D-DESI ionization source (Prosolia, Waters Corporation, Wilmslow,
UK). The original sprayer was replaced with a DESI XS sprayer (Waters Corporation,
Wilmslow, UK). Methanol/water (80/20, v/v) was used as a spraying solvent at 2.0
puL/min. The capillary voltage was held at 0.75 kV; the nebulizing pressure was 0.076
MPa; source temperature was set to 150 °C; the cone voltage to 10 V. The ion mobility
settings were kept as in Tables 2 and 3.

DESI sprayer geometry was set as follows:
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the spray impact angle was 75°;

e spray nozzle to the inlet tube orifice was 4 mm;

distance between the inlet tube orifice and the surface ~0.5 mm;

e spray nozzle to the surface distance was 2 mm.

Born-Oppenheimer molecular dynamics (BOMD) trajectory calculations

Prediction of structures' geometries and theoretical calculations of CCS values was
performed by Prof. Turecek’s team at the University of Washington in Seattle, USA.
(Details see in [163] and in Chapter 2.2)

Briefly, ion structures were obtained by applying Born-Oppenheimer molecular
dynamics (BOMD) trajectory calculations of several initial conformers, tautomers, and
protonation isomers. That was followed by gradient geometry optimization with density
functional theory. No other protonation isomers than those displayed in Fig. 27 were found
as local low-energy minima in the gas phase. The lithium adducts showed multiple
conformers for keto and enol tautomers that were local energy minima. The lowest-energy
structures for each Li-ion tautomer are shown in Fig. 33. Collision cross sections (CCS) in
nitrogen were calculated using the modified ion trajectory method (MobCalwmpr)
[105,106,166] using the MK charge densities. The reported CCS and standard deviations
are obtained from averaging data from ten trajectory runs. The cartesian coorditanes of the
MO06-2X/6-31+G(d.p) optimized geometry of ions 1a*, 2a*, 1b*, 2b*, 3a*, 4a*, 3b*, 4b*
shown in tables A1-A8, respectevly.

Table S Relative energies of protonated molecules [163]. ACS open access

Relative Gibbs Energy®?
Ion B3LYP* MO06-2X M06-2X¢
6-31 +G(d,p) | 6-31 +G(d,p) | def2qzvpp
(3-MMC-keto+H)' (1a") 0.0 0.0 0.0
(Buphedrone-keto+H) " (2a*) 16 15 14
(3-MMC-enol+H)" (1b") 45 33 31
(Buphedrone-enol+H)" (2b*) 62 50 47

“In kJ mol™!. ®Including zero-point energies, enthalpies, and entropies and referring to
310 K. ‘Fully optimized with GD3-BJ empirical dispersion corrections. ?Single-point
energy calculations on M06-2X/6-31+G(d,p) optimized geometries.
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Table 6 Relative energies of [M+Li]" ions [163]. ACS open access

Relative Gibbs Energy®”
Ion B3LYP* M06-2X M06-2X¢
6-31 +G(d,p) | 6-31 +G(d,p) | def2qzvpp
(3-MMC-keto+Li)' (3a%) 0.0 0.0 0.0
(Buphedrone-keto+Li)" (4a™) 17 15 16
(3-MMC-enol+Li)’ (3b") 82 78 75
(Buphedrone-enol+Li)" (4b*) 101 95 93

“In kJ mol™". *Including zero-point energies, enthalpies, and entropies and referring to
310 K. “Fully optimized with GD3-BJ empirical dispersion corrections. “Single-point
energy calculations on M06-2X/6-31+G(d,p) optimized geometries.

Data were acquired and processed using Masslynx v.4.2 (Software Change Note
1016, Waters Corp., Wilmslow, UK), a modified version of Driftscope v.2.9 (Waters
Corp., Wilmslow, UK), and processed in OriginPro 2020 (OriginLab, Northampton, USA).

Cyclic-TWIM CCS calibration for multipass separation

The mixture of small molecules (Table 7) was directly infused into the ESI source
using default settings. The flow rate was set to SuL/min. Each m/z of the calibrant was
isolated in quadrupole and sent to one pass (98 cm) and two passes (196cm) separation in
the cTWIM cell. The data was peak detected with Drifscope 2.9 software. CCS calibration
was performed according to the procedure of McCullagh et al. [167]. Arrival time is the
value that includes injection time (time needed for ions to arrive on the T-Wave array),
drift time (time that ions spend inside the mobility cell), and dead time ( time the ions exit
the mobility cell to reach the detector).

We used the calibrant's arrival times at the peak's apex. The arrival time in bin
number was converted to a millisecond scale. This was performed by multiplying the bin
number by the number of TOF pushes per bin and the V mode pusher period for a specific
mass range (m/z 50-1200, 0.066). The result of multiplication was added ADC start delay
(Eq.5).
tms = tpin X Pusher Period X TOF pushes per bin + ADC start delay 5)

ADC start delay includes the injection time and separation time.

44



The calibration drift times (cycle time) were calculated by subtracting the arrival

time for 1 pass (ta1p) from two passes arrival time (tazp) (Eq.6).
ta =tazp —ta1p (6)

The time ion exiting the cyclic cell to reach the detector (dead time) (to) was

calculated by subtracting the cycle time from 1 pass data (Eq.7).
to =tag1p —ta (7)

For the analytes, CCS values were calculated using respective drift times (tq analyte)

(Eq.8)

_ taanalyte -t
td analyte — n (8)

Where t; gnaiyte 18 the arrival time of analytes, ‘ty - the dead time (average value
from 6 measurements), and n - the number of passes.

Excel file provided by Waters Corp. (e.g. the one from © Johanna Hofmann, Kevin
Pagel, Fritz-Haber-Institute of the Max-Planck-Institute, Berlin) was used to evaluate CCS
values. A calibration curve was constructed by plotting In(CCS', A?) vs. In(td') (Fig.15).
CCS' is the collision cross section corrected for ion charge and reduced mass of ion and
drift gas (nitrogen). tq4" is a corrected drift time for m/z dependent flight time (depends on
Enhanced Duty Cycle (ECD) delay coefficient, 1.50 ms for our experiments, Eq.9)
[168,169].

ty = tg anaiyte — 0.001 x EDC delay coefficient * /m/zgpna1yte 9)

Table 7 Tons Used for CCS Calibration [163]. ACS open access

Name of Separation
m/z z MW (Da) [PTCCSnz (A%)| Ref. Time*
the Compound
(ms)
IN-ethylaniline 122.12 1 121.18 124.50 [96] 6
IAcetaminophen 152.07 1 151.17 130.40 [96] 8
Caffeine 195.10 1 194.19 136.90 [129] 10
Suflaguanidine 215.06 1 214.05 148.40 [122] 10
/Alprenolol 250.20 1 249.34 157.50 [96] 12

* 2 pass separation experiments
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Figure 15 Calibration plot for protonated molecules.

Similar to Fig. 15, a calibration curve was constructed for lithiated molecules

(In(CCS") = 0.3617 * In(tq) + 5.842, R=0.9953).
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S RESULTS AND DISCUSSION

5.1 Signal Enhancement of Desorption Nanoelectrospray
Ionization by Pressure Regulation at the Mass Spectrometer

Inlet

This work was published in a first-author publication [7] and adapted and reprinted
with permission from the journal:

Nytka, M, Borovcova, L, Frycdk, P, Bartdk, P, Lemr, K. Signal enhancement in
desorption nanoelectrospray ionization by custom-made inlet with pressure regulation. J
Mass Spectrom. 2020;55:e4642. https://doi.org/10.1002/jms.4642
Copyright 2020 John Wiley & Sons, Ltd.

Licence number 5730170914154.

Author's  Contribution. Marianna Nytka —investigation, formal analysis,

visualization, and writing the original draft.

The new custom-made mass spectrometer inlet was designed and constructed
considering three parameters: length of the heated capillary, its temperature, and pressure
regulation at the MS inlet (the first vacuum stage). All three parameters can control the
desolvation of ions, affect ion transmission, and increase the intensity of the ion signal.
Their influence was evaluated for synthetic cathinones (Fig. 12) as nanoDESI might be
useful for their detection, e.g., in seized street samples. Four different lengths (Fig. 16) of
the heated capillary were tested (46, 61, 76, and 99 mm) at 200 °C. Although the effect of
the capillary length was insignificant, slightly better ion signal intensities were observed

using the shortest one selected for the following experiments.
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46 mm

Figure 16 Tested ion transfer capillaries for nanoDESI with different lengths.

5.1.1 Influence of the Pressure Drop

The regulation of pressure drop at the MS inlet significantly influenced the signal
intensity. Auxiliary pumping generated a pressure drop at the MS inlet in the 0.20—0.80 bar
range. At reference condition (the lowest pressure drop 0.08 bar, which means the highest
pressure in the inlet), the needle valve connecting the auxiliary pump with the MS inlet
was closed, and the pressure reduction was generated only by the vacuum system of the
mass spectrometer. Since pressure drop represents the difference between atmospheric
pressure and pressure in the evacuated inlet compartment, its higher value means lower
pressure in the inlet and, thus, higher vacuum suction. In the tested range, the ion signal
intensity of all NPS grew between 0.08 and 0.20 bar, reached a maximum, and then
gradually decreased (Fig. 17). The effect is similar to that observed for the extracting gas
flow rate in DESI equipped with the transport tube [170]. The signal improvement was
compound dependent.The change from 0.08 to 0.20 bar caused the increase of signal
intensity less than two-fold for naphyrone but almost one order for buphedrone and more
than one order for cathinone and 3-FMC.

Further, nanoDESI experiments were performed at a pressure drop of 0.40 bar,
giving slightly lower signal intensities than 0.20 bar. Nevertheless, the dependencies are
flatter at around 0.40 bar (Fig. 17), and variation of signal intensity is less sensitive to
pressure drop changes. Generally, the pressure at the mass spectrometer inlet is determined
by the power of the vacuum system of a particular mass spectrometer, and the influence of
auxiliary pumping can vary. Its optimum setting can be instrument dependent.

Nonetheless, it is evident that vacuum suction is important for nanoDESI efficiency.
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Hence, neither nebulizing gas nor auxiliary gas is used, pressure drop regulation is the only
available experimental parameter driving drag force in the source. Pressure regulation
increased the drag force occurring due to vacuum suction. The force influenced the
transport of charged droplets and ions from the sampling area (atmospheric pressure) to the
first evacuated region of the mass spectrometer.

The effect of pressure regulation was also evaluated in the nanoelectrospray setup.
The nanoelectrospray tip was turned towards the heated capillary inlet. Although such
source geometry may not be optimal, a higher pressure drop might help to overcome this
drawback. A signal intensity increased substantially between 0.08 and 0.20 bar, and the
effect was less compound dependent than for nanoDESI (see Fig. 17 and 18). Vacuum
suction enables the collection of more charged droplets/ions created by nanoelectrospray
and generates a gas flow that can assist in ion evaporation from the charged droplets. As
the effect of pressure drop regulation on signal intensity differs for the analyzed
compounds using nanoDESI (Fig. 17), we could speculate that the pressure regulation does
not influence just the transport of ions but might also affect the process of desorption.
Nevertheless, the desorption is dependent on various experimental conditions and
properties of analytes (e.g., the composition of spraying liquid, as well as surface activity
and polarity of analytes), and all of them can influence the resulting ion signal intensity in

a mass spectrum.
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Figure 17 Influence of pressure drop on the [M+H]" ion signal intensity of

cathinones ionized by desorption nanoelectrospray (nanoDESI). The temperature of the

heated capillary (46 mm) was set to 200 °C. A mixture of the standards was deposited on a

silanized microscope slide [7]. Copyright 2020 John Wiley & Sons, Ltd
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Figure 18 Influence of pressure drop on the [M+H]" ion signal intensity of
cathinones ionized by nanoelectrospray. A spraying capillary was filled with the solution
of a mixture of standards and directed toward the heated capillary inlet. The temperature of

the heated capillary (46 mm) was set at 200 °C. The maximum pressure drop of 0.7 bar
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was achievable for the nanoelectrospray setup [7]. Copyright 2020 John Wiley & Sons,
Ltd

5.1.2 Influence of the Temperature of the Heated Capillary

Finally, the heated capillary's temperature was also considered as an important
experimental parameter. The profile of change of signal intensity shown in Fig. 19 is
typical for five studied analytes (cathinone, methedrone, methylone, butylone, and

naphyrone).

0 - Methedrone

ey

Intensity
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0° 4
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Figure 19 Influence of the heated capillary temperature on the [M+H]" ion signal
intensity of the methedrone [7]. Copyright 2020 John Wiley & Sons, Ltd

For buphedrone and 3-FMC, the signal intensities were comparable between 100
°C and 200 °C (the differences were not statistically significant). A decrease in signal
intensity was observed at 220 °C for all compounds. At lower temperatures, the
droplets/ions can be less effectively desolvated. Higher temperature of the heated capillary
can cause too fast solvent evaporation from the nearby sample surface, which can worsen
its wetting. This wetting forms a thin liquid layer that is considered to be important for
desorption and ionization in DESI [140], but less effective desorption and ionization may
also be observed in nanoDESI. Although the temperature did not show such a strong effect
as pressure regulation, its proper setting may be beneficial to the quality of mass spectra.
The substantial effect of pressure regulation is also evident when the mass spectra of the

analyzed mixture at 0.08 and 0.40 bar are compared (Fig.20).
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Figure 20 Desorption nanoelectrospray (nanoDESI) mass spectra of NPS (A) with

the auxiliary pumping pressure drop 0.40 bar and (B) without the auxiliary pumping (B)
pressure drop 0.08 bar. Both spectra are normalized to the highest ion signal intensity of
1.0x107 . The temperature of the heated capillary was set to 200 °C. The mixture of
standards was deposited on a silanized microscope slide. Numbers indicated at each mass
spectra correspond to [M+H]" of (1) cathinone, m/z 150 ;(2) buphedrone, m/z 178; (3) 3-
FMC m/z 182; (4) methedrone, m/z 194; (5) methylone m/z 208; (6) butylone m/z 222; (7)
naphyrone, m/z 282 [7]. Copyright 2020 John Wiley & Sons, Ltd

The signal intensities of all analytes are higher at 0.40 bar. Their increase is

significant, especially for cathinone (1), buphedrone (2), and 3-FMC (3). No interfering

signals were observed for a blank (see Fig. 21A).
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Figure 21 NanoDESI mass spectra of different blanks without auxiliary pumping
(pressure drop of 0.08 bar) and with auxiliary pumping (pressure drop of 0.40 bar): (A)
Silanized microscope slide (a blank corresponding to a mixture of cathinones, Figure 20);
(B) Double-sided tape on a microscope slide (a blank corresponding to methedrone (m/z
194), Figure 23); (C) Double-sided tape on a microscope slide (a blank corresponding to
paracetamol (m/z 152), Figure 24). The spectra are normalized to the highest ion signal
intensity in Figures 20, 23, and 24, respectively. The temperature of the heated capillary
was set at 200 °C [7]. Copyright 2020 John Wiley & Sons, Ltd

5.1.3 Analysis of Model Samples

The effect of pressure regulation was proven in the analysis of "real-world

samples," where detecting traces of NPS on personal items can represent a relevant
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example. Tiny amounts (less than 0.3 mg) of the abused drugs were deposited on the
wallet. "Unknown powder" was then collected from the surface using double-sided tape on

a microscope slide and subjected to analysis by nanoDESI (Fig. 22).

(A)

Figure 22 Direct sampling of solid materials. (A), sampling from the surface using
a double-sided tape on a microscope slide. (B), a broken pill rubbed against a double-sided
tape on a microscope slide. (C), microscope slide placed on the stage of desorption

nanoelectrospray [7]. Copyright 2020 John Wiley & Sons, Ltd

Desorption and ionization were performed directly from the tape surface. The
acquired spectra confirmed the significant influence of reduced pressure regulation (Fig.
23). Although the surface for sample deposition was different (tape vs. silanized glass),

detection of the abused drugs was also significantly improved in this "real sample"
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analysis. No interfering signals were observed for a double-sided tape blank (see Fig.

21B,C).
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Figure 23 Desorption nanoelectrospray (nanoDESI) mass spectra of the trace
amount of methedrone on double-sided tape recorded at a pressure drop of 0.40 (A) and
0.08 bar (B), respectively. A solid sample was collected from the wallet. Both spectra are
normalized to the highest ion signal intensity of 2.9 x 10”. The temperature of the heated

capillary was set at 200 °C [7]. Copyright 2020 John Wiley & Sons, Ltd

Another possible application can be the analysis of pills. A paracetamol pill broken
in two pieces was rubbed against double-sided tape on a microscope slide, leaving traces of
the drug that were directly analyzed (Fig. 22). Significant signal intensity improvement
was observed when applying pressure drop of 0.40 bar (Fig.24). The same results were
obtained for the powdered paracetamol, proving that different forms of samples can be
collected and successfully analyzed. Evidently, the proposed approach can be applied to
analyses of different analytes deposited in different ways on silanized glass, double-sided

tape, or other surfaces that can be tested in the future.
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Figure 24 Desorption nanoelectrospray (nanoDESI) mass spectra of paracetamol
traces on double-sided tape recorded at a pressure drop of (A) 0.40 bar and (B) 0.08 bar.
Both spectra are normalized to the highest ion signal intensity of 2.6 x 107. The
temperature of the heated capillary was set at 200 °C [7]. Copyright 2020 John Wiley &
Sons, Ltd

5.1.4 Conclusion

Because nanoDESI with its lateral resolution in tens of micrometers samples small
surface area, only a tiny amount of analyte is desorbed, and the measurement sensitivity
can be an issue. The yield of ions was significantly improved by properly regulated
pressure reduction in the MS inlet. The pressure reduction drives the flow of gas (air)
generated by suction to the inlet and, consequently, the drag force acting on charged
droplets and ions in the source. Regulation of the pressure drop was recognized to have a
crucial influence on signal intensity. Both the pressure drop and temperature of the heated
capillary were tuned to achieve maximum sensitivity. The change in signal intensity for
some of the compounds was more than one order of magnitude higher. The tested custom-
made inlet permits the setting of these experimental parameters and supports the
applicability of nanoDESI. One order of magnitude higher response was achieved for some
of the analyzed new psychoactive substances, which may be critical in the analysis of
traces of unknown samples. The development of a new ion source and the described effects
of studied experimental parameters can encourage applications of nanoDESI in general.
The impact of the reduced pressure regulation can differ for different mass spectrometers
due to the different power of vacuum systems. Nevertheless, it was confirmed that pressure

drop between the atmospheric and evacuated region of a mass spectrometer strongly
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influences the efficiency of nanoDESI. It should be considered if this ion source is attached

to any other mass spectrometer.
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5.2 Cyclic Ion Mobility-Mass Spectrometry of New

Psychoactive Substances

This work was published as a first-author publication [163] and with the permission
adapted and reprinted from:

Nytka M., Wan J., Tureéek F., Lemr K. Cyclic ion mobility of isomeric new
psychoactive substances employing characteristic arrival time distribution profiles and
adduct separation. J. Am. Soc. Mass Spectrom. 2024;
https://doi.org/10.1021/jasms.4c00127

ACS open access

Author's  Contribution. Marianna Nytka — investigation, formal analysis,

visualization, and writing the original draft.

New psychoactive substances (Fig. 14 (structures)) were easily protonated by
electrospray but were not well separated by ion mobility even at higher resolving power.
Nevertheless, the arrival time distribution (ATD) profiles were characteristic of the
individual isomers (see, e.g., Fig. 26). This agrees with the previous observations using the
linear and cyclic mobility cell for isomeric oligosaccharides [171] and oligonucleotides
[172]. Mass spectra of standards were inspected on the presence of sodium and potassium
adducts. Only sodium adducts were present at low intensity (Fig. 25). Therefore, due to the
low adduct formation Na", Li", K, Ag" and Cs" salts were alternatively added to the
analyzed solutions to support adduct formation and to allow their ion mobility analysis.
The results showed sufficient intensities for high-resolution cTWIM experiments for solely

Na' and Li "adduct ions.
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Figure 25. +ESI-mass spectra: A) 3-MMC; B) buphedrone; C) 3-FMC; D) 4-FMC;
E) BDB; F) methedrone. Compared to the protonated molecules, the sodium adducts show
signal intensities lower by more than one- (A, B, E, F) and two- (C, D) orders of

magnitude (see zoom ranges marked in red). Sodium salt was not added in this experiment

[163]. ACS open access

5.2.1 Protonated Molecules vs Li-Adducts
The pairs 3-MMC and buphedrone or 3-FMC and 4-FMC were directly infused

into the electrospray. Both pairs underwent the single pass (98 cm) separation. It enabled
the recognition of the individual isomers for 3-MMC and buphedrone ([M+H]', m/z
178.13), but it was insufficient for the mixture (Fig. 26A).
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Figure 26 Extracted ATD profiles ((M+H]", m/z 178.13) of 3-MMC, buphedrone
and their mixture (50 : 50): (A) 1 pass, (B) 7 pass experiment. The highest absolute

intensity for each mobilogram is given in brackets [163]. ACS open access

As mentioned in Chapter 2.2, the increasing number of passes increases resolving
power. Seven pass (686 cm) separation experiments for 3-MMC and buphedrone showed
that we could recognize the major forms in a mixture, but complete separation was not
achieved (Fig. 26B). This was consistent with the expected CCS for the keto and enol
isomers of protonated 3-MMS (ions 1a* and 1b*) and buphedrone (ions 2a* and 2b*) that
were in the narrow range of 139-141 A? (Fig. 27). The narrow range was also observed for

experimental CCS values.
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red = O, gray = H. Hydrogen bonds are shown with purple double-headed arrows with

distances in Angstroms [163]. ACS open access
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Figure 28 Extracted ATD profiles ((M+H]+, m/z 178.13) of 3-MMC (A) and

buphedrone (B) in 7 pass separation.

The experimental CCS values were averaged from six data acquisitions. The cycle
time and dead time were calculated from one pass and seven pass data of analytes. CCS
values in 1 pass fwere 145 A2, and 142.1 A? for 3-MMC and buphedrone, respectively.
CCS values in 7 pass experiments (see Fig. 28) were 142.0 A? (enol-form) and 144.8 A?
(keto-form) for 3-MMC, and for buphedrone they were 140.2 A2 (enol-form) and 141.9 A?
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(keto-form). The difference between the experimental and calculated CCS was < 3% for 3-
MMC and <1% for buphedrone. These results are consistent with measurements under the
same conditions taken four years ago in 2020. The standards underwent the five pass
separation. The experimental CCS for 3-MMC were 141.8 A? and 144.8 A2, and for
buphedrone were 139.5 A? and 141.8 A2, These results show good reproducibility of CCS
determination over multiple years.

The previously reported PTCCSn; value for buphedrone was 141.2 A? [127]. That
correlates well with the cTWIM measurements and the calculated CCS for the keto (2a*)
form. There are no current research articles that would show CCS values for 3-MMC. Only
one report of the CCS values of 3-MMC with linear TWIM measurements was found in
the diploma thesis of Ondruchova Jana. In her work, the CCS were 144.9 A% and 142.7 A?
for 3-MMC and buphedrone, respectively [173]. Those values correspond to the dominant
keto (1a* and 2a™) form. CCS values from lincar TWIM for 3-MMC correlate well with
the cTWIM results. The higher error between theoretical and calculated CCS values for
multipass experiments could be explained by the inconsistencies of CCS of calibrants
presented in databases, sometimes ranging up to 10 A? for different compounds (see
Chapter 2.2).

It was estimated that the CCS-based resolving power Rccs of about 104 was
required to achieve the two-peak resolution Ry, = 1.23 (ca. 90 % separation, defined for
two Gaussian peaks of equal abundance) [174]. For buphedrone, the single pass
experiment gave Ri,ccs = 45 (both keto- and enol-form contributed to peak width). After
the multi-pass experiment with seven passes (L = 686 cm), we were able to separate the
major isomeric forms of 3-MMC and buphedrone (experimental R7,ccs = 126). The signals
of both isomers were clearly detected in the mobilograms of their mixtures (Fig. 26B).
While it can be sufficient for the detection of individual isomers, simple integration of
mobility peaks was not possible even at higher resolving power, as the isomers” ATD
profiles became broader. The less abundant enol isomer of 3-MMC still significantly
overlapped with buphedrone (Fig. 26B).

The higher number of passes (higher resolving power) did not improve the
separation. It just broadened the ATD profiles of isomers. Similarly, ion mobility peaks of
isomeric protonated molecules interfered, e.g., for cathinones and peptides separated by
trapped ion mobility [175] and cyclic TWIMS [140], respectively. Peak broadening at
higher resolving power can compromise the separation of isomers. This is more significant

for more complex ATD profiles of the individual isomers. It can be a general issue when
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separating isomers existing in different conformer (protomer) states. However, the
broadening effect can be suppressed by separating adducts of isomeric molecules with
alkali metal cations. Separation of adducts has been described, e.g., for fentanyl [176],
glycan [177], and flavonoid [178] isomers. On the other hand, if the broadening effect is
characteristic of individual isomers, it can be advantageous. Both approaches are
demonstrated in the following examples.

Multiple linear regression (MLR) was performed on ATD profiles of protonated 3-
MMC and buphedrone (1 pass separation, Fig. 29 and 7 pass separation experiment, Fig.
30(A)) to determine the isomeric ratio. The isomeric ratio was aj:ax, where y = aq +
A1x1 T Azx2-

Averaged intensities of the overall extracted ATD profiles of the individual isomers
(six data acquisitions) and the intensity of the ATD profile of the mixture (six data
acquisitions individually) represented the input data, independent (x1,x2) and dependent (y)
variables, respectively. Compared to the previous fitting procedure using Gaussian
functions [171], the new data processing was more accessible to implement because MLR
is the common part of routinely used software, such as OriginPro. As shown in Fig. 30(A),
the relationship between the determined and given content of 3-MMC showed good

linearity.
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Figure 29. Determination of 3-MMC in the mixture with buphedrone. Multiple

linear regression (MLR) applied to ATD profiles of protonated molecules, single pass
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separation. Standard deviations of slope and intercept are given in brackets. Each point was
measured in six data acquisitions. The range of the relationship was limited to 5 % - 75 %
of 3-MMC because the analysis of the mixtures 95: 5 and 90: 10 failed. The determined
ratios were 100 : 0 and 99.4: 0.6, respectively, and all values for these two mixtures were

evaluated as outliers from the linear relationship [163]. ACS open access
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Figure 30 Determination of 3-MMC in the mixture with buphedrone: (A) Multiple
linear regression (MLR) applied to ATD profiles of protonated molecules, seven pass
separation; (B) Ion mobility of lithiated molecules, ten pass separation. Standard deviations
of slope and intercept are shown in brackets. Each point was measured in six data

acquisitions [163]. ACS open access
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This proves that the proposed procedure is useful in defining the isomeric ratio
using the ATD profiles and MLR. Notably, the linear calibration curve was obtained in
single-pass experiments but in a limited range (5%-75% of 3-MMC, see Fig. 29) due to
insufficient detection of buphedrone in excess of 3-MMC in a mixture (95:5 and 90:10).
The higher resolving power helped to overcome this issue (Fg. 30(A)).

For MLR application, we evaluated stability of ATD profiles. Good intra-day
repeatability of mobilograms of the isomers was observed. Inter-day measurements
showed the shift in arrival time and/or relative intensities of the conformers (protomers),

which led to a change in the shape of the mobilograms (Fig. 31).
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Figure 31 Extracted ATD profiles ((M+H]", m/z 178.13) of the mixture of 3-MMC
and buphedrone (50 : 50) on two different days, 7 pass experiment [163]. ACS open

acCcCeEss

This shift might be due to the drift or collision gas pressure variation for the same
instrumental setting. To minimize such variation, we recommend waiting two hours to
stabilize the gas pressure after switching from standby to run mode. If necessary, the shift
in the arrival time was compensated by peak alignment.

Sodium and lithium adducts of 3-MMC and buphedrone were separated in 10 pass
experiments (980 cm). Lithium adducts showed more than one order higher signal intensity
than sodium adducts (see Fig. 32). Therefore, [M+Li]" ions were selected for isomeric ratio
determination. Baseline separation allowed direct integration of the peaks (Fig. 32) and
provided good linearity for the dependence between the determined and given 3-MMC
content (Fig. 30(B)). The adduct ion formation can affect the conformation of ions in the

gas phase due to the coordination at different positions [179,180]. The conformers for
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[M+Li]" (Fig. 32(B)) were not observed compared to protonated molecules. This result
was consistent with the calculations of structures and CCS (Fig. 27 and 34, Tables 5 and
6). The differences in theoretical CCS for keto (ions 1a* and 2a™) and enol (ions 1b* and
2b*) isomers of protonated molecules of 3-MMC and buphedrone were 0.4 % and 0.6 %,
respectively. For both 1* and 2*, the enol isomers had higher Gibbs energies than the keto
forms (Table 5) and thus could contribute as minor components to the signal at m/z 178.13
in mobilograms, as manifested by peaks broadening (Fig. 26(B)). For lithiated isomers
(Fig. 33), the keto forms (ions 3a* and 4a*) differed by 1.5 % in CCS. Enol isomers of the
Li" adducts (ions 3b™ and 4b*) showed much higher energies than the keto-tautomers
(Table 6) and were unlikely to significantly contribute to the signal at m/z 184.13 in
mobilograms. This was consistent with the well separated symmetrical peaks of Li"
adducts in ATD (Fig. 32(B)). The experimental CCS values for [M+Li]" of 3-MMC were
154.0 A2 (1 pass separation) and 153.3 A2 (10 pass), and for buphedrone 151.2 A% (1 pass)
and 150.4 A? (10 pass). Those results fit well with the theoretically calculated ones (see
Fig. 32; difference < 2 %). The relationships in Fig. 30 showed that the separation of
lithium adducts gave lower standard deviations of intercept and slope and a slightly higher
coefficient of determination than the MLR approach. Nevertheless, both approaches are

comparable and useful for the determination of isomeric ratios in mixtures.
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highest absolute intensity for each mobilogram is given in brackets [163]. ACS open
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blue = N, red = O, gray = H. Hydrogen bonds are shown with ochre double-headed arrows.
All bond lengths are in Angstroms [163]. ACS open access.

Protonated molecules of 3-FMC and 4-FMC produced symmetrical and highly
overlapping mobility peaks that hindered the determination of the isomeric ratio by
multiple linear regression in single pass separation (Fig. 34A). Ten pass (980 cm)
separation provided partial separation of the isomers in a mixture and produced the

characteristic mobilogram profiles for individual isomers, as shown in Fig. 34B.
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Figure 34 Extracted ATD profiles ((M+H]", m/z 182.10) of 3-FMC, 4-FMC, and
their mixture (50 : 50): (A) 1 pass, (B) 10 pass experiment. The highest absolute intensity

for each mobilogram is given in the brackets [163]. ACS open access.
The high resolving power enabled MLR to produce the linear dependence of

determined and given 3-FMC content in a mixture (Fig. 35A). These results highlight the
advantage of cyclic TWIMS over the linear cell.
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Figure 35 Determination of 3-FMC in the mixture with 4-FMC: (A) Multiple linear
regression (MLR) applied to ATD profiles of protonated molecules, ten pass separation;
(B) Ion mobility of lithiated molecules, 25 pass separation. Standard deviations of slope
and intercept are shown in brackets. Each point was measured in six data acquisitions

[163]. ACS open access.

It was observed that 3-FMC and 4-FMC did not efficiently form the sodium
adducts (Fig. 36A). [M+Li]" were generated with sufficient intensity, enabling partial
separation in 25 pass experiments (2450 cm) shown in Fig. 36B. It allowed the peak

integration. The relationship between the determined and given content of 3-FMC in a
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mixture of protonated and lithiated molecules produced comparable standard deviations of
slope, intercept, and coefficient of determination (Fig. 35). MLR of ATD profiles gave
similar results to the separation of adducts and may be more advantageous when adduct

formation or separation is insufficient, as in the case of sodium adducts.
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Figure 36 Extracted ATD profiles of 3-FMC, 4-FMC, and their mixture (50 : 50):
(A) [M+Na]", m/z 204.08; 10 passes; (B) [M+Li/", m/z 188.11; 25 passes. The highest

absolute intensity for each mobilogram is given in brackets [163]. ACS open access.

5.2.2 Flow Injection Analysis of Isomers using lon Mobility-

Mass Spectrometry of Fragment Ions

BDB and methedrone showed a significant difference in the intensities of
protonated molecules. BDB and methedrone belong to phenylamines and synthetic
cathinones, respectively. Both isomers produce symmetrical and completely overlapped
ATD profiles (Fig. 37 (A),(B)). Signal intensities at the peak maxima in a single pass and
three pass separation showed the two order difference using the default instrument settings.
Settings for labile analytes (Table 2) were used to decrease the fragmentation of protonated
BDB and increase its intensity. Nevertheless, the three pass experiment did not improve

the separation of the isomers and led to a decrease in the intensity of BDB (Fig. 37C,D).
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Even at these conditions, both isomers produced symmetric and overlapped peaks with a

significant difference in intensity, which hindered the use of the ATD profiles.
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Figure 37. Extracted ATD profiles ((M+H]", m/z 194.13) of BDB, methedrone, and
their mixture (50: 50): (A) default setting, 1 pass; (B) default setting, 3 passes; (C) setting
for labile compounds (here BDB), 1 pass; (D) setting for labile compounds (here BDB), 3

passes. The highest absolute intensity for each mobilogram is given in the brackets [163].

ACS open access.

Furthermore, we proposed another approach using the ATD profiles of the
fragments. The experiments were performed by flow injection analysis, allowing faster
data acquisition. The precursor ion m/z 194.11 ([M+H]") was isolated in the quadrupole
and fragmented in the trap cell (before the cIM cell). BDB and methedrone produced
product ions at m/z 135.04, and methedrone also fragmented to m/z 135.08 (Fig. 38).
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Figure 38 +ESI mass spectra after 1 pass separation: (A) methedrone; (B) BDB.
The inset shows the zoomed detail of the signal of the fragment ions (m/z 135) [163]. ACS

open access.
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Figure 39 Extracted ATD profiles of fragment ions (m/z 135.04-135.08) of BDB,
methedrone, and their mixture (50:50) in single pass separation. The highest absolute

intensity for each mobilogram is given in brackets [163]. ACS open access.

Both fragments (m/z 135.04 and m/z 135.08) were included in the extracted ATD
profiles (Fig. 39). The mobilograms were characteristic for each isomer and partially
separated, which allowed the use of the MLR approach. The linear dependence between

the determined and given BDB content in the mixture produced a lower coefficient of
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determination and higher standard deviations for slope and intercept compared to the other
two isomeric pairs (Fig. 40). This might be due to the more complex experiment requiring
the generation and separation of the fragmented ions. The determined contents for 90% and
95% of BDB in a mixture were not significantly different. Nevertheless, the determination
of isomeric ratios and separation of isomers were still possible, although with lower

accuracy in a higher content of BDB.
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Figure 40 Determination of BDB in the mixture with methedrone. Multiple linear
regression (MLR) applied to ATD profiles of fragment ions (m/z 135.04-135.08), single
pass separation. Standard deviations of slope and intercept are shown in brackets. Each

point was measured in six data acquisitions [163]. ACS open access.

5.2.3 Desorption Electrospray lonization of Isomers

Similarly to the direct infusion and flow injection analysis, all three pairs were
ionized by DESI, providing the characteristic ATD profiles with lower intensities (Fig. 41).
The shapes of the ATD profiles are similar to the ESI source for 3-FMC and 4-FMC (Fig.
34(B) and 41(B)). In contrast, due to the different ionization mechanisms, the ATD profiles
for 3-MMC and buphedrone are significantly different (Fig. 26(B) and 41(A)). Therefore,
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it is impossible to use ATD profiles of individual isomers produced by ESI to evaluate the

samples measured by the DESI source.
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Figure 41. Extracted ATD profiles of individual isomers and their mixtures (50 :
50) desorbed and ionized by DESI: (A) 3-MMC and buphedrone ((M+H]" , m/z 178.13), 7
passes; (B) 3-FMC and 4-FMC ([M+H]", m/z 182.10), 10 passes; (C) fragment ions (m/z
135.04-135.08) of BDB, methedrone, 1 pass. The highest absolute intensity for each

mobilogram is given in brackets [163]. ACS open access.

The analytes were pipetted onto the hydrophobic spot and left to dry on air. It
formed the heterogeneous layer that explained higher data variability (error bars Fig. 42)
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compared to ESI. Linear dependence between the determined and given content of 3-MMC
in a mixture (Fig. 42(A)) showed a lower coefficient of determination and higher standard
deviations for slope and intercept in contrast to the other two pairs. Despite that, the
increase in the 3-MMC content was visible. For other two pairs, higher coefficients of
determination, lower standard devitions of slopes and intercepts as well as narrower error
bars were achieved. DESI-cIM-MS proved the applicability of the ATD profile-based

method on solid samples.
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Figure 42. Determination of isomeric ratios using DESI and multiple linear
regression (MLR) applied to ATD profiles: (A) 3-MMC in the mixture with buphedrone,
(IM+H]", m/z 178.13, 7 passes); (B) 3-FMC in the mixture with 4-FMC ([M+H]", m/z
182.10, 10 passes); (C) BDB in the mixture with methedrone (fragment ions at m/z 135.04-
135.08, 1 pass). Standard deviations of slope and intercept are shown in brackets. Each

point was measured in six data acquisitions [163]. ACS open access.
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5.2.4 Analysis of the Model Samples

Flow injection analysis was used to analyze two isomeric pairs of synthetic
cathinones (four analytes) in a mixture. Calibration was prepared in a range of 5% to 45%.
Six replicates of calibration and sample solutions were injected (5 pL) into the flow of
methanol-water (50:50, v/v). FIA with autosampler allowed rapid and automatic data,
decreasing the acquisition time to 3 hours for 96 injections with the time of the analysis 1.5
min when compared to direct infusion (more than one week). Linear correlation for 3-
MMC/buphedrone and 3-FMC/4-FMC showed good linearity with the coefficient of
determination 0.9974 and 0.9988, respectively (Fig. 43). In model samples containing two
pairs of isomers in a mixture with 10% of 3-MMC and 3-FMC, the determined content of
3-MMC was 9.3% with a standard deviation of 0.37, and for 3-FMC, it was 11.0 %, and

0.42. The obtained results showed a good accuracy of this method.
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Figure 43. Calibration curve for FIA of two isomeric pairs mixture: (A) 3-MMC in
the mixture with buphedrone, seven pass separation; (B) 3-FMC in the mixture with 4-
FMC, ten pass separation. Multiple linear regression (MLR) was applied to ATD profiles
of protonated molecules. Standard deviations of slope and intercept are shown in brackets.

Each point was measured in six replicates [163]. ACS open access.

5.2.5 Conclusion

Two approaches based on the separation of lithium adducts and on multiple linear
regression using the characteristic ATD profiles of individual isomers and ATD profiles
from the isomeric mixtures were shown to be efficient in distinguishing and quantifying
NPS isomers. The formation of lithium adducts by adding its salt to the sample solution

showed the best results for these applications. The higher resolving power of cyclic
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TWIMS in multipass experiments improved the separation of Li-ion adducts, whereas the
mobility peaks of protonated molecules were broadened and still overlapped due to the
presence of tautomers associated with individual ion structures. Similar behavior was
observed, e.g., for peptides [140] and oligonucleotides [171]. In the previous report, ATD
profiles were fitted by Gaussian functions, and a single ATD function was generated for
each isomer. These ATD functions allowed determining isomeric ratios of oligosaccharides
by ESI linear TWIMS [171]. Here, the fitting was replaced by multiple linear regression,
which noticeably simplified the analysis. Direct infusion experiments confirmed that both
approaches, the separation of lithiated molecules and the use of ATD profiles characteristic
to isomers, are comparable.

The isomeric pair of BDB/methedrone showed significant differences in the
intensities of [M+H]" ions and completely overlapping mobility peaks. In this case, the
ATD profiles of the fragment ions allowed us to achieve a successful analysis, proving that
the proposed approach is not limited to only protonated molecules. These analyses were
performed by FIA as an alternative to direct infusion. Obviously, this approach is feasible
for liquid samples. In the case of solid samples, desorption electrospray was utilized.
DESI-cIM-MS provided characteristic ATD profiles of isomers, although they differed to
some extent from those obtained by electrospray. This could be attributed to the different
ionization mechanisms, electrospraying of solutions vs. desorption, and ionization from
solid samples. Finally, the rapid analysis of a mixture containing two isomeric pairs was
demonstrated. FIA combined with an autosampler enabled automatic data acquisition,
speeding up the analysis.

The mean mobility values were recently used to identify cathinones, while isomeric
ratios have not been determined [175]. We confirmed the excellent repeatability of the
ATD profiles and included the entire ATD profiles analyzing isomeric mixtures. Although
the higher resolving power of cyclic TWIMS may not allow for the complete separation of
isomers, it may help to generate more distinct ATD profiles of isomers.

The ATD profile-based approach can generally be used to analyze isomeric
molecules by ion mobility. While the integration of peaks requires a good separation, the

described approach is applicable even for overlapping signals.
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6 CONCLUSION AND OUTLOOK

Coupling different ionization techniques with IM-MS has excellent potential for
detecting and separating isomers in mixtures. Nevertheless, some AIMS have never been
hyphened with ion mobility; some are only at the beginning of this fruitful collaboration.

NanoDESI, with the improved custom-made inlet, showed great applicability in
detecting the NPS on the silanized glass surface. The increased ionization efficiency of
nanoDESI should encourage new applications. Nevertheless, a few modifications can still
be made, starting with automating spraying solvent delivery by possibly connecting it to a
nanoLC pump, which will allow high-resolution MS imaging measurements as well as
cooupling it with cTWIM.

Ion mobility faces a new revolution with the production of high-resolving power
IMS systems (cyclic TWIM, SLIM, TIMS), which has opened the possibility for new
applications. cTWIM can reveal the hidden conformers/protomers, which cannot be seen in
linear TWIM or lower resolving power instruments.

A new, simple approach for isomeric ratio determination in mixtures was
performed by multiple linear regression of characteristic ATD profiles that overlapped in a
mixture for protonated ions (generally for any overlapped ions). This method also showed
excellent results by using the characteristic ATDs of fragment ions. Coupling the DESI
source with cTWIMS demostrated the application of our approach on solid samples.
Therefore, it might also be used in the future for quantitative imaging experiments. The
different profiles of ATDs produced by ESI and DESI experiments could lead to more
fundamental experiments based on the effect of desorption in DESI on ATD profiles in

cTWIM and how different parameters of ion optics can influence the results.
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Table Al. Cartesian coordinates of the M06-2X/6-31+G(d,p) optimized geometry of

ion 1a*. Standard orientation:

APPENDICES

Appendix A

Center | Atomic | Atomic Coordinates (Angstroms)
Number | Number | Type X Y V4
1 6 0 -0.501145 0.061142 | -0.015535
2 6 0 -1.562269 -0.833726 | 0.195504
3 6 0 -2.881550 -0.432502 | 0.010587
4 6 0 -3.117899 0.890256 | -0.394399
5 6 0 -2.073833 1.786672 | -0.609083
6 6 0 -0.758130 1.378214 | -0.419782
7 6 0 -4.031150 -1.378208 | 0.236217
8 6 0 0.863021 -0.438400 | 0.197665
9 8 0 1.134348 -1.600760 | 0.454351
10 6 0 2.053068 0.549016 0.164201
11 6 0 2.142100 1.332861 1.471739
12 7 0 3.269771 -0.319504 | 0.003934
13 6 0 3.574366 -0.702462 | -1.409840
14 1 0 -1.333336 -1.848168 | 0.508867
15 1 0 -4.142532 1.220754 | -0.544454
16 1 0 -2.286827 2.801942 | -0.925264
17 1 0 0.044152 2.088604 | -0.596209
18 1 0 -3.679260 -2.367099 | 0.534718
19 1 0 -4.693889 -1.000620 1.019984
20 1 0 -4.626232 -1.487732 | -0.674721
21 1 0 2.991885 2.020939 1.463936
22 1 0 1.232780 1.920061 1.611105
23 1 0 2.231371 0.651357 2.323475
24 1 0 3.037359 -1.183940 | 0.527560
25 1 0 4.423773 -1.384243 | -1.414700
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26 1 0 2.695773 -1.200577 | -1.818892
27 1 0 3.805771 0.198908 | -1.975978
28 1 0 2.013378 1.211489 | -0.703475
29 1 0 4.083164 0.123760 0.438051
Rotational constants (GHZ): 1.6424647 0.4222286 0.3800671

Table A2. Cartesian coordinates of the M06-2X/6-31+G(d,p) optimized geometry of

ion 2a*. Standard orientation:

Center | Atomic | Atomic Coordinates (Angstroms)
Number | Number | Type X Y Z
1 6 0 -1.134810 | -0.265645 | -0.072742
2 6 0 -2.174918 | -1.032772 | -0.619104
3 6 0 -3.494052 | -0.650621 | -0.417263
4 6 0 -3.781136 | 0.493641 | 0.329968
5 6 0 -2.751043 | 1.259588 | 0.877812
6 6 0 -1.428373 | 0.883440 | 0.677537
7 6 0 0.244168 | -0.716307 | -0.310503
8 8 0 0.529802 | -1.758671 | -0.877914
9 6 0 1.427272 | 0.178888 | 0.118155
10 7 0 2.622367 | -0.731204 | 0.114022
11 6 0 1.636311 | 1.329306 | -0.874599
12 6 0 2.748803 | 2.293991 | -0.463951
13 6 0 2.817437 | -1.506791 | 1.377657
14 1 0 -1.928549 | -1.917924 | -1.196309
15 1 0 -4.299729 | -1.240777 | -0.839873
16 1 0 -4.813046 | 0.790236 | 0.487363
17 1 0 -2.980731 | 2.145156 | 1.459934
18 1 0 -0.640165 | 1.489972 | 1.114875
19 1 0 1.311476 | 0.554648 | 1.138821
20 1 0 2.428793 | -1.403246 | -0.651439
21 1 0 0.687843 | 1.868300 | -0.951640
22 1 0 1.824643 | 0.903533 | -1.868619
23 1 0 3.740811 | 1.827358 | -0.442499
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24 1 0 2.555279 | 2.725188 | 0.522458
25 1 0 2.814633 | 3.114896 | -1.180113
26 1 0 3.011583 | -0.808767 | 2.191120
27 1 0 1.907523 | -2.075882 | 1.566799
28 1 0 3.659668 | -2.185263 | 1.248326
29 1 0 3.467034 | -0.199945 | -0.111832
Rotational constants (GHZ): 1.3708135  0.4695843 0.4019368

Table A3. Cartesian coordinates of the M06-2X/6-31+G(d,p) optimized geometry of

ion 1b*. Standard orientation:

Center | Atomic | Atomic Coordinates (Angstroms)
Number | Number Type X Y Z
1 6 0 -0.521384 | 0.029902 | -0.158358
2 6 0 -1.589601 | -0.811694 | 0.187009
3 6 0 -2.905005 | -0.351018 | 0.148149
4 6 0 -3.130670 | 0.971939 | -0.256026
5 6 0 -2.077746 | 1.809965 | -0.609208
6 6 0 -0.765756 | 1.344008 | -0.564051
7 6 0 -4.057918 | -1.238045 | 0.537987
8 6 0 0.850012 | -0.511190 | -0.126890
9 8 0 1.050395 | -1.751827 | -0.660681
10 6 0 1.920636 | 0.098657 | 0.410593
11 6 0 1.992857 | 1.373762 | 1.186396
12 7 0 3.200583 | -0.630275 | 0.255730
13 6 0 4.241798 | 0.107044 | -0.534858
14 1 0 -1.392120 | -1.827760 | 0.523535
15 1 0 -4.150236 | 1.345770 | -0.296250
16 1 0 -2.278632 | 2.825941 | -0.931985
17 1 0 0.056250 | 1.985173 | -0.867887
18 1 0 -3.721140 | -2.246112 | 0.787301
19 1 0 -4.581369 | -0.830307 | 1.407436
20 1 0 -4.782690 | -1.311782 | -0.277468
21 1 0 2411906 | 2.203306 | 0.607226
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22 1 0 0.991402 | 1.662393 | 1.507668
23 1 0 2.603594 | 1.248097 | 2.088653
24 1 0 2.986322 | -1.525047 | -0.205081
25 1 0 5.126227 | -0.522680 | -0.627142
26 1 0 3.819249 | 0.328000 | -1.514007
27 1 0 4487573 | 1.029391 | -0.011292
28 1 0 3.579557 | -0.859897 | 1.181449
29 1 0 0.293525 | -2.017921 | -1.201277
Rotational constants (GHZ): 1.7765132  0.4116427 0.3636817

Table A4. Cartesian coordinates of the M06-2X/6-31+G(d,p) optimized geometry of

ion 2b*. Standard orientation:

Center | Atomic | Atomic Coordinates (Angstroms)
Number | Number Type X Y Z
1 6 0 -1.056960 | -0.291959 | -0.130468
2 6 0 -1.556745 | 0.958557 | -0.511618
3 6 0 -2.905145 | 1.250671 | -0.330699
4 6 0 -3.758249 | 0.297079 | 0.224233
5 6 0 -3.265577 | -0.953270 | 0.596609
6 6 0 -1.918456 | -1.252302 | 0.417259
7 6 0 0.362371 | -0.637244 | -0.336881
8 8 0 0.642721 | -1.851614 | -0.897546
9 6 0 1.419789 | 0.119837 | 0.000804
10 7 0 2.730890 | -0.460100 | -0.374381
11 6 0 1.478968 | 1.415822 | 0.748248
12 6 0 1.985596 | 2.593361 | -0.094999
13 6 0 3.368648 | -1.286020 | 0.708129
14 1 0 -0.896521 | 1.688049 | -0.971969
15 1 0 -3.292589 | 2.217329 | -0.633927
16 1 0 -4.809376 | 0.527090 | 0.362405
17 1 0 -3.928731 | -1.693072 | 1.031725
18 1 0 -1.531130 | -2.218706 | 0.730030
19 1 0 2.115518 | 1.297054 | 1.635889
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20 1 0 0.476639 | 1.626117 | 1.127475
21 1 0 1.992196 | 3.508893 | 0.499574
22 1 0 1.349720 | 2.755969 | -0.968999
23 1 0 3.012912 | 2.447013 | -0.450311
24 1 0 3.489455 | -0.661158 | 1.591385
25 1 0 2.698323 | -2.117926 | 0.917677
26 1 0 4.336234 | -1.644727 | 0.357489
27 1 0 3.364661 | 0.295526 | -0.653977
28 1 0 -0.145364 | -2.219853 | -1.321828
29 1 0 2.584608 | -1.061186 | -1.195303
Rotational constants (GHZ): 1.3827636 0.4969514  0.3979405

Table AS. Cartesian coordinates of the M06-2X/6-31+G(d,p) optimized geometry of

ion 3a*. Standard orientation:

Center | Atomic | Atomic Coordinates (Angstroms)
Number | Number Type X Y Z
1 6 0 -0.545552 | 0.097087 | -0.001594
2 6 0 -1.595939 | -0.828598 | 0.129315
3 6 0 -2.920785 | -0.437874 | -0.029921
4 6 0 -3.179119 | 0.910031 | -0.323640
5 6 0 -2.149884 | 1.839133 | -0.455082
6 6 0 -0.827938 | 1.439744 | -0.296215
7 6 0 -4.054681 | -1.419208 | 0.106604
8 6 0 0.824891 | -0.386985 | 0.185443
9 8 0 1.059234 | -1.582736 | 0.411112
10 6 0 2.013441 | 0.579847 | 0.182561
11 6 0 2.115576 | 1.230178 | 1.567629
12 7 0 3.242616 | -0.181734 | -0.121084
13 6 0 3.427547 | -0.370683 | -1.577675
14 1 0 -1.354513 | -1.861762 | 0.359719
15 1 0 -4.208921 | 1.233996 | -0.451645
16 1 0 -2.379384 | 2.874078 | -0.683742
17 1 0 -0.038672 | 2.175987 | -0.404835
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18 1 0 -3.687320 | -2.421192 | 0.335056
19 1 0 -4.735874 | -1.114918 | 0.906230
20 1 0 -4.634935 | -1.471394 | -0.818926
21 1 0 2.941515 | 1.946002 | 1.588481
22 1 0 1.196700 | 1.763702 | 1.817861
23 1 0 2.286830 | 0.472260 | 2.338900
24 3 0 2.829066 | -1.999983 | 0.615490
25 1 0 4370311 | -0.887997 | -1.764961
26 1 0 2.609329 | -0.979844 | -1.973834
27 1 0 3.436442 | 0.582040 | -2.117978
28 1 0 1.859052 | 1.356098 | -0.576757
29 1 0 4.034711 | 0.350872 | 0.234093
Rotational constants (GHZ): 1.4907024 0.4057202 0.3631808

Table A6. Cartesian coordinates of the M06-2X/6-31+G(d,p) optimized geometry of

ion 4a*. Standard orientation:

Center | Atomic | Atomic Coordinates (Angstroms)

Number | Number Type X Y Z
1 6 0 1.078686 -0.192735 0.090673
2 6 0 1.971998 -0.614215 1.090403
3 6 0 3.339858 -0.482979 0.900051
4 6 0 3.826861 0.070656 -0.286266
5 6 0 2.947543 0.492543 -1.284444
6 6 0 1.576726 0.361640 -1.100801
7 6 0 -0.358408 -0.347513 0.341333
8 8 0 -0.772260 -0.870223 1.385299
9 6 0 -1.397592 0.204144 -0.636849
10 7 0 -2.670691 -0.512997 -0.423127
11 6 0 -1.574177 1.717097 -0.381464
12 6 0 -2.071153 2.063101 1.022618
13 6 0 -2.681050 -1.827379 -1.102348
14 1 0 1.574999 -1.040340 2.005406
15 1 0 4.028824 -0.809169 1.671359
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16 1 0 4.897122 0.172627 -0.434399
17 1 0 3.331805 0.919235 -2.204260
18 1 0 0.909651 0.691144 -1.890575
19 1 0 -1.052183 0.056723 -1.667571
20 1 0 -2.272730 2.100007 -1.134125
21 1 0 -0.616663 2.213151 -0.565521
22 1 0 -1.370247 1.737227 1.798005
23 1 0 -3.061102 1.634079 1.224842
24 1 0 -2.183623 3.143980 1.126153
25 1 0 -1.918689 -2.473270 -0.657338
26 1 0 -3.656262 -2.299674 -0.972133
27 1 0 -2.472974 -1.737479 -2.174136
28 1 0 -3.417301 0.055848 -0.820149
29 3 0 -2.601157 -0.825821 1.552167
Rotational constants (GHZ): 1.3263148 0.4424122 0.4311162

Table A7. Cartesian coordinates of the M06-2X/6-31+G(d,p) optimized geometry of

ion 3b*. Standard orientation:

Center | Atomic | Atomic Coordinates (Angstroms)
Number | Number Type X Y Z
1 6 0 -0.484680 0.103232 -0.106716
2 6 0 -1.548725 -0.712947 0.323908
3 6 0 -2.878780 -0.292128 0.227111
4 6 0 -3.131171 0.966818 -0.335138
5 6 0 -2.088419 1.780697 -0.765510
6 6 0 -0.763335 1.354138 -0.657453
7 6 0 -4.009918 -1.139937 0.747312
8 6 0 0.897953 -0.466129 -0.076222
9 8 0 1.033957 -1.657509 -0.624635
10 6 0 1.955964 0.187779 0.465332
11 6 0 2.050508 1.483500 1.200179
12 7 0 3.198695 -0.596887 0.322247
13 6 0 4.242949 0.021853 -0.548693
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14 1 0 -1.324109 -1.656698 0.826285
15 1 0 -4.157373 1.312006 -0.425802
16 1 0 -2.306903 2.751357 -1.198829
17 1 0 0.048400 1.980993 -1.014508
18 1 0 -3.674145 -2.146377 1.007079
19 1 0 -4.438671 -0.689564 1.647523
20 1 0 -4.812211 -1.221484 0.009282
21 1 0 2.570290 1.363951 2.159379
22 1 0 2.569601 2.266196 0.634537
23 1 0 1.047105 1.849463 1.424339
24 1 0 2.860533 -1.486432 -0.095346
25 1 0 5.096222 -0.652352 -0.624116
26 1 0 3.797031 0.189887 -1.528062
27 1 0 4.550193 0.970001 -0.109318
28 1 0 3.599912 -0.811258 1.240690
29 3 0 -0.514157 -2.100886 -1.352148
Rotational constants (GHZ): 1.5531459 0.4048271  0.3597366

Table A8. Cartesian coordinates of the M06-2X/6-31+G(d,p) optimized geometry of

ion 4b*. Standard orientation:

Center | Atomic | Atomic Coordinates (Angstroms)
Number | Number Type X Y Z
1 6 0 1.039779 -0.193871 -0.045456
2 6 0 1.377169 0.914032 0.737756
3 6 0 2.706984 1.320169 0.842468
4 6 0 3.713458 0.620337 0.177491
5 6 0 3.389111 -0.486775 -0.605995
6 6 0 2.059001 -0.894980 | -0.713916
7 6 0 -0.352154 | -0.739762 -0.098459
8 8 0 -0.475075 -2.016777 0.199546
9 6 0 -1.431412 0.013694 -0.427732
10 7 0 -2.673879 | -0.789652 -0.364516
11 6 0 -1.540372 1.413439 -0.945783




12 7 0 -2.371521 2.373370 -0.084662
13 6 0 -3.357518 -0.788833 0.969865
14 1 0 0.596968 1.447545 1.273734
15 1 0 2.959380 2.180621 1.453473
16 1 0 4.746137 0.940965 0.263294
17 1 0 4.165010 -1.017618 -1.148311
18 1 0 1.794410 -1.711643 -1.387373
19 1 0 -1.952890 1.398068 -1.966019
20 1 0 -0.522357 1.798154 -1.050478
21 1 0 -2.323801 3.386476 -0.490306
22 1 0 -2.003588 2.398451 0.945611
23 1 0 -3.430360 2.092967 -0.062024
24 1 0 -3.621320 0.234297 1.228014
25 1 0 -4.247113 -1.417887 0.918751
26 1 0 -2.643601 -1.190482 1.687108
27 1 0 -2.365758 -1.758682 -0.546226
28 3 0 1.098911 -2.640263 0.701006
29 1 0 -3.325234 -0.503576 -1.100480
Rotational constants (GHZ): 1.2694629 0.4785842 0.3882588
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Publications related to the thesis:

Nytka M., Borovcova L., Fry¢ak P., Bartdk P,, Lemr K. Signal enhancement in
desorption nanoelectrospray ionization by custom-made inlet with pressure regulation. J

Mass Spectrom. 2020 Oct;55(10):e4642. DOI: 10.1002/jms.4642.
Nytka M., Wan J., Turecek F., Lemr K. Cyclic ion mobility of isomeric new

psychoactive substances employing characteristic arrival time distribution profiles and

adduct separation. J. Am. Soc. Mass Spectrom. 2024, DOI: 10.1021/jasms.4c00127
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Signal enhancement in desorption nanoelectrospray ionization
by custom-made inlet with pressure regulation
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Materials, Faculty of Science, Palacky ambient ionizations and enable direct surface analysis including mass spectrometric
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area decreases. Desorption electrospray and desorption nanoelectrospray belong to

imaging. Lateral resolution in tens of micrometers was demonstrated for desorption

Correspondence nanoelectrospray previously, but sensitivity of the surface scan can be an issue. For
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Technologies and Materials, Faculty of gases and vacuum suction. lon signal intensity can be improved by controlling the
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Email: karel.lemr@upol.cz mass spectrometer inlet. Because nanoelectrospray generates charged droplets with-

desorption electrospray, the drag force in the source is driven by the flow of used

nebulizing gas flow rate or auxiliary pumping of a closed compartment in front of the

. . out the assistance of a nebulizing gas, only vacuum suction drives the gas flow. In this
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a mass spectrometer on the ion signal intensity was investigated for desorption

pump was directly connected to an inner compartment of the modified mass spec-
trometer inlet through a needle valve that enabled the regulation of the reduced
pressure. Adjustment of the pressure drop significantly increased signal intensity
(more than one order of magnitude in some cases). To a lesser extent, the tempera-
ture of a heated capillary (an integral part of the inlet) also influenced the signal inten-
sity. The applicability of desorption nanoelectrospray equipped with pressure
regulation was demonstrated by the analysis of synthetic cathinones or a pill of para-
cetamol. Because pressure in the inlet depends on the diameters of orifices and the
power of vacuum systems of mass spectrometers, the effect of the pressure regula-
tion can be different for different instruments. Nevertheless, the presented results
confirmed the importance of pressure drop-driven transport for desorption

nanoelectrospray efficiency and can encourage its new applications.
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1 | INTRODUCTION confused with coincidently abbreviated nanospray desorption

electrospray (nano-DESI), which was introduced a few years later and
Desorption nanoelectrospray (nanoDESI) belongs to ambient ioniza- is more related to liquid extraction surface analysis (LESA) than to
tion techniques and was described in 2007.} It should not be desorption electrospray (DESI).2® In the very first application of
J Mass Spectrom. 2020;55:e4642. wileyonlinelibrary.com/journal/jms © 2020 John Wiley & Sons, Ltd. | 1of7
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nanoDESI, chiral analysis of ephedrine in an untreated drop of a com-
mercial pharmaceutical deposited on the analyzed surface was dem-
onstrated using this ion source and the Cooks kinetic method.? In
comparison with DESI,* nanoDES| generates a lower flow rate of
spraying liquid and smaller primary charged droplets. Instead of an
electrospray tip (tens of micrometers I.D.) it uses a nanoelectrospray
tip (~2 pm 1.D.) without the assistance of nebulizing gas. Both tech-
niques are suitable for direct surface analysis, tolerant to sample con-
tamination by salt, and produce ions with similar internal energy. For
nanoDESI, the signal-to-noise ratio did not deteriorate substantially
for samples containing up to 2.5 mol L™* NaCl.° Applicability of
nanoDESI was further demonstrated, for example, by chiral analysis of
pharmaceuticals in whole blood® or analysis of anthocyanins in a drop
of red wine.” Considering imaging applications, the low flow rate of
spraying liquid decreases sample washing off which can be advanta-
geous for lateral resolution and can enable repeat scans of the same
surface area. Promising very good resolution of dye squares
(60 pm x 60 pm) has been achieved.® Although technical development
has improved the robustness of nanoDESI® and a modification of inlet
has allowed its implementation on a Q-TOF mass spectrometer,® sen-
sitivity of measurement can still be an issue. Because a very small sur-
face area is sampled, only a tiny amount of analyte is available for
desorption and ionization.

The flow rate (pressure) of nebulizing gas is an important experi-
mental parameter in DESI. High gas velocity accelerates primary
charged droplets impacting the sample surface. A proper setting of
gas flow rate is essential to reach the maximum of ion signal intensity.
Above the optimal value, plateau or decrease of ion signal can be
observed. At a lower gas flow rate, nebulization may produce larger
droplets and be inefficient. A higher flow rate generates smaller drop-
lets at higher velocity confined to a smaller spot. Too high gas flow
rate may cause evaporation of droplets before they reach the
surface.” 2 Surface charge imaging revealed that the movement of
charged droplets towards the MS inlet is driven by the nebulizing gas
flow and the vacuum suction.'® The vacuum of the mass spectrometer
also supported the transport of ions from DESI source through a
transport tube up to 3 m long to the MS inlet and enabled non-
proximate sampling.2**> As remote sampling can benefit from higher
gas flow in the transport tube, its effectivity can be improved by addi-
tional pumping of a closed compartment situated directly in front of
the MS inlet.}®Y” The signal intensity of ions increased rapidly with
the maximum at gas flow rate of 25 L min~! which was the highest
flow rate applied.*® Further simulations and experiments have shed

light on the ion transport. At atmospheric pressure, laminar flow
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effectively transported ions over a few meters with good signal stabil-
ity.1” The signal improvement may occur due to better collection effi-
ciency and lower losses of charged droplets/ions in the transfer tube.
Remote DESI ionization enabled easier manipulation with larger sam-
ples to acquire mass spectrometry image of a whole-body tissue sec-
tion. Using 500-mm transport tube, ion intensity grew up significantly
when the gas flow rate was increased from O to 10 L min~%, reached a
plateau between 10 and 40 L min~! and then began to decrease.'®
lon transport simulation for nanoelectrospray confirmed that drag
force, electric force, and Brownian force are the dominant forces act-
ing on ions. Drag force is related to gas flow in an ion source, which
can be influenced by reduced pressure at the MS inlet.? Because
nanoDESI uses neither nebulizing gas nor other auxiliary gases
(e.g., cone gas), this reduced pressure will drive gas flow in the source
and its regulation may influence the intensity of ion signal.

In this study, we designed and investigated a modification of the
inlet of a triple quadrupole mass spectrometer that couples nanoDESI
with auxiliary pumping. A mixture of new psychoactive substances
was used to demonstrate the influence of regulation of pressure drop
(pressure difference) between atmospheric and evacuated regions of
the mass spectrometer. These compounds represent a group of
recently emerging abused drugs and are associated with social and
health risks.2® Higher ion signal intensity can be useful not only for
their detection, for example, in seized street samples, but also for
other applications of nanoDESI.

2 | EXPERIMENTAL
2.1 | Chemicals and samples

Standards of 3-fluoromethcathinone and other

cathinones in the form of hydrochlorides were purchased from Cay-

investigated

man Pharma (Neratovice, Czech Republic) and from Lipomed AG
(Arlesheim, Switzerland), respectively (see Figure 1 for structures).
LC-MS grade methanol, formic acid (298%), hexamethyldisilazane
(299%), and pyridine (p. a.) were provided by Sigma-Aldrich (Prague,
Czech Republic) and by Penta (Czech Republic), respectively. Water
was purified using a Milli-Q system (Millipore, Mollsheim, France).
Paracetamol (Paralen®, Zentiva-Sanofi Company, Czech Republic)
was bought in a drugstore. Standard solutions were prepared in met-
hanol/water 50/50 (v/v) at a concentration of 1 mg ml~* and stored
in a fridge. Mixture of methanol/water 75/25 (v/v) acidified by formic
acid (2%) was used as the spraying liquid.

FIGURE 1 Structures of analyzed new psychoactive
substances (m/z of protonated molecules): (1) cathinone (m/z
150); (2) buphedrone (m/z 178); (3) 3-FMC
(3-fluoromethcathinone; m/z 182); (4) methedrone (m/z 194);
(5) methylone (m/z 208); (6) butylone (m/z 222); and

(7) naphyrone (m/z 282)
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2.2 | Silanization and sample application

Silanization of microscope slides (Thermo Fisher Scientific,
Budapest, Hungary) was carried out in a closed container with
hexamethyldisilazane/pyridine 50/50 (v/v) for 2 h at 120°C. Silanized
slides were rinsed three times by water in ultrasonic bath for 1 min.
Finally, they were left in a laboratory dryer for 10 min at 105°C.
Standard solution of a mixture of new psychoactive substances
(1 pg ml™* each) was sprayed using a SunCollect MALDI spotter
(SunChrom, Friedrichsdorf, Germany) on silanized microscope slides.
Total volume of 56 pl of solution was deposited in five layers on the

2 of

surface area of 1.89 x 0.6 cm, which corresponds to 0.5 ng mm
each substance. Homogenously covered surface was used to evaluate
influence of pressure drop regulation on signal intensity of each ana-
lyte. Solid samples (traces of new psychoactive substances or paracet-
amol) were fixed on the microscope slides using a double-sided tape.
For experiments in the nanoelectrospray setup, the nanoelectrospray
tip was filled by the standard solution of cathinones (1 pg ml~! each)
in methanol/water 75/25 (v/v) acidified by formic acid (2%) and the

tip was directed towards the inlet of the heated capillary.

2.3 | Instrumentation

Experiments were carried out using a Xevo TQD triple quadrupole
mass spectrometer (Waters, Manchester, UK). The commercial inlet of
the instrument was replaced by a custom-made inlet (Figure 2).
Instead of a cone gas nozzle, an inlet block (f) with a heated capillary
(d) and an original sample cone (h) was attached to the mass spec-
trometer. An auxiliary pump was connected through a port (g). It
allowed pumping of the inner compartment of the MS inlet in compar-
ison with designs connecting a pump to a refluence tube® or a source
chamber?” in front of the inlet. Pressure drop (difference between
atmospheric pressure and pressure in the inlet) was measured by
a manometer and regulated by a needle valve, both mounted between
a port (g) and the auxiliary pump. The capillary was heated using a

GI l
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FIGURE 2 Scheme of desorption nanoelectrospray (nanoDESI)
source with custom-made MS inlet: (a) nanoelectrospray tip;

(b) sample on a support; (c) threads of a heating rope; (d) stainless
steel inlet capillary; (e) Swagelok SS-100-1-OR tube fitting, sealing the
heated capillary (d) by a ferrule; sealed to the inlet block by an O-ring;
(f) inlet block; (g) port hose adapter for auxiliary pump connection,
sealed to the inlet block by an O-ring; and (h) sample cone (native part
of the mass spectrometer, fitted in its original location and held by the
inlet block [f], sealed to the instrument by an O-ring)

M
SPECTROMETRY

heating rope (c) and temperature was controlled by a Regbox heater
driver (Jakar Electronics, Karvina, Czech Republic). The interlock for
the detection of presence of ESI source and gas flow outlets were
blocked. NanoDESI consisted of a nanoelectrospray tip (2 + 1 pm I.D.,
PicoTips emitter, New Objective, Woburn, USA) and a sample stage,
both manually movable in the x-y-z axes. Proper geometry was set to
obtain good spectra quality (nanospray tip-target plate: vertical dis-
tance ~2 mm, angle ~30°; nanospray tip-center of sample spot: hori-
zontal distance ~2 mm; microscope slide-heated capillary: vertical
distance ~1 mm, angle ~0°; and center of sample spot-heated capil-
lary: horizontal distance ~2 mm). The source parameters were tuned
in the positive mode and set as follows: capillary voltage +2.2 kV;
TQD source temperature 100°C; temperature of the heated capillary
100°C, 180°C, 200°C, and 220°C; and pressure drop (difference) from
0.08 (closed needle valve) to 0.8 bar. The instrument was operated
and data were acquired using Waters MassLynx 4.1 software. Data
collected in six replicates (1 min acquisition each) were processed by
OriginPro 2020 (OriginLab, Northampton, USA).

3 | RESULTS AND DISCUSSION

The new custom-made mass spectrometer inlet was designed consid-
ering three parameters: length of the heated capillary, its temperature,
and pressure regulation at the MS inlet. All three parameters can con-
trol the desolvation of ions and affect ion transmission and intensity
of ion signal. Their influence was evaluated for synthetic cathinones
as nanoDESI might be useful for their detection, for example, in seized
street samples. Four different lengths of the heated capillary were
tested (46, 61, 76, and 99 mm) at 200°C. Although the effect of capil-
lary length was not significant, slightly better ion signal intensities
were observed using the shortest one that was selected for the fol-
lowing experiments.

On the contrary, the regulation of pressure drop at the MS inlet
significantly influenced the signal intensity. Auxiliary pumping gener-
ated a pressure drop at the MS inlet in the range of 0.20-0.80 bar. At
reference condition (pressure drop 0.08 bar), the needle valve con-
necting the auxiliary pump with the MS inlet was closed and the pres-
sure reduction was generated only by the vacuum system of the mass
spectrometer. Because pressure drop represents the difference
between atmospheric pressure and pressure in the evacuated inlet
compartment, its higher value means lower pressure in the inlet and
higher vacuum suction. In the tested range, the ion signal intensity of
all cathinones grew between 0.08 and 0.20 bar, reached a maximum,
and then gradually decreased (Figure 3). The effect is similar to that
observed for the extracting gas flow rate in DESI equipped with the
transport tube.'® The signal improvement was compound dependent.
Comparing 0.08 and 0.20 bar, the signal intensity increased less than
twofold for naphyrone but almost one order for buphedrone and
more than one order for cathinone and 3-FMC. Further nanoDESI
experiments were performed at pressure drop of 0.40 bar giving
slightly lower signal intensities in comparison with 0.20 bar, but the

dependencies are flatter around 0.40 bar (Figure 3), and variation of
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temperature of the heated capillary (46 mm) was set at 200°C. Mixture of standards was deposited on a silanized microscope slide
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signal intensity is less sensitive to pressure drop changes. Generally,
the pressure at MS inlet is determined by the power of the vacuum
system of a particular mass spectrometer, and the influence of auxil-
iary pumping can vary. Its optimum setting can be instrument depen-
dent. Nevertheless, it is evident that vacuum suction is important for
nanoDESI efficiency. Because neither nebulizing gas nor auxiliary gas
is used, pressure drop regulation is the only available experimental
parameter driving drag force in the source. Pressure regulation
enabled to increase the drag force occurring due to vacuum suction.
The force influenced the transport of charged droplets and ions from
the sampling area (atmospheric pressure) to the first evacuated region
of the mass spectrometer.

To evaluate the effect of pressure regulation in the nanoelectrospray
setup, the nanoelectrospray tip was turned towards the heated capillary
inlet. Although such source geometry may not be optimal, a higher pres-
sure drop might help to overcome this drawback. A signal intensity
increased substantially between 0.08 and 0.20 bar, and the effect was
less compound dependent in comparison with nanoDESI (compare Fig-
ures 3 and S1). Vacuum suction enables to collect more charged
droplets/ions created by nanoelectrospray and generates a gas flow that

can assist in ion evaporation from the charged droplets. As the effect of
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FIGURE 4 Influence of temperature of the heated capillary

(46 mm) on the MH" ion signal intensity of methedrone ionized by
desorption nanoelectrospray (nanoDESI). The pressure drop was set
at 0.40 bar. Standard was deposited on a silanized microscope slide

M
SPECTROMETRY

pressure drop regulation on signal intensity differs for the analyzed com-
pounds using nanoDESI (Figure 3), we could speculate that the pressure
regulation does not influence just the transport of ions but might also
affect the process of desorption. Nevertheless, the desorption is depen-
dent on various experimental conditions and properties of analytes
(e.g., the composition of spraying liquid, surface activity, and polarity of
analytes), and all of them can influence the resulting ion signal intensity in
a mass spectrum.

Finally, the temperature of the heated capillary was also consid-
ered as an important experimental parameter. Profile of change of sig-
nal intensity shown in Figure 4 is typical for five studied analytes
(cathinone, methedrone, methylone, butylone, and naphyrone). For
buphedrone and 3-FMC, the signal intensities were comparable
between 100°C and 200°C (the differences were not statistically sig-
nificant). For all compounds, a decrease of signal intensity was
observed at 220°C. At lower temperature, the droplets/ions can be
less effectively desolvated. Higher temperature of the heated capillary
can cause too fast solvent evaporation from the nearby sample sur-
face, which can worsen its wetting. Because this wetting forming thin
liquid layer is considered to be important for the desorption and ioni-
zation in DESI, ! less effective desorption and ionization may also be
observed in nanoDESI. Although the temperature did not show such
strong effect as pressure regulation, its proper setting may be benefi-
cial to the quality of mass spectra. The substantial effect of pressure
regulation is also evident when mass spectra of the analyzed mixture
at 0.08 and 0.40 bar are compared (Figure 5). The signal intensities of
all analytes are higher at 0.40 bar. Their increase is significant espe-
cially for cathinone (1), buphedrone (2), and 3-FMC (3). No interfering
signals were observed for a blank (see Figure S2A).

In proving the effect of pressure regulation in the analysis of
“real-world samples,” the detection of traces of new psychoactive
substances on personal items can represent a relevant example.

Tiny amounts (less than 0.3 mg) of the abused drugs were depos-
ited on a wallet. “Unknown powder” was collected from the surface
using double-sided tape on a microscope slide (Figure S3). Desorption
and ionization was performed directly from the tape surface. The
acquired spectra confirmed the significant influence of reduced pres-
sure regulation (Figure 6). Although the surface for sample deposition
was different (tape vs. silanized glass) detection of the abused drugs
was significantly improved in this “real sample” analysis too. No inter-
fering signals were observed for a double-sided tape blank (see
Figure S2B,C).

2 3 0.40 bar 1.0x107
: =] 1503 o, 5 6 T

FIGURE 5 Desorption nanoelectrospray R \ | 1943 5082 2225 | 2825
(nanoDESI) mass spectra of new psychoactive 0 el ‘f{‘"‘r LSO (N S S v S
substances without auxiliary pumping (pressure 140 160 180 200 220 240 260 280 |,/ 300
drop of 0.08 bar) and with auxiliary pumping
(pressure drop of 0.40 bar). Both spectra are 100 0.08 bar 1.0x107
normalized to the highest ion signal intensity of < ] 2 4 6
1.0 x 107. The temperature of the heated capillary ] 178.4 3194.4 5 2225 7
was set at 200°C. Mixture of standards was 0 w et w TP w w : oy
deposited on a silanized microscope slide 140 160 180 200 220 240 260 280 . 300
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FIGURE 6 Desorption nanoelectrospray (nanoDESI) mass spectra
of the trace amount of methedrone on double-sided tape recorded at
a pressure drop of 0.08 and 0.40 bar, respectively. A solid sample was
collected from the wallet. Both spectra are normalized to the highest
ion signal intensity of 2.9 x 10”. The temperature of the heated
capillary was set at 200°C
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FIGURE 7 Desorption nanoelectrospray (nanoDESI) mass spectra
of paracetamol traces on double-sided tape recorded at a pressure
drop of 0.08 and 0.40 bar, respectively. Both spectra are normalized
to the highest ion signal intensity of 2.6 x 10”. The temperature of
the heated capillary was set at 200°C

Another possible application can be the analysis of pills. A para-
cetamol pill broken in two pieces was rubbed against double-sided
tape on a microscope slide leaving traces of the drug that were
directly analyzed (Figure S3). Significant signal intensity improvement
was observed (Figure 7). The same results were obtained for the pow-
dered paracetamol proving that different forms of samples can be col-
lected and successfully analyzed. Evidently, the proposed approach
can be applied to analyses of different analytes deposited by different
ways on either silanized glass or double-sided tape or other surfaces
that can be tested in the future.

4 | CONCLUSION

Because nanoDESI with its lateral resolution in tens of micrometers
samples small surface area, only a tiny amount of analyte is desorbed
and the sensitivity of measurement can be an issue. The yield of ions
was significantly improved by properly regulated pressure reduction
in the MS inlet. The pressure reduction drives the flow of gas (air) gen-

erated by suction to the inlet and, as a consequence, the drag force

acting on charged droplets and ions in the source. Regulation of the
pressure drop was recognized to have a crucial influence on signal
intensity. Both pressure drop and temperature of the heated capillary
were tuned to achieve maximum sensitivity. The tested custom-made
inlet that permits setting of these experimental parameters supports
the applicability of nanoDESI. One order of magnitude higher
response was achieved for some of the analyzed new psychoactive
substances, which may be critical in the analysis of traces of unknown
samples. The new ion source development and described effects of
studied experimental parameters can encourage applications of
nanoDESI in general. Because various mass spectrometers are
equipped with vacuum systems possessing different power, the effect
of reduced pressure regulation can be different. Nevertheless, it was
confirmed that pressure drop between the atmospheric and evacu-
ated region of a mass spectrometer strongly influences the efficiency
of nanoDESI. It should be considered if attaching this ion source to

any mass spectrometer.
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ABSTRACT: Analysis of new psychoactive substances (NPS), which is essential for toxicological and forensic reasons, can be
made complicated by the presence of isomers. Ion mobility has been used as a standalone technique or coupled to mass
spectrometry to detect and identify NPS. However, isomer separation has so far chiefly relied on chromatography. Here we report
on the determination of isomeric ratios using cyclic ion mobility-mass spectrometry without any chromatographic separation.
Isomers were distinguished by mobility separation of lithium adducts. Alternatively, we used arrival time distribution (ATD)
profiles that were characteristic of individual isomers and were acquired for protonated molecules or fragment ions. Both
approaches provided comparable results. Calculations were used to determine the structures and collision cross sections of both
protonated and lithiated isomers that accurately characterized their ion mobility properties. The applicability of ATD profiles to
isomer differentiation was demonstrated using direct infusion and flow injection analysis with electrospray of solutions, as well as
desorption electrospray of solid samples. Data processing was performed by applying multiple linear regression to the ATD
profiles. Using the proposed ATD profile-based approach, the relationships between the determined and given content of isomers
showed good linearity with coefficients of determination typically greater than 0.99. Flow injection analysis using an autosampler
allowed us to rapidly determine isomeric ratios in a sample containing two isomeric pairs with a minor isomer of 10% (determined
9.3% of 3-MMC and 11.0% of 3-FMC in a mixture with buphedrone and 4-FMC). The proposed approach is not only useful for
NPS, but may be applicable to small isomeric molecules analyzed by ion mobility when complete separation of isomers is not
achieved.

INTRODUCTION identification of NPS in consumption products, the study of

New psychoactive substances (NPS) are a growing group their metabolism and pharmacokinetics, and the analysis of

of abused drugs. According to 2022 data, more than 1180 NPS autl:ientic human’sa}rlnples."’ "'In l?dditionﬁo the commlclmly

have been identified in the last 15 years.! Various analytical }lslf MS in NP, S g romatogr}z:p Y, 8as € lrlornatograp ¥y

methods have been employed in NPS analysis, e.g., color and infrared dete?glﬁn a;; dgasc ron;le;ﬁ) grap Z_VUVb.

microcrystalline tests, infrared and Raman spectroscopy, .spe.ctro.scopy ave been successtully tested. Am rent .

nuclear magnetic resonance, mass spectrometry (MS) ionization mass spectrometry has attracted attention, allowing
b b . . 14 .. .

capillary electrophoresis, chromatography, and others have the direct analysis of NPS' Supe.r.crltlcal ﬂul‘.j

served to find synthetic cathinones in seized materials.2 NPS chromatography (SFC) is a promising alternative to gas and

in biological fluids (blood, urine, oral fluid, etc.)** and in liquid chromatography. A fast chromatographic run (1.6 min)

hair® 6 have been analyzed by gas chromatography (GC-MS) was sufficient to analyze a mixture of 15 NPS and separate

and liquid chromatography (LC-MS) with various sample isomers.!> For the detection and quantification of NPS in urine
pretreatments. Both techniques are essential for the samples, the SFC-MS method was competitive with LC-MS.1

toxicological screening and confirmation of abused drugs’. As a standalone technique, ion mobility spectrometry
LC-MS has allowed the monitoring of NPS in pooled urine (IMS) has been employed to monitor NPS using reduced
and urban wastewater (wastewater-based epidemiological mobility values.'”?° Reduced mobility values were also
studies).® ® The large number of NPS, including many isomers, combined with ambient and direct infusion mass spectrometry
makes non-target detection challenging. High resolution mass data to improve NPS confirmation and identification. Rapid
spectrometry is an important tool for solving this analytical screening of 35 NPS was performed by IMS with a ®Ni ion
task.” 10 Mass spectrometry has contributed to the source and DART-QTOF (direct analysis in real time-

1

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Society for Mass Spectrometry

quadrupole-time of flight).?! Similarly, the screening by %3Ni-
IMS was followed by ESI-QTOF to confirm NPS in 24 seized
samples.?? Drift tube ion mobility spectrometry expanded the
detection tools for GC. Retention and drift time values were
used for identification. Nine NPS representatives were
quantified in oral fluid.?

The coupling of ion mobility-mass spectrometry (IM-MS)
is a powerful analytical tool, but its application to the analysis
of NPS has been limited so far. Compared to **Ni-IMS, ESI-
IM-MS with a drift tube provided better detection of some
cathinones due to their improved ionization. Mass
spectrometric data supported identification that was not
limited only to the use of drift times. However, the mobility
separation of isomers has been a problem for both compared
techniques. For example, ESI-IM-MS gave one mobility peak
for a mixture of mephedrone (4-MMC), buphedrone, and
ethcathinone that remained unresolved.?* ESI-drift tube IM-
MS was used to detect and identify four cathinones and five
tryptamines in less than 1 min.2> Atmospheric pressure
chemical ionization drift tube IM-MS achieved lower
detection limits than ESI for three cathinones and three
synthetic cannabinoids.?® However, isomeric compounds were
not included in these two studies. LC-MS and LC-IM-MS
were used to identify the metabolites of two synthetic
cannabinoids after their incubation with rat and pooled human
hepatocytes. The isomeric metabolites were
chromatographically separated and showed different CCS
values, but ion mobility separation of isomers was not
reported.?’” An LC-IM-MS method has been implemented in
clinical routine for the analysis of 71 abused drugs, including
NPS, in oral fluids. CCS values supported the identification,
but IMS also increased the fragmentation of labile analytes.?
Ion mobility was integrated into an LC-IM-MS method
applicable to the detection and quantification of fentanyl
analogs in human urine. Ion mobility separation of metal
cation adducts combined with data post-processing by high-
resolution demultiplexing was essential for isomer separation.
Cations tested included, e.g., alkali and transition metals. No
single cation was optimal for all groups of isomers. The use of
several metal cations collectively was suggested to separate
various isomers sufficiently.?’ Rapid identification of isomeric
cathinones differing in ring substitution was performed using
ESI-trapped ion mobility-mass spectrometry. The
mobilograms of all cathinones revealed the presence of two
protomers (O- and N-protonated) whose mobility values
allowed the detection of isomers. However, isomeric mixtures
were not analyzed.’® The authors of neither this work nor
above cited works have used arrival time distribution (ATD)
profiles that might be characteristic of isomers, as we
demonstrated earlier for isomeric hyaluronan-derived
oligosaccharides.’!> 3

In the present work, we aimed to investigate cyclic
traveling wave ion mobility (cyclic TWIM) of NPS isomers
using three isomeric pairs (3-methylmethcathinone and
buphedrone; 3-fluoromethcathinone and 4-
fluoromethcathinone; 1,3-benzodioxolylbutanamine and
methedrone, Figure 1). We evaluated the determination of
isomeric ratios in mixtures employing characteristic ATD
profiles in comparison with ion mobility separation of
sodiated and lithiated molecules. For the analysis of isomeric
mixtures, both the use of ATD profiles and the separation of
Li* adducts are suitable approaches. We demonstrated that
ATD profiles are characteristic of small molecule isomers and

confirmed this observation for both electrospray and
desorption electrospray. We simplified the data processing by
applying multiple linear regression instead of the previously
used fitting.3? Our results may encourage the wider use of IM-
MS in NPS analysis and ATD profiles in the ion mobility of
isomers.

EXPERIMENTAL SECTION

Materials and Sample Preparation. Standards of
hydrochlorides of 3-methylmethcathinone (3-MMC), 3-
fluoromethcathinone (3-FMC), and buphedrone, 4-
fluoromethcathinone (4-FMC), 1,3-benzodioxolylbutanamine
(BDB), methedrone (see Figure 1 for structures) were
purchased from Cayman Pharma (Neratovice, Czech
Republic) and Lipomed AG (Arlesheim, Switzerland),
respectively. LC-MS grade methanol and water were bought
from Fisher Chemical (Fisher Scientific, United Kingdom).
Sodium nitrate (p.a.) was provided by Penta (Ing. P.Svec,
Czech Republic) and propan-2-ol (LC-MS grade), lithium
chloride (=99.0%, BioXtra), sodium hydroxide (p.a.), formic
acid (> 98%), N-ethylaniline, acetaminophen, caffeine,
sulfaguanidine, and alprenolol by Sigma Aldrich (Prague,
Czech Republic).

Stock and working solutions of individual analytes were
prepared at the concentrations 1 mg/mL and 100 ng/mL,
respectively, in methanol/water (50/50, v/v). Three mixtures
of isomers with a total concentration of 100 ng/mL (methanol/
water, 50/50, v/v) were used: a) 3-MMC and buphedrone (m/z
178.13); b) 3-FMC and 4-FMC (m/z 182.10); ¢) BDB and
methedrone (m/z 194.13). Isomers were mixed in the ratios: 5 :
95,10:90,25:75,40: 60, 50 : 50, 60 : 40, 75 : 25,90 : 10,
95 : 5. The formation of sodium and lithium adducts was
supported by the use of 0.1 mmol/L lithium chloride or
sodium nitrate in analyzed mixtures.

Cyclic Ion Mobility-Mass Spectrometry. The
experiments were performed on a SELECT SERIES Cyclic
IMS Q-TOF?* (Waters Corp., Wilmslow, UK) equipped with
electrospray (ESI) and desorption electrospray (2D-DESI,
Prosolia, with a DESI XS sprayer; Waters Corp.) in a positive
mode. 0.5 mM sodium formate in propan-2-ol/water (90/10,
v/v) was used for the mass calibration (m/z 50-1200). The
instrumental parameters were set as follows: 1) default setting
- capillary voltage 2 kV, cone voltage 10 V, source
temperature 100 °C, desolvation temperature 250 °C, cone gas
flow 30 L/h, desolvation gas flow 600 L/h, trap CE6 V,
transfer CE 4 V, stepwave body gradient 20 V, ion guide TW
pulse height 0.4 V, trap TW pulse height 4 V, trap entrance 2
V, trap bias 2 V, trap DC -4 V, post trap gradient 3 V, post
trap bias 35 V, stepwave RF 200 V, ion guide RF 300 V,
driftcell RF 300 V, transfer RF 200 V, helium flow rate 120
mL/min, nitrogen flow rate 40 mL/ min., nitrogen pressure in
mobility cell 1.73 mbar; 2) setting for labile compounds (used
for BDB and methedrone) - capillary voltage 1 kV, cone
voltage 10V, source temperature 100 °C, desolvation
temperature 250 °C, cone gas flow 30 L/h, desolvation gas
flow 600 L/h, trap CE 2 V, transfer CE 1 V, stepwave body
gradient 10 V, ion guide TW pulse height 0.2 V, trap TW
pulse height 1 V, trap entrance 1 V, trap bias 1.5 V, trap DC -4
V, post trap gradient 1.5 V, post trap bias 16 V, stepwave RF
100 V, ion guide RF 300 V, driftcell RF 200 V, transfer RF
200 V, transfer RF gain 5 V, TW static height 13 V, wave
height 10 V (eject and acquire). Cyclic TWIMS parameters for
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ion mobility separation are summarized in the Supporting
Information (Table S1 and S2). The precursor ions were
isolated in a quadrupole and fragmented in the trap cell with
CE 28 V for BDB and methedrone (m/z 194.13).

Three sample introduction options were used. Analyzed
solutions were directly infused into a normal flow ESI source
at a flow rate of 5 pL/min. Flow injection analysis (FIA) was
performed on a Waters ACQUITY UPLC I-Class system
coupled to an ESI source of SELECT SERIES Cyclic IMS Q-
TOF (Waters Corp., Wilmslow, UK) via PEEK tubing
(1/16"x0.13 mm). Sample solutions were injected into
carrying liquid (methanol/water, 50/50, v/v, 0.1 mL/min).
Injection volumes were 5 pL and 10 pL for 3-MMC,
buphedrone, 3-FMC, 4-FMC and BDB, methedrone,
respectively. For desorption electrospray, samples were
deposited onto the Omni Slide Hydrophobic Arrays at 3.5
ng/mm? (Prosolia, Waters Corp., Wilmslow, UK).
Methanol/water (80/20, v/v) was used as the spray liquid at a
flow rate of 2.0 uL/min. The capillary voltage was maintained
at 0.75 kV, nebulizing gas pressure 11 psi, source temperature
150 °C, cone voltage 10 V. The DESI geometry was as
follows: spray impact angle ~75°, spray nozzle - inlet tube
orifice ~4 mm, inlet tube orifice - sample surface ~0.5 mm,
spray nozzle — sample surface ~2 mm.

Data were acquired, processed and evaluated using
Masslynx v.4.2 (Software Change Note 1016, Waters Corp.,
Wilmslow, UK), a modified version of Driftscope v.2.9
(Waters Corp.), and statistics software OriginPro 2020
(OriginLab, Northampton, USA). Raw arrival times included
injection time (ions were transferred into the cyclic mobility
cell), drift time (ions were in the cell), and dead time (ions
traveled from the cell to the TOF). ATD for specific m/z were
extracted and smoothed by mean function averaging of 2
points in 1 cycle using MassLynx and exported to the
OriginPro. The Composite Spectrum Regression (an
application in OriginPro) was used to perform multiple linear
regression of ATD profiles. The isomeric ratio was a, : a,,
where y = ay + a;x; + ayX,. The intensities over the whole
range of the ATD profiles of the pure isomers (1 and 2) were
used as the input data x,; and x, (independent variables). These
profiles were generated as the average of six data acquisitions.
The intensities over the entire ATD profile of the isomeric
mixture (all six data acquisitions individually) were used as y
(dependent variable).

Six data acquisitions were performed for each isomer and
each mixture to obtain the relationships between the given and
determined isomeric ratios. Model samples containing four
analytes and corresponding calibration curve points were
analyzed in six replicates by FIA. Outliers in the data, if
found, were excluded. Ion structures, charge densities, and
relative energies (Figure S1 and S2, Table S4, S5, S6-S13,
Supporting Information) were obtained for several tautomers
and their conformers by a combination of Born-Oppenheimer
molecular dynamics and density functional theory
calculations. The structures and charge densities were used to
calculate theoretical CCS, as described in the Supporting
Information. Experimental values of CCS (Table S14,
Supporting Information) were determined using a calibration
mixture of N-ethylaniline, acetaminophen, caffeine,
sulfaguanidine, and alprenolol according to the procedures
described by Bush et al.,>* 35 and McCullagh et al.’® Details
are provided in the Supporting Information (CCS calibration,
Table S3).
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RESULTS AND DISCUSSION

Electrospray Mass Spectra. The new psychoactive
substances investigated in this study (Figure 1) were easily
protonated by electrospray, but isomeric ions [M+H]* were
not well separated by ion mobility, even in multi-pass
experiments at higher resolving power. Nevertheless, the
arrival time distribution (ATD) profiles were characteristic of
the individual isomers (see, e.g., Figure 2). This is in good
agreement with our previous observations using the linear and
cyclic mobility cell for isomeric oligosaccharides®? and
oligonucleotides,’” respectively. Due to the low intensity of
the sodium adducts (Figure S3, Supporting Information), Na*
and Li* salts were alternatively added to the analyzed
solutions to support adduct formation and to allow their ion
mobility analysis.

Isomer Analysis Using Characteristic Arrival Time
Distribution vs. Ion Mobility Separation of Lithium
Adducts. The first two isomeric pairs were analyzed using
direct infusion of solutions into the electrospray. For 3-MMC
and buphedrone ([M+H]*, m/z 178.13), single pass experiment
(the path length L = 98 cm) was insufficient to separate their
mixture (Figure 2A). This was consistent with the expected
CCS for the keto and enol isomers of protonated 3-MMC (ions
1a* and 1b*) and buphedrone (ions 2a* and 2b*) that were in
the narrow range of 139-141 A2 (Figure S1, Supporting
Information). The narrow range was also observed for
experimental CCS values (Table S14), when the percent
difference in collision cross sections determined for isomers
by the single pass experiment was 2%. It was estimated that
the CCS-based resolving power Recg of about 104 was
required to achieve the two-peak resolution Rp-p = 1.23 (ca.
90% separation, defined for two Gaussian peaks of equal
abundance).*® For buphedrone, the single pass experiment
gave R ccs = 45 (both keto- and enol-form contributed to peak
width). The resolving power increases with the path length (L)
and thus with the number of passes (n) R, ccs = Rjccs x L2 =
R ccs x n'2.33 Six passes through the cyclic mobility cell
should yield Rg ccs = 110. After the multi-pass experiment
with seven passes (L = 686 cm), we were able to separate the
major isomeric forms of 3-MMC and buphedrone
(experimental R; ccs = 126).The signals of both isomers were
clearly detected in the mobilograms of their mixtures (Figure
2B). While it can be sufficient for the detection of individual
isomers, simple integration of mobility peaks was not possible
neither at higher resolving power, as the isomers’ ATD
profiles became broader and the less abundant enol isomer of
3-MMC still significantly overlapped with buphedrone (Figure
2B). Because ATD profiles are related to extracted ion
mobilograms for m/z 178.13, they reflect the migration of
protonated molecules and do not include the signal of
fragments such as the [MH—H,O]" ions. Similarly ion mobility
peaks of protonated molecules of isomers interfered, e.g., for
cathinones and peptides separated by trapped ion mobility>°
and cyclic TWIMS?™, respectively. Broadening of ion mobility
signals and more complex ATD profiles of individual isomers
at higher resolving power can compromise isomer separation.
It can represent a more general issue in ion mobility separation
of isomers existing in different conformers or protonation
isomers. Such broadening can be suppressed by separating
adducts of isomeric molecules with, for example, alkali metal
cations. Separation of adducts has been described, e.g., for
fentanyl,? glycan,*’ and flavonoid*' isomers. On the contrary,
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the broadening can be advantageous if it provides ATD
profiles characteristic of individual isomers.

rd
HN
O (@]
O
BDB

3-MMC 3-FMC

rd
HN
o Q (o}
F S0

Buphedrone 4-FMC Methedrone

Figure 1. Investigated isomeric pairs: 3-methylmethcathinone (3-
MMC) - buphedrone; 3-fluoromethcathinone (3-FMC) — 4-
fluoromethcathinone (flephedrone, 4-FMC); 1,3-
benzodioxolylbutanamine (BDB) — methedrone.

Since the ATD profiles of protonated 3-MMC and
buphedrone differed significantly in the 7 pass experiment
(Figure 2B), we performed multiple linear regression (MLR)
to determine the isomeric ratio. Compared to our previous
fitting procedure using Gaussian functions,* the new data
processing was easier to implement because MLR is the
common part of routinely used software, such as OriginPro.

The relationship between the determined and given
content of 3-MMC showed good linearity (Figure 3A),
proving the applicability of the proposed procedure using
characteristic ATD profiles and MLR in the determination of
the isomeric ratio. It is worth noting that even single pass
experiment provided the linear relationship but in a limited
range (5% to 75% of 3-MMC, Figure S4), since buphedrone
was not sufficiently detected at the excess of 3-MMC (3-
MMC : buphedrone 95 : 5 and 90 : 10). It is worth noting that
we observed good intra-day repeatability of the ATD profiles
of the isomers. When necessary, the shift in drift time was
compensated by the peak alignment. Inter-day measurements
occasionally showed a shift in the drift time and/or in the
relative intensities, resulting in a change in the shape of the
ATD profiles (Figure S5). It might be due to the variation of
experimental parameters such as drift or collision gas pressure
for the same instrumental setting. If this is the case, we
recommend to acquire a complete data set during one day after
the instrument has stabilized for two hours after switching
from standby to run mode.
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Figure 2. Extracted ATD profiles ([M+H]*, m/z 178.13) of 3-
MMC, buphedrone and their mixture (50 : 50): A) 1 pass, B) 7 pass
experiment. The highest absolute intensity for each mobilogram is
given in brackets.
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Figure 3. Determination of 3-MMC in the mixture with
buphedrone: A) Multiple linear regression (MLR) applied to ATD
profiles of protonated molecules, seven pass separation; B) Ion
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mobility of lithiated molecules, ten pass separation. Standard
deviations of slope and intercept are shown in brackets. Each point
was measured in six data acquisitions.

For comparison, we separated sodiated and lithiated
molecules in ten passes (compare Figures 4 and S6). Note that
the signal intensities of the [M+Li]" ions were more than one
order higher than those of [M+Na]*. Therefore, [M+Li]* ions
were selected for isomeric ratio determination. Sufficient
separation (Figure 4) allowed direct integration of the mobility
peaks. The measured and given 3-MMC contents showed
excellent linearity (Figure 3B). Cationization by these alkali
metals affected the formation of ion isomers in the gas phase
in that no complex peaks were observed (cf. Figures 2 and 4).
This observation was consistent with the calculations of
structures and CCS (Figures S1 and S2, Tables S4 and S5,
Supporting Information). The differences in CCS for keto
(ions 1a* and 2a*) and enol (ions 1b* and 2b*) isomers of
protonated molecules of 3-MMC and buphedrone were 0.4%
and 0.6%, respectively. For both 1* and 2*, the enol isomers
had higher Gibbs energies than the keto forms (Table S4,
Supporting Information) and thus could contribute as only
minor components to the signal at m/z 178.13 in mobilograms,
as manifested by peaks broadening (Figure 2B). For lithiated
isomers (Figure S2, Supporting Information), the keto forms
(ions 3a* and 4a™) differed by 1.5% in CCS (experimental
CCS (Table S14) differed by 1.8% and 1.9% for 1 and 10
passes, respectively). Such a small difference highlighted the
significance of multi-pass separation to achieve sufficient
resolving power (in analogy to the protonated molecules
discussed above). Enol isomers of the lithium ion adducts
(ions 3b* and 4b*) showed much higher energies than the
keto-tautomers (Table S5, Supporting Information), and were
unlikely to significantly contribute to the signal at m/z 184.13
in mobilograms. The CCS difference and isomer consistency
was reflected by the well separated and symmetrical peaks of
Li* ion adducts in the ten pass mobilogram (Figure 4). The
trends in Figure 3A and B are comparable, although Li*
adducts’ separation gave lower standard deviations of
intercept and slope and slightly higher coefficient of
determination than multiple linear regression using ATD
profiles of protonated molecules. Both approaches represent a
useful and comparable alternative to analyzing isomeric
mixtures.

1 .
iy
) —3-MMC {1.60e4)

£ 0.8] 10 pass I =-Buphedrone (1.63e4)

% : [ wwMixture (1:1) (9.45e3)

[}

£ 08 [

- 1 H

%

T 04 i

L]

'3

§ 02

° 94 Argr?val time (#njso) 103

Figure 4. Extracted ATD profiles ([M+Li]*, m/z 184.13) of 3-
MMC, buphedrone and their mixture (50 : 50), ten pass experiment.
The highest absolute intensity for each mobilogram is given in
brackets.

3-FMC and 4-FMC showed symmetrical and highly
overlapping ATD profiles of protonated molecules in single
pass separation (Figure 5A), which did not allow us to
determine the isomeric ratio even after applying multiple

Journal of the American Society for Mass Spectrometry

linear regression. In this case, higher resolving power was
required, highlighting the advantage of cyclic over linear
TWIMS. Ten pass separation provided characteristic ATD
profiles of protonated molecules of individual isomers (Figure
5B) and the linear relationship between the determined and
given content of 3-FMC in a mixture (Figure 6A). Sodium did
not effectively form adducts with FMC isomers (Figure S7A).
Lithiated molecules were generated with sufficient intensity
and partially resolved in 25 passes (Figure S7B), allowing
peak integration. Both approaches, MLR of ATD profiles of
protonated molecules and the integration of peaks of Li*
adducts, were applicable. The relationship between the
determined and given content of 3-FMC showed comparable
standard deviations of slope and intercept and coefficients of
determination (Figures 6A and 6B). Separation of adducts may
be more straightforward, but MLR of ATD profiles gave
similar results and may be more advantageous when adducts
formation or separation is insufficient, as in the case of sodium
adducts here.
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Figure 5. Extracted ATD profiles ((M+H]*, m/z 182.10) of 3-
FMC, 4-FMC, and their mixture (50 : 50): A) 1 pass, B) 10 pass
experiment. The highest absolute intensity for each mobilogram is
given in brackets.
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Figure 6. Determination of 3-FMC in the mixture with 4-FMC: A)
Multiple linear regression (MLR) applied to ATD profiles of
protonated molecules, ten pass separation; B) Ion mobility of
lithiated molecules, 25 pass separation. Standard deviations of
slope and intercept are shown in brackets. Each point was measured
in six data acquisitions.

Flow Injection Analysis of Isomers Using
Characteristic ATD Profiles of Fragment Ions. The third
pair of isomers showed significant differences in the
intensities of the [M+H]" ions. In the case of BDB, this ion
was found to fragment easily. While methedrone is a synthetic
cathinone, BDB belongs to the phenylethylamines. The ATD
profiles of both BDB and methedrone were symmetrical and
completely overlapped (Figure S8). The signal intensities at
the maxima of the mobility peaks differed by more than two
orders of magnitude (Figure S8A, B), favoring methedrone
when we used the same ion source setting (default) as for the
previous isomeric pairs. Tuning the ion source and ion optics
for BDB increased its signal intensity but decreased the signal
intensity of methedrone. The use of three passes instead of one
did not sufficiently improve separation and caused a
significant decrease in BDB signal intensities (Figure S8C, D).
Due to unresolved symmetrical peaks with very different
intensities, the use of ATD profiles of protonated molecules
for isomer analysis was not possible. We proposed an
alternative approach using ATD profiles of fragment ions.
Both isomers fragmented to produce ions at m/z 135.04,
methedrone also at m/z 135.08 (Figure S9). We activated and
fragmented precursor ions [M+H]* in the trap section (in front
of the ion mobility cell) and included both fragment ions (m/z
135.04 and 135.08) in extracted ion mobilograms (Figure 7).
ATD profiles were characteristic of individual isomers and
partially separated. The experiments were performed using
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flow injection analysis as an alternative to direct infusion,
allowing for automated injections and faster data acquisition.
The coefficient of determination was lower and the standard
deviations at the data points were higher (Figure 8) compared
to the analyses described above (Figures 3 and 6). This may be
due to the more complex experiments requiring the generation
and separation of fragment ions. Differentiation of isomers
and even analysis of isomeric mixtures was still possible,
although accuracy may be limited when one isomer is present
in excess. While 5% and 10% BDB mixtures were
distinguishable, the isomeric ratios determined at 90% and
95% BDB were not significantly different.
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Figure 7. Extracted ATD profiles of fragment ions (m/z 135.04-
135.08) of BDB, methedrone, and their mixture (50 : 50) in single
pass separation. The highest absolute intensity for each
mobilogram is given in brackets.
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Figure 8. Determination of BDB in the mixture with methedrone.
Multiple linear regression (MLR) applied to ATD profiles of
fragment ions (m/z 135.04-135.08), single pass separation.
Standard deviations of slope and intercept are shown in brackets.
Each point was measured in six data acquisitions.

Desorption Electrospray Ionization Generating
Characteristic ATD Profiles. In analogy to the experiments
described above, all three isomeric pairs ionized by DESI
provided ATD profiles characteristic of isomers but with
lower intensities (Figure 9). The shapes of the ATD profiles of
individual isomers were similar for ESI and DESI (compare
Figures 9A-C and 2B, 5B, 7). However, DESI provided
different relative ionization yields for some isomers. This
resulted in different shapes of ATD profiles of isomeric
mixtures when comparing EST and DESI experiments. While
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the shape was very similar for the 3-FMC/4-FMC mixture
(Figure 9B, 5B), it was significantly different for the 3-
MMC/buphedrone mixture (Figure 9A, 2A). In general, it is
not possible to use ATD profiles of individual isomers
obtained with one type of ion source to evaluate samples
measured with another type of ion source. This is a direct
consequence of the different mechanisms of ionization. DESI
desorbed and ionized analytes from solid samples deposited
on a target in a non-uniform layer (pipetting of solutions and
drying on air), which explains the described differences and
higher data variability (see error bars in Figure 10) in contrast
to ESI. Evaluating data for three studied isomeric pairs, lower
accuracy was found for 3-MMC/buphedrone (lower
coefficient of determination, higher variability of intercept and
slope, Figure 10). Nevertheless, the trend showing the
increasing 3-MMC content in a mixture was clearly visible
(Figure 10A). Coefficients of determination were higher than
0.99 for other two pairs (Figure 10B, C). DESI extended the
applicability of our ATD profile-based approach to the
analysis of solid samples.
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Figure 9. Extracted ATD profiles of individual isomers and their
mixtures (50 : 50) desorbed and ionized by DESI: A) 3-MMC and
buphedrone ([M+H]+ , m/z 178.13), 7 passes; B) 3-FMC and 4-
FMC ([M+H]*, m/z 182.10), 10 passes; C) fragment ions (m/z
135.04-135.08) of BDB, methedrone, 1 pass. The highest absolute
intensity for each mobilogram is given in brackets.
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Figure 10. Determination of isomeric ratios using DESI and
multiple linear regression (MLR) applied to ATD profiles: A) 3-
MMC in the mixture with buphedrone, ((M+H]*, m/z 178.13, 7
passes); B) 3-FMC in the mixture with 4-FMC ([M+H]*, m/z
182.10, 10 passes); C) BDB in the mixture with methedrone
(fragment ions at m/z 135.04-135.08, 1 pass). Standard deviations
of slope and intercept are shown in brackets. Each point was
measured in six data acquisitions.

Rapid Determination of Isomeric Ratios in Drugs of
Abuse Mixtures. To demonstrate the applicability of ATD
profiles in isomeric mixture analysis, we performed a flow
injection analysis of four drugs of abuse (two isomeric pairs)
in a mixture. Data acquisition for both calibration curves and a
sample of abused drugs took less than 3 hours for 96 injections
(six replicates of each data point) using an autosampler.
Calibration curves were constructed in the minor isomer range
of 5% to 45%. With coefficients of determination of 0.9974
and 0.9988, respectively, they showed good linearity and low
standard deviations of slopes and intercepts (Figure 11). Ina
model sample containing both isomeric pairs with 10% of the
minor isomer, the contents were found to be 9.3% of 3-MMC
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(standard deviation 0.37) and 11.0% of 3-FMC (0.42) in the
mixture with buphedrone and 4-FMC, respectively. The
results have demonstrated the suitability of the proposed
method for the determination of isomeric ratios with sufficient
accuracy and analytical run time of 1.5 min.
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Figure 11. Calibration curves for FIA of two isomeric pairs
mixture: A) 3-MMC in the mixture with buphedrone, seven pass
separation; B) 3-FMC in the mixture with 4-FMC, ten pass
separation. Multiple linear regression (MLR) was applied to ATD
profiles of protonated molecules. Standard deviations of slope and
intercept are shown in brackets. Each point was measured in six
replicates.

CONCLUSIONS

Distinction and quantification of NPS isomers was
achieved by two approaches, one relying on the separation of
lithium adducts, and the other on multiple linear regression
using ATD profiles characteristic of individual isomers and
ATD profiles obtained for isomeric mixtures. Direct infusion
experiments confirmed both approaches to be comparable.
The formation of adducts by electrospray ionization required
the addition of Li* salt to the sample solution. The higher
resolving power of cyclic TWIMS in multi-pass experiments
improved the separation of Li* ion adducts, whereas the
mobility peaks of protonated molecules were broadened and
still overlapped due to the presence of tautomers associated
with individual ion structures. Similar behavior was observed,
e.g., for peptides®® and oligonucleotides.?” Previously, ATD
profiles were fitted by Gaussian functions and a single ATD
function was generated for each isomer. These ATD functions
allowed isomeric ratios of oligosaccharides to be determined
by ESI-linear TWIMS.3? Here, the fitting was replaced by
multiple linear regression which simplified the analysis.

The isomeric pair of BDB/methedrone showed significant
differences in the intensities of [M+H]* ions and completely
overlapping mobility peaks. In this case, the ATD profiles of
the fragment ions allowed us to achieve a successful analysis,
proving that the proposed approach is not limited to
protonated molecules. The analysis was performed by FIA as
an alternative to direct infusion. Desorption electrospray was
used to analyze solid samples. ATD profiles characteristic of
isomers were also observed, although they differed to some
extent from those obtained by electrospray. This could be
attributed to the different ionization mechanisms,
electrospraying of solutions vs. desorption and ionization from
solid samples. Finally, the rapid analysis of a mixture
containing two isomeric pairs was demonstrated. FIA
combined with an autosampler enabled automatic data
acquisition which speeded up the analysis.

While the mean mobility values were recently used to
identify cathinones while isomeric ratios have not been
determined,’® we confirmed adequate repeatability of the ATD
profiles, and included the entire ATD profiles analyzing
isomeric mixtures. Although the higher resolving power of
cyclic TWIMS may not allow for the complete separation of
isomers, it may help to generate more distinct ATD profiles of
isomers.

The ATD profile-based approach can also be used to
analyze the other groups of isomeric molecules by ion
mobility. While the integration of peeks requires a good
separation, the described approach is applicable even for
overlapping signals.
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SUMMARY

This dissertation thesis is devoted to the application of different ionization
techniques and ion mobility-mass spectrometry in the analysis of new psychoactive
substances. The main goal of this work is to investigate ionization and ion mobility,
developing a new modification of desorption nanoelectrospray and a new approach to
cyclic ion mobility of new psychoactive substances (NPS). The knowledge was used to
develop new methods for identifying and distinguishing abused drugs.

The theoretical part is focused on ambient ionization mass spectrometry,
particularly spray-based liquid extraction techniques, and on ion mobility-mass
spectrometry (IM-MS). It also covered the application of ambient ionization in analyses of
new psychoactive substances and coupling ambient ionization to IM-MS.

The first part of the research covers enhancing ionization efficiency of desorption
nanoelectrospray by implementing pressure regulation at the inlet of the mass
spectrometer. The influence of the transfer capillary length, pressure drop, and the heating
capillary temperature was tested by analyzing NPS. It was confirmed that the pressure
regulation between the mass spectrometer's atmospheric and evacuated region and the
heated capillary temperature is crucial to maximize sensitivity. The applicability of the
modified inlet was tested by analyzing the trace amount of synthetic cathinone on a wallet
surface and paracetamol tablets.

The second part of the research focuses on analyzing isomeric mixtures of NPS by
cyclic ion mobility-mass spectrometry. Two approaches to determine their isomeric ratios
were proposed. The separation of lithium adducts in multipass experiments was compared
with the simple procedure based on multiple linear regression applied to characteristic
arrival time distribution (ATD) profiles of isomers and their mixture. Direct infusion and
flow injection analysis with electrospray, and desorption electrospray for solid samples
were employed. Both approaches, lithiated molecules separation and ATD profiles of
protonated molecules or ion fragments, provided comparable results. While adducts need

to be sufficiently separated, the ATD profile approach can be used for overlapping signals.



SOUHRN

Hlavnim cilem této préce je vyzkum ionizace a iontové mobility, ktery zahrnoval
predevsim vyvoj citlivéjsi modifikace desorp¢niho nanoelektrospreje a novy piistup k
cyklické iontové mobilité¢ novych psychoaktivnich latek (NPS). Poznatky byly vyuzity k
VyVoji novych postupti pro identifikaci a rozliSeni zneuzivanych drog.

Teoreticka ¢ast je zaméfena na hmotnostni spektrometrii s ionizaci ambientnimi
technikami, zejména technikou kapalinové extrakce na bazi sprejovani, a na hmotnostni
spektrometrii ve spojeni s iontovou mobilitou (IM-MS). Dale pojednavd o ambientnich
technikach vyuzitych pti analyze novych psychoaktivnich latek a jejich spojeni s IM-MS.

Prvni ¢ast vyzkumu zahrnuje zvyseni intenzity signalu pro desorpéni ionizaci
nanoelektrosprejem zavedenim regulace tlaku na vstupu hmotnostniho spektrometru. Na
analyze NPS byl testovan vliv délky vstupni vyhiivané kapilary, snizeni tlaku a teploty
vyhtivané kapilary. Bylo potvrzeno, Ze pro dosazeni maximalni citlivosti je rozhodujici
regulace tlaku mezi atmosférickou a vakuovou ¢asti hmotnostniho spektrometru a teplota
vyhiivané kapilary. Pouzitelnost upraveného vstupu do hmotnostnih spektrometru byla
testovana na detekci stopového mnozstvi syntetického katinonu na povrchu penézenky a na
analyze tablet neopioidni analgetika a antipyretika.

Druha ¢ast vyzkumu byla zaméfena na analyzu izomernich smési NPS pomoci
cyklické iontové mobility-hmotnostni spektrometrie. Byly navrzeny dva pfistupy ke
stanoveni jejich izomernich pomérii. Separace aduktd lithia ve viceprichodovych
experimentech byla porovndna s jednoduchym postupem zaloZenym na mnohondsobné
linedrni regresi aplikované na profily charakteristické distribuce doby piichodu (ATD)
izomerll a jejich smési. Byla pouZita pfima infuze a pritokova injekéni analyza
s elektrosprejem a rovnéz desorpéni elektrosprej pro pevné vzorky. Oba piistupy, separace
lithiovanych molekul a ATD profily protonovanych molekul nebo iontovych fragmentd,
poskytly srovnatelné vysledky. Zatimco adukty je tfeba dostatecné separovat, pro
prekryvajici se signaly 1ze vyuzit ATD profily charakteristické pro jednotlivé izomery
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1 INTRODUCTION

The production of new psychoactive substances often consists of the variation of
functional group position or, more generally, the production of isomers. It increases the
requirements for analyses when developing rapid, selective, sensitive methods, which are
essential to detect and separate an increasing number of NPS Ambient ionization coupled
with ion mobility-mass spectrometry (IM-MS) represents a promising tool for solving this
analytical task. This coupling provides a fast (millisecond timescale) gas-phase separation
with minimal sample pretreatment. So far, the application of this method is limited in the
analysis of NPS.

This doctoral thesis focuses on enhancing ion transport in desorption
nanoelectrospray by pressure regulation at the mass spectrometry inlet. A mixture of new
psychoactive substances was used to evaluate the influence of pressure regulation, the
temperature of the heated capillary, and its length. The applicability of desorption
nanoelectrospray was proven by analyzing traces of abused drugs or a non-opioid analgesic
and antipyretic agent.

Cyclic ion mobility-mass spectrometry was used to discriminate NPS isomers and
determine their ratios. The high resolving power of multipass experiments could not
resolve isomeric protonated molecules. Nevertheless, the characteristic ATD profiles were
obtained by direct infusion or flow injection analysis with electrospray and desorption
electrospray ionization. Characteristic ATD profiles of protonated molecules provided
comparable results to the separation of lithium adducts, which opens new possibilities for

the differentiation of isomers of small organic molecules.



2 THEORETICAL PART

2.1 Ambient lonization Mass Spectrometry

Since 2004, when Cooks et al. [1] presented desorption electrospray ionization-
mass spectrometry (DESI-MS), and 2005, when Laramee and Cody [2] presented direct
analysis in real time (DART), the rise of ambient techniques began. In ambient ionization
mass spectrometry (AIMS), samples are ionized under ambient conditions with minimal or
no sample preparation [3]. AIMS sources have compatibility with multiple mass
spectrometers and allow rapid, in-situ [4] and in vivo analysis [5]. Most AIMS sources can
be classified based on their desorption process into three groups [6]: a) liquid extraction —
mainly utilizes the ESI mechanism; b) plasma desorption (thermal) — based on the same
principles as atmospheric pressure chemical ionization (APCI), where the ions are
produced using a corona discharge; c) Laser ablation/desorption (laser-based) techniques -
the analyte's desorption is performed by irradiation with high power lasers.

The liquid extraction techniques can be divided by the sample processing into three
groups: spray desorption, substrate spray (e.g., paper spray (PS), probe electrospray
ionization (PESI), etc.), and liquid microjunction (e.g., liquid microjunction-surface
sampling probe (LMJ-SSP), liquid extraction surface analysis (LESA), nano-DESI) [6].

The next subchapter will be dedicated only to spray desorption techniques.

2.1.2 Spray-Based Ambient lonization Mass Spectrometry

Part of this section was published in a first-author publication [7] and adapted and
reprinted with permission from the journal:

Nytka, M, Borovcova, L, Frycak, P, Bartak, P, Lemr, K. Signal enhancement in
desorption nanoelectrospray ionization by custom-made inlet with pressure regulation. J
Mass Spectrom. 2020;55:e4642.https://doi.org/10.1002/jms.4642
Copyright 2020 John Wiley & Sons, Ltd.

License number 5730170914154,

Author's Contribution. Marianna Nytka - investigation, formal analysis,

visualization, and writing the original draft.


https://doi.org/10.1002/jms.4642

Spray-based ambient techniques use the charged droplets produced from the solvent
spray to desorb or extract analyte from the sample surface. During this process, desorbed
analytes undergo an electrospray-like ionization mechanism by ion evaporation or charge

residues [8,9]. Desorbed analytes are ionized and sent to a mass spectrometer for analysis

[6]

The most used spray-based AIMS technique is desorption electrospray ionization-
mass spectrometry (DESI-MS). In DESI, the desorption and ionization is accomplished by
a droplet pick—up mechanism [10] . The surface is sprayed with the charged solvent
droplets generated with the assistance of the nebulizing gas, providing the thin wet film on
the sample’s surface. This process is followed by solid-liquid microextraction and
production of the secondary droplets drawn towards the mass spectrometer inlet by an
electric field potential. Nitrogen is typically used as a nebulizing gas. DESI-MS requires
minimal sample preparation and no matrix deposition compared with MALDI [8].
Reproducibility in DESI experiments depends on the geometry, the pressure of the
nebulizing gas, the composition and flow rate of the spraying liquid, and the surface's
properties from which the analyte is desorbed [10,12]. DESI has a myriad of qualitative
and quantitative applications, such as the detection of inks [13,14], polymers [15-17],

explosives, chemical warfare [18,19], cancer biomarkers [20-22], and proteins [23].

Another modification of the DESI source, desorption nanoelectrospray (nanoDESI,
Fig. 5), was reported in 2007 by Ranc et al. [24]. It should not be confused with
coincidently abbreviated nanospray desorption electrospray (nano-DESI), which was
introduced a few years later and is more related to liquid extraction surface analysis
(LESA) than to desorption electrospray (DESI). Nano-DESI uses two capillaries without
the assistance of the nebulizing gas to create a liquid microjunction, the principle of the
technique differs from DESI and nanoDESI. [25,26].

Compared with DESI, nanoDESI generates a lower flow rate of spraying liquid and
smaller primary charged droplets. Instead of an electrospray tip (tens of micrometers ID), it
uses a nanoelectrospray tip (~2 um ID) without the assistance of nebulizing gas. Both
techniques are suitable for direct surface analysis, are tolerant to sample contamination by
salt, and produce ions with similar internal energy. In the first application of nanoDESI,
the chiral analysis of ephedrine in an untreated drop of the commercial pharmaceutical

deposited on the surface was demonstrated using this ion source and the Cooks kinetic



method. This method is based on forming trimeric clusters of the analyte with a chiral
selector (usually optically pure reference substance) and a metal ion. Two fragmentation
pathways can occur, one with the loss of the selector and the second with the loss of the
analyte. The ratio of fragment intensities depends on the relative stability of the complexes
formed by the different enantiomers [24]. The applicability of nanoDESI was shown
further, for example, by chiral analysis of pharmaceuticals in whole blood [29] or analysis
of anthocyanins in a drop of red wine [30]. Although technical development has improved
the robustness of nanoDESI [28] and a modification of the inlet has allowed its
implementation on a Q-TOF mass spectrometer [27], the sensitivity of the measurements
can still be an issue. Due to the small surface area sampled, only a tiny amount of analyte

is available for desorption and ionization.

2.2. lon Mobility — Mass Spectrometry

lon mobility (IM) is a powerful tool for separating ions in drift gas ("buffer gas™)
under the electric field. The electric field accelerates ions through the inert gas, producing
collisions of ions with the buffer gas. Those collisions produce friction force. If collisions
are frequent enough, electric force and friction force cancel each other, and the stationary
state can be achieved, providing a constant average speed (drift velocity, V’z). Therefore,
drift velocity is proportional to the electric field (E), and ion mobility (K) (v4 = KE). The

mobility, K, can be determined by the time (zz) that ions spend inside a mobility cell of
%4

fixed length (L) (K =% = tdL_E) [50,51].

The mobility K depends on the mass and charge of the ions and their shape.
Therefore, small ions have higher drift velocities than larger, less mobile ions.

The mobility of an ion is related to its collision cross-section (CCS). IM
measurements determine the integral of the collision cross-section on the collision energy
distribution [50]. Momentum transfer collision integral (Q or CCS) describes the collisions
of ions with the buffer gas and ion conformations in a mobility cell and can be calculated

N0'K0

by the fundamental low-field mobility equation (Mason-Schamp): 2 =

where e is charge of the electron; z-e - ion charge; No - buffer gas density; u -
reduced mass; kp — Boltzann’s constant; T- absolute temperature in drift region.

There are three ways to characterize ions in ion mobility spectrometry (IMS): drift
time (tg), reduced mobility (Ko), and CCS (€2). The drift time depends on the instrument

4



and its conditions. Consequently, most databases for IM-MS measurements contain CCS
values [53]. The CCS values for different IMS platforms may differ up to 2% [54]. lon
mobility-mass spectrometry (IM-MS) is used to separate conformational isomers or
complex mixtures of isobars or isomers. IM-MS separates the charge states of ions (e.g.,
proteins) or filters the spectra by extracting the targeted analytes' signals [50].

Several IMS platforms are available on the market, as seen in. Those ion mobility
spectrometers can be divided into three categories: a) time-dispersive (drift tube IMS
(DTIMS), traveling wave IMS (TWIMS)), b) space or spatially dispersive (high-field
asymmetric IMS (FAIMS), differential mobility analyzer (DMA), c) ion trapping and
selective release (trapped IMS (TIMS)) [55].

TWIMS was first introduced by Waters Corp. in 2006 [57]. Similarly to DTIMS,
there is no specific buffer gas flow in the drift region. IM cell consists of stacked ring
electrodes on which the oscillation electric field is applied, which propels ions like on
waves with the assistance of RF confinement to focus ion packets. TWIMS instruments
need to use CCS calibration [58-60]. Cyclic TWIM consists of a closed-looped separator
with a 98 cm path length that allows multipass separation. lons arrive at the entrance/exit
multifunction array of pin electrodes (T-Wave array). As this T-Wave array can be
programmable, it can accelerate ions sidewise by a traveling wave to the cyclic separator
region. Aside from the cyclic drift cell, the instrument has two chambers, pre-array store
(before cyclic ion mobility (cIM) but after the trap region and post-array (after the cIM)
but before the transfer region). Pre-array store and post-array are located in the same
chamber as the cyclic ion mobility. They are used to transport the ions on and from the T-
Wave array. Also, they can store the ions from the mobility experiments (“slices of ions”)
from the T-wave array [63]. This technology gives a unique possibility to perform IMS"
experiments. lons are separated in multipass experiments. Higher resolving power (R) (up
to ~750) can be achieved by increasing the number of passes (time that ions spend inside
the mobility cell), which correlates with path length (R~Ri1- (number of passes)®® « R~L%?)
[63]. The part of the ions can be isolated according to the arrival time and ejected to the
pre-array store. The remaining part of ions, which are still in the mobility cell, can be
removed by being ejected to TOF without triggering the data acquisition. Upon the
reinjection from the pre-array store to the T-Wave array, potential can be applied to
increase kinetic energy and, as a consequence, to induce the collision activation of ions.
Therefore, the fragments can enter the T-Wave array for separation. These steps can be
repeated, leading to IMS" experiments [63-65].



3 AIMS OF THE DISSERTATION THESIS

The thesis aimed to investigate ionization by developing the new modification of
desorption nanoelectrospray ionization and to find new approach to cyclic ion mobility of
new psychoactive substances. Different ionization techniques (ESI, nano-DESI, and DESI)
and cyclic traveling wave ion mobility were used.

This dissertation thesis can be divided into the following tasks:

1. To develop the modification of desorption nanoelectrospray to improve ion

transmission to increase the applicability of the ionization source;

2. To develop a simple procedure of isomeric ratio determination using

characteristic ATD profiles of individual isomers.

The results could be found in articles published in [7] and [67].



4 EXPERIMENTAL PART

4.1 Signal Enhancement of Desorption Nanoelectrospray lonization

by Pressure Regulation at the Mass Spectrometer Inlet

This work was published in a first-author publication [7] and adapted and reprinted
with permission from the journal:

Nytka, M, Borovcova, L, Fryc¢ak, P, Bartak, P, Lemr, K. Signal enhancement in
desorption nanoelectrospray ionization by custom-made inlet with pressure regulation. J
Mass Spectrom. 2020;55:e4642.https://doi.org/10.1002/jms.4642
Copyright 2020 John Wiley & Sons, Ltd.

Licence number 5730170914154.
Author's  Contribution. Marianna Nytka — investigation, formal analysis,

visualization, and writing the original draft.

Samples” preparation

Stock solutions were prepared with a concentration of 1 mg/mL in methanol/ water
(1:1, v/v) and stored in a fridge. The working solution of a mixture was prepared by
diluting the stock solutions to a final concentration of 1 pg/mL. NanoDESI analysis was
performed using a mixture of methanol/water (75/25, v/v) as a spraying solvent.

Microscope slide treatment and sample deposition

The silanization procedure was performed and optimized at the Department of
Analytical Chemistry, Palacky University Olomouc. It is based on immersing the
microscope slides into the hexamethyldisilazane/ pyridine (50/50, v/v) in a closed vessel
for 2 h at 120 °C with subsequent washing with water and ultrasonication for 1 min in
water. The mixture of analytes was deposited (total volume 56 ul in five layers) onto
silanized slides by SunCollect MALDI spotter (SunChrom, Friedrichsdorf, Germany) to
generate homogeneous layers. The final concentration of each analyte on the surface was
0.5 ng/mm? (surface area of 1.89 x 0.6 cm).

Instruments

Analysis of NPS was performed on Xevo T.Q.D. triple quadrupole mass

spectrometer (Waters, Manchester, UK) with modified custom-made inlet (Fig. 1).


https://doi.org/10.1002/jms.4642

Figure 1 Scheme of custom-made MS inlet: a - nanoelectrospray tip; b - sample on
support; ¢ - threads of a heating rope; d - stainless steel inlet capillary; e - Swagelok SS-
100-1-OR tube fitting, sealing the heated capillary (d) by a ferrule; sealed to the inlet block
by an O-ring; f - inlet block; g - reduced pressure port hose adapter, sealed to the inlet
block by an O-ring; h - sample cone (native part of the mass spectrometer, fitted in its
original location and held by the inlet block (f), sealed to the instrument by an O-ring).
Reprinted and adapted from [7]. Copyright 2020 John Wiley & Sons, Ltd

Data were collected in positive ionization mode six times (1 min acquisition each).
The nanoDESI consists of an inlet block, heated capillary, and original sample cone. The
inlet block is equipped with a port for an auxiliary pump connection. It allowed pumping
of the inner compartment of the MS inlet in comparison with designs connecting a pump to
a refluence tube [68] or a source chamber [69] in front of the inlet. Pressure drop
(difference between atmospheric pressure and pressure in the inlet) was measured by a
manometer and regulated by a needle valve, both mounted between a port (g) and the
auxiliary pump. The capillary was heated by a heating rope connected to the Regbox heater
driver (Jakar Electronics, Karvina, Czech Republic). As in the DESI source [1], the gas
flow outlet and the interlock for the ESI source were blocked. Desorption nanoelectrospray
consisted of a nanoelectrospray tip (2 = 1 um L.D., PicoTips emitter, New Objective,
Woburn, USA) and a sample stage, both manually movable in the x —y — z axes.

Proper geometry was set to obtain the best spectra quality: nanospray tip - target
plate: vertical distance ~ 2 mm; angle ~ 30°; nanospray tip - the center of sample spot:
horizontal distance ~ 2 mm; microscope slide - heated capillary: vertical distance ~ 1 mm,
angle ~ 0°; center of sample spot - heated capillary: horizontal distance ~ 2 mm.

Source parameters were tuned in positive ionization mode and set as follows:
capillary voltage 2.2 kV, TQD source temperature 100 °C, temperature of the heated
capillary 100°C, 180 °C, 200 °C, 220 °C, pressure drop from 0.08 (closed needle valve) to

0.8 bar. MassLynx 4.1 software (Waters Corp., Wilmslow, UK) was used for instrument



operation and data acquisition. Data were collected in six replicates (1 min acquisition
each) and processed by OriginPro 2020 (OriginLab, Northampton, USA).

4.2 Cyclic lon Mobility-Mass Spectrometry of New Psychoactive

Substances

This work was published as a first-author publication [67] and with the
permission adapted and reprinted from:

Nytka M., Wan J., Ture¢ek F., Lemr K. Cyclic ion mobility of isomeric new
psychoactive substances employing characteristic arrival time distribution profiles and
adduct separation. J. Am. Soc. Mass Spectrom. 2024;
https://doi.org/10.1021/jasms.4c00127

ACS open access

Author's  Contribution. Marianna Nytka - investigation, formal analysis,
visualization, and writing the original draft.
Samples’ preparation

Stock and working solutions of individual analytes were prepared at concentrations
of 1 mg/mL and 100 ng/mL, respectively, in methanol/water (1/1, v/v). Isomeric mixtures
with a total concentration of 100 ng/mL (methanol/ water, 1/1 v/v) were analyzed: a) 3-
MMC and buphedrone (m/z 178.13); b) 3-FMC and 4-FMC (m/z 182.11); c¢) BDB and
methedrone (m/z 194.13). They were prepared in isomeric ratios: 5%, 10%, 25%, 40%,
50%, 60%, 75%, 90%, 95%. Six data acquisitions were performed for each solution. The
model samples for FIA-cIM-MS analysis were prepared in the range from 5% to 45% in
six replicates, one data acquisition for each replica was performed.

CCS calibrants (small molecules mixture) were prepared with the working
concentration of 2 pg each/mL (acetonitrile/water (1/1) with 0.1 % of formic acid).

Instrument

Cyclic ion mobility- mass spectrometry
The analyses were conducted on SELECT SERIES Cyclic IMS Q-TOF (Waters Corp.,
Wilmslow, UK). Samples were directly infused into a normal flow ESI source at the flow
rate of 5 uL/min and measured in positive ionization mode. 0.5 mmol/L sodium formate in
propan-2-ol/water (90/10, v/v) was used for mass calibration (m/z 50-1200). The

instrument was operated under two sets of settings: 1) default setting - capillary voltage 2



kV, cone voltage 10 V, source temperature 100 °C, desolvation temperature 250 °C, cone
gas flow 30 L/h, desolvation gas flow 600 L/h, trap CE 6 V, transfer CE 4 V, stepwave
body gradient 20 V, ion guide TW pulse height 0.4 V, trap TW pulse height 4 V, trap
entrance 2 V, trap bias 2 V, trap DC -4 V, post trap gradient 3 V, post trap bias 35 V,
stepwave RF 200 V, ion guide RF 300 V, driftcell RF 300 V, transfer RF 200 V, helium
flow rate 120 mL/min, nitrogen flow rate 40 mL/ min., nitrogen pressure in mobility cell
1.73 mbar; TW static height 15 V, wave height 15 V (eject and acquire); 2) setting for
labile compounds (used for BDB and methedrone) - capillary voltage 1 kV, cone 10V,
source temperature 100 °C, desolvation temperature 250 °C, cone gas flow 30 L/h,
desolvation gas flow 600 L/h, trap CE 2 V, transfer CE 1 V, stepwave body gradient 10 V,
ion guide TW pulse height 0.2 V, trap TW pulse height 1V, trap entrance 1V, trap bias
1.5V, trap DC -4 V, post trap gradient 1.5 V, post trap bias 16 V, stepwave RF 100 V, ion
guide RF 300 V, driftcell RF 200 V, transfer RF 200 V, transfer RF gain 5 V, TW static
height 13 V, wave height 10 V (eject and acquire). The precursor ion was selected in
quadrupole resolution with highmass 15, lowmass 4.9 for protonated ions, and highmass

10, lowmass 2 for the adduct ions.

Flow injection analysis

FIA-cIM-MS analyses were performed on the Waters ACQUITY UPLC I-Class
system fitted with the PEEK tubing (1/16"x0.13 mm) to bypass the column. It was coupled
with the SELECTED SERIES Cyclic IMS (Waters Corp., Wilmslow, UK) and operated in
positive ionization mode. The instrument settings and the ion mobility were the same as for
direct infusion. The precursor ion was isolated in quadrupole and then fragmented in the
trap cell with CE 28 V for BDB and methedrone (m/z 194.11). Methanol/water (1/1, v/v)
was selected as a carrying liquid with a flow rate of 0.1 mL/min. Injection volume was 5.0
pL for 3-MMC and buphedrone (m/z 178.13); 3-FMC and 4-FMC (m/z 182.11) pairs.
Samples were measured in six replicates, and one data acquisition was made for each
replicate. The injection volume for BDB and methedrone was 10.0 pL.

Desorption electrospray

The mixtures of isomeric pairs with the same ratios as for the ESI-cIM-MS
experiments (see the Chemicals and samples” preparation) were deposited onto the Omni
Slide Hydrophobic Arrays (Prosolia, Waters Corporation, Wilmslow, UK). The amount on
the spot was 3.54 ng/mm? and was calculated by the mass of the analyte on the spot

divided by the area of the spot. Analysis was performed on Select Series Cyclic IMS
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equipped with a 2D-DESI ionization source (Prosolia, Waters Corporation, Wilmslow,
UK). The original sprayer was replaced with a DESI XS sprayer (Waters Corporation,
Wilmslow, UK). Methanol/water (80/20, v/v) was used as a spraying solvent at 2.0
pL/min. The capillary voltage was held at 0.75 kV; the nebulizing pressure was 0.076
MPa; source temperature was set to 150 °C; the cone voltage to 10 V.

DESI sprayer geometry was set as follows: the spray impact angle was 75°; spray
nozzle to the inlet tube orifice was 4 mm; distance between the inlet tube orifice and the
surface ~0.5 mm; spray nozzle to the surface distance was 2 mm.

Born-Oppenheimer molecular dynamics (BOMD) trajectory calculations

Prediction of structures' geometries and theoretical calculations of CCS values was
performed by Prof. Turecek’s team at the University of Washington in Seattle, U.S.A.
(Details see in [67])

Briefly, ion structures were obtained by applying Born-Oppenheimer molecular
dynamics (BOMD) trajectory calculations of several initial conformers, tautomers, and
protonation isomers. That was followed by gradient geometry optimization with density
functional theory. Collision cross sections (CCS) in nitrogen were calculated using the
modified ion trajectory method (MobCalwei) [70-72] using the MK charge densities. The
reported CCS and standard deviations are obtained from averaging data from ten trajectory

runs.

Table 1 Relative energies of protonated molecules [67]. ACS open access

Relative Gibbs Energy?P
lon B3LYP° MO06-2X MO06-2X¢
6-31 +G(d,p) | 6-31 +G(d,p) | def2qzvpp
(3-MMC-keto+H)* (1a*) 0.0 0.0 0.0
(Buphedrone-keto+H)" (2a*) 16 15 14
(3-MMC-enol+H)* (1b%) 45 33 31
(Buphedrone-enol+H)" (2b*) 62 50 47

2In kJ mol. PIncluding zero-point energies, enthalpies, and entropies and referring to
310 K. CFully optimized with GD3-BJ empirical dispersion corrections. 9Single-point
energy calculations on M06-2X/6-31+G(d,p) optimized geometries.

Table 2 Relative energies of [M+Li]" ions [67]. ACS open access

Relative Gibbs Energy®®
lon B3LYP° M06-2X MO06-2X¢
6-31 +G(d,p) | 6-31 +G(d,p) | def2gzvpp
(3-MMC-keto+Li)" (3a*) 0.0 0.0 0.0
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(Buphedrone-keto+Li)* (4a*) 17 15 16

(3-MMC-enol+Li)" (3b*) 82 78 75
(Buphedrone-enol+Li)* (4b*) 101 95 93
2In kJ mol. PIncluding zero-point energies, enthalpies, and entropies and referring to

310 K. “Fully optimized with GD3-BJ empirical dispersion corrections. 9Single-point
energy calculations on M06-2X/6-31+G(d,p) optimized geometries.

Data were acquired and processed using Masslynx v.4.2 (Software Change Note
1016, Waters Corp., Wilmslow, UK), a modified version of Driftscope v.2.9 (Waters
Corp., Wilmslow, UK), and processed in OriginPro 2020 (OriginLab, Northampton, USA).

Cyclic-TWIM C.C.S. calibration for multipass separation

The mixture of small molecules (Table 1) was directly infused into the ESI source
using default settings. The flow rate was set to 5uL/min. Each m/z of the calibrant was
isolated in quadrupole and sent to one pass (98 cm) and two passes (196cm) separation in
the cTWIM cell. The data was peak detected with Drifscope 2.9 software. CCS calibration
was performed according to the procedure of McCullagh et al. [73]. Arrival time is the
value that includes injection time (time needed for ions to arrive on the T-Wave array),
drift time (time that ions spend inside the mobility cell), and dead time (time the ions exit
the mobility cell to reach the detector).

We used the calibrant's arrival times at the peak's apex. The arrival time in bin
number was converted to a millisecond scale. This was performed by multiplying the bin
number by the number of TOF pushes per bin and the VV mode pusher period for a specific
mass range (m/z 50-1200, 0.066). The result of multiplication was added ADC start delay
(includes the injection time and separation time). The calibration drift times (cycle time)
were calculated by subtracting the arrival time for 1 pass (taip) from two passes arrival time

The time ion exiting the cyclic cell to reach the detector (dead time) (to) was
calculated by subtracting the cycle time from 1 pass data. For the analytes, CCS values
were calculated using respective drift times.

Excel file provided by Waters Corp. (e.g. the one from © Johanna Hofmann, Kevin
Pagel, Fritz-Haber-Institute of the Max-Planck-Institute, Berlin) was used to evaluate CCS
values. A calibration curve was constructed by plotting In(CCS', A?) vs. In(tq"). Calibration
curves were constructed for protonated molecules(In(CCS') = 0.3501 * In(tg) + 5.8621, R?=
0.9952 and lithiated molecules (IN(CCS') = 0.3617 * In(tg) + 5.842, R?= 0.9953).
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Table 3 lons Used for CCS Calibration [67]. ACS open access

Name of Separation
m/z z MW (Da) [PTCCSnz2 (A?)| Ref. Time*
the Compound
(ms)
N-ethylaniline 122.12 1 121.18 124.50 [76] 6
Acetaminophen 152.07 1 151.17 130.40 [76] 8
Caffeine 195.10 1 194.19 136.90 [77] 10
Suflaguanidine 215.06 1 214.05 148.40 [78] 10
Alprenolol 250.20 1 249.34 157.50 [76] 12

* 2 pass separation experiments

5 RESULTS AND DISCUSSION

5.1 Signal Enhancement of Desorption Nanoelectrospray
lonization by Pressure Regulation at the Mass Spectrometer

Inlet

This work was published in a first-author publication [7] and adapted and reprinted
with permission from the journal:

Nytka, M, Borovcova, L, Fryc¢ak, P, Bartak, P, Lemr, K. Signal enhancement in
desorption nanoelectrospray ionization by custom-made inlet with pressure regulation. J
Mass Spectrom. 2020;55:e4642. https://doi.org/10.1002/jms.4642
Copyright 2020 John Wiley & Sons, Ltd.

Licence number 5730170914154.

Author's  Contribution. Marianna Nytka —investigation, formal analysis,

visualization, and writing the original draft.

The new custom-made mass spectrometer inlet was designed and constructed
considering three parameters: length of the heated capillary, its temperature, and pressure
regulation at the MS inlet (the first vacuum stage). All three parameters can control the
desolvation of ions, affect ion transmission, and increase the intensity of the ion signal.
Their influence was evaluated for synthetic cathinones as nanoDESI might be useful for
their detection, e.g., in seized street samples. Four different lengths of the heated capillary
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were tested (46, 61, 76, and 99 mm) at 200 °C. Although the effect of the capillary length
was insignificant, slightly better ion signal intensities were observed using the shortest one

selected for the following experiments.

5.1.1 Influence of the Pressure Drop

The regulation of pressure drop at the MS inlet significantly influenced the signal
intensity. Auxiliary pumping generated a pressure drop at the MS inlet in the 0.20-0.80 bar
range. At reference condition (the lowest pressure drop 0.08 bar, which means the highest
pressure in the inlet), the needle valve connecting the auxiliary pump with the MS inlet
was closed, and the pressure reduction was generated only by the vacuum system of the
mass spectrometer. Since pressure drop represents the difference between atmospheric
pressure and pressure in the evacuated inlet compartment, its higher value means lower
pressure in the inlet and, thus, higher vacuum suction. In the tested range, the ion signal
intensity of all NPS grew between 0.08 and 0.20 bar, reached a maximum increasing the
signal intensity less than two-fold for naphyrone but almost one order for buphedrone and
more than one order for cathinone and 3-FMC.

Further, nanoDESI experiments were performed at a pressure drop of 0.40 bar,
giving slightly lower signal intensities than 0.20 bar. Nevertheless, the dependencies are
flatter at around 0.40 bar (Fig. 2), and variation of signal intensity is less sensitive to

pressure drop changes.

14



107 Cathinone 10 Methylone

0.075 02 04 06 08 0.075 02 04 06 0.8
Pressure drop (bar}

[]2s%~75%

E E E T Min-Max

— Median Line

0075 02 0.4 06 08
Pressure drop (bar)

Figure 2. Influence of pressure drop on the [M+H]" ion signal intensity of
cathinones ionized by desorption nanoelectrospray (nanoDESI). The temperature of the
heated capillary (46 mm) was set to 200 °C. A mixture of the standards was deposited on a

silanized microscope slide [7]. Copyright 2020 John Wiley & Sons, Ltd

5.1.2 Influence of the Temperature of the Heated Capillary

Finally, the heated capillary's temperature was also considered as an important
experimental parameter. Four temperatures of heated capillary were tested: 100 °C, 180
°C, 200 °C, 220 °C. For buphedrone and 3-FMC, the signal intensities were comparable
between 100 °C and 200 °C (the differences were not statistically significant). A decrease
in signal intensity was observed at 220 °C for all compounds. Although the temperature
did not show such a strong effect as pressure regulation, its proper setting may be
beneficial to the quality of mass spectra. The substantial effect of pressure regulation is
also evident when the mass spectra of the analyzed mixture at 0.08 and 0.40 bar are
compared (Fig3).
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Figure 3. Desorption nanoelectrospray (nanoDESI) mass spectra of NPS (A) with
the auxiliary pumping pressure drop 0.40 bar and (B) without the auxiliary pumping (B)
pressure drop 0.08 bar. Both spectra are normalized to the highest ion signal intensity of
1.0x107 . The temperature of the heated capillary was set to 200 °C. The mixture of
standards was deposited on a silanized microscope slide. Numbers indicated at each mass
spectra correspond to [M+H]" of (1) cathinone, m/z 150 ;(2) buphedrone, m/z 178; (3) 3-
FMC m/z 182; (4) methedrone, m/z 194; (5) methylone m/z 208; (6) butylone m/z 222; (7)
naphyrone, m/z 282 [7]. Copyright 2020 John Wiley & Sons, Ltd

The signal intensities of all analytes are higher at 0.40 bar. Their increase is
significant, especially for cathinone (1), buphedrone (2), and 3-FMC (3). No interfering

signals were observed for a blank .

5.1.3 Analysis of Model Samples

The effect of pressure regulation was proven in the analysis of "real-world
samples,” where detecting traces of NPS on personal items can represent a relevant
example. Tiny amounts (less than 0.3 mg) of the abused drugs were deposited on the
wallet. "Unknown powder" was then collected from the surface using double-sided tape on
a microscope slide and subjected to analysis by nanoDESI.

Desorption and ionization were performed directly from the tape surface. The
acquired spectra confirmed the significant influence of reduced pressure regulation (Fig.
4). Although the surface for sample deposition was different (tape vs. silanized glass),
detection of the abused drugs was also significantly improved in this "real sample™

analysis.
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Figure 4. Desorption nanoelectrospray (nanoDESI) mass spectra of the trace amount
of methedrone on double-sided tape recorded at a pressure drop of 0.40 (A) and 0.08 bar
(B), respectively. A solid sample was collected from the wallet. Both spectra are
normalized to the highest ion signal intensity of 2.9 x 107. The temperature of the heated
capillary was set at 200 °C [7]. Copyright 2020 John Wiley & Sons, Ltd

Another possible application can be the analysis of pills. Significant signal intensity
improvement was observed when applying pressure drop of 0.40 bar (Fig.5). The same
results were obtained for the powdered paracetamol, proving that different forms of
samples can be collected and successfully analyzed. Evidently, the proposed approach can
be applied to analyses of different analytes deposited in different ways on silanized glass,

double-sided tape, or other surfaces that can be tested in the future.
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Figure 5. Desorption nanoelectrospray (nanoDESI) mass spectra of paracetamol

traces on double-sided tape recorded at a pressure drop of (A) 0.40 bar and (B) 0.08 bar.
Both spectra are normalized to the highest ion signal intensity of 2.6 x 10°. The
temperature of the heated capillary was set at 200 °C [7]. Copyright 2020 John Wiley &
Sons, Ltd

5.1.4 Conclusion

Because nanoDESI with its lateral resolution in tens of micrometers samples small

surface area, only a tiny amount of analyte is desorbed, and the measurement sensitivity
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can be an issue. The yield of ions was significantly improved by properly regulated
pressure reduction in the MS inlet. The pressure reduction drives the flow of gas (air)
generated by suction to the inlet and, consequently, the drag force acting on charged
droplets and ions in the source. Regulation of the pressure drop was recognized to have a
crucial influence on signal intensity. Both the pressure drop and temperature of the heated
capillary were tuned to achieve maximum sensitivity. The change in signal intensity for
some of the compounds was more than one order of magnitude higher. The tested custom-
made inlet permits the setting of these experimental parameters and supports the
applicability of nanoDESI. One order of magnitude higher response was achieved for some
of the analyzed new psychoactive substances, which may be critical in the analysis of
traces of unknown samples. The development of a new ion source and the described effects
of studied experimental parameters can encourage applications of nanoDESI in general.
The impact of the reduced pressure regulation can differ for different mass spectrometers
due to the different power of vacuum systems. Nevertheless, it was confirmed that pressure
drop between the atmospheric and evacuated region of a mass spectrometer strongly
influences the efficiency of nanoDESI. It should be considered if this ion source is attached

to any other mass spectrometer.

5.2 Cyclic lon Mobility-Mass Spectrometry of New

Psychoactive Substances

This work was published as a first-author publication [67] and with the permission
adapted and reprinted from:

Nytka M., Wan J., Ture¢ek F., Lemr K. Cyclic ion mobility of isomeric new
psychoactive substances employing characteristic arrival time distribution profiles and
adduct separation. J. Am. Soc. Mass Spectrom. 2024;
https://doi.org/10.1021/jasms.4c00127

ACS open access

Author's Contribution. Marianna Nytka - investigation, formal analysis,

visualization, and writing the original draft.

New psychoactive substances were easily protonated by electrospray but were not
well separated by ion mobility even at higher resolving power. Nevertheless, the arrival

time distribution (ATD) profiles were characteristic of the individual isomers (see, e.g.,
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Fig. 6). This agrees with the previous observations using the linear and cyclic mobility cell
for isomeric oligosaccharides [79] and oligonucleotides [80]. Mass spectra of standards
were inspected on the presence of sodium and potassium adducts. Only sodium adducts
were present at low intensity Therefore, due to the low adduct formation Na*, Li*, K,
Ag" and Cs* salts were alternatively added to the analyzed solutions to support adduct
formation and to allow their ion mobility analysis. The results showed sufficient intensities

for high-resolution cTWIM experiments for solely Na* and Li *adduct ions.

5.2.1 Protonated Molecules vs Li-Adducts

The pairs 3-MMC and buphedrone or 3-FMC and 4-FMC were directly infused
into the electrospray. Both pairs underwent the single pass (98 cm) separation. It enabled
the recognition of the individual isomers for 3-MMC and buphedrone ([M+H]*, m/z

178.13), but it was insufficient for the mixture (Fig. 6A).
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Figure 6. Extracted ATD profiles ([M+H]*, m/z 178.13) of 3-MMC, buphedrone
and their mixture (50 : 50): (A) 1 pass, (B) 7 pass experiment. The highest absolute

intensity for each mobilogram is given in brackets [67]. ACS open access

Seven pass (686 cm) separation experiments for 3-MMC and buphedrone showed
that we could recognize the major forms in a mixture, but complete separation was not
achieved (Fig. 6B). This was consistent with the expected CCS for the keto and enol
isomers of protonated 3-MMS and buphedrone that were in the narrow range of 139-141

AZ. The narrow range was also observed for experimental CCS values.
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The experimental CCS values were averaged from six data acquisitions. The cycle
time and dead time were calculated from one pass and seven pass data of analytes. CCS
values in 1 pass fwere 145 A? and 142.1 A? for 3-MMC and buphedrone, respectively.
CCS values in 7 pass experiments were 142.0 A? (enol-form) and 144.8 A? (keto-form) for
3-MMC, and for buphedrone they were 140.2 A? (enol-form) and 141.9 A? (keto-form).
The difference between the experimental and calculated CCS was < 3% for 3-MMC and
<1% for buphedrone. These results are consistent with measurements under the same
conditions taken four years ago in 2020. The standards underwent the five pass separation.
The experimental C.C.S. for 3-MMC were 141.8 A2 and 144.8 A?, and for buphedrone
were 1395 A? and 141.8 A% These results show good reproducibility of CCS
determination over multiple years.

The previously reported °TCCSn, value for buphedrone was 141.2 A? [81]. That
correlates well with the cTWIM measurements and the calculated CCS for the keto form.
There are no current research articles that would show CCS values for 3-MMC. Only one
report of the CCS values of 3-MMC with linear TWIM measurements was found in the
diploma thesis of Ondruchova Jana. In her work, the CCS were 144.9 A? and 142.7 A2 for
3-MMC and buphedrone, respectively [82]. Those values correspond to the dominant keto
form. CCS values from linear TWIM for 3-MMC correlate well with the cTWIM results.
The higher error between theoretical and calculated CCS values for multipass experiments
could be explained by the inconsistencies of CCS of calibrants presented in databases,
sometimes ranging up to 10 A? for different compounds.

It was estimated that the CCS-based resolving power Rccs of about 104 was
required to achieve the two-peak resolution Rpp = 1.23 (ca. 90 % separation, defined for
two Gaussian peaks of equal abundance) [83]. For buphedrone, the single pass experiment
gave Ry, ccs = 45 (both keto- and enol-form contributed to peak width). After the multi-
pass experiment with seven passes (L = 686 cm), we were able to separate the major
isomeric forms of 3-MMC and buphedrone (experimental R7ccs = 126). The signals of
both isomers were clearly detected in the mobilograms of their mixtures (Fig. 6B). While it
can be sufficient for the detection of individual isomers, simple integration of mobility
peaks was not possible even at higher resolving power, as the isomers’ ATD profiles
became broader. The less abundant enol isomer of 3-MMC still significantly overlapped
with buphedrone (Fig. 6B).

The higher number of passes (higher resolving power) did not improve the

separation. It just broadened the ATD profiles of isomers. Peak broadening at higher
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resolving power can compromise the separation of isomers. This is more significant for
more complex ATD profiles of the individual isomers. It can be a general issue when
separating isomers existing in different conformer (protomer) states. However, the
broadening effect can be suppressed by separating adducts of isomeric molecules with
alkali metal cations. Separation of adducts has been described, e.g., for fentanyl [84],
glycan [85], and flavonoid [86] isomers. On the other hand, if the broadening effect is
characteristic of individual isomers, it can be advantageous. Both approaches are
demonstrated in the following examples.

Multiple linear regression (MLR) was performed on ATD profiles of protonated 3-
MMC and buphedrone to determine the isomeric ratio. The isomeric ratio was ai:az, where
Y = Qg+ Qi1 t+ Aoz

Averaged intensities of the overall extracted ATD profiles of the individual isomers
(six data acquisitions) and the intensity of the ATD profile of the mixture (six data
acquisitions individually) represented the input data, independent (x1,x2) and dependent (y)
variables, respectively. Compared to the previous fitting procedure using Gaussian
functions [79], the new data processing was more accessible to implement because MLR is
the common part of routinely used software, such as OriginPro. The relationship between

the determined and given content of 3-MMC showed good linearity .

1a
7
& 50 ¥=0.961(20.007)X + 1.24(£0.39)
e RZ=0.9978
a
E 60 -
B
®
2 40
Q
E
& 204
=

0 T T T T ]

0 20 40 60 80 100
% 3-MMC (given)
100 g

T gp] ¥=1.025(20.002)X - 1.14(£0.12)
2 R? = 0.9998
g
g
£ 604
-
[}
2
S a0
H
=
©
G 2]

0 . . . . .

0 20 40 60 80 100

% 3-MMC (given)

21



Figure 7. Determination of 3-MMC in the mixture with buphedrone: (A) Multiple
linear regression (MLR) applied to ATD profiles of protonated molecules, seven pass
separation; (B) lon mobility of lithiated molecules, ten pass separation. Standard deviations
of slope and intercept are shown in brackets. Each point was measured in six data

acquisitions [67]. ACS open access

This proves that the proposed procedure is useful in defining the isomeric ratio
using the ATD profiles and MLR Notably, the linear calibration curve was obtained in
single-pass experiments but in a limited range (5%-75% of 3-MMC) due to insufficient
detection of buphedrone in excess of 3-MMC in a mixture (95:5 and 90:10). The higher
resolving power helped to overcome this issue (Fg. 7A).

For MLR application, we evaluated stability of ATD profiles. Good intra-day
repeatability of mobilograms of the isomers was observed. Inter-day measurements
showed the shift in arrival time and/or relative intensities of the conformers (protomers),
which led to a change in the shape of the mobilograms.

This shift might be due to the drift or collision gas pressure variation for the same
instrumental setting. To minimize such variation, we recommend waiting two hours to
stabilize the gas pressure after switching from standby to run mode. If necessary, the shift
in the arrival time was compensated by peak alignment.

Sodium and lithium adducts of 3-MMC and buphedrone were separated in 10 pass
experiments (980 cm). Lithium adducts showed more than one order higher signal intensity
than sodium adducts (see Fig.8). Therefore, [M+Li]" ions were selected for isomeric ratio
determination. Baseline separation allowed direct integration of the peaks (Fig. 32) and
provided good linearity for the dependence between the determined and given 3-MMC
content (Fig. 8B). The adduct ion formation can affect the conformation of ions in the gas
phase due to the coordination at different positions [87,88] The conformers for [M+Li]*
(Fig. 8B) were not observed compared to protonated molecules. This result was consistent
with the calculations of structures and CCS. The differences in theoretical CCS for keto
(ions 1a* and 2a*) and enol (ions 1b* and 2b*) isomers of protonated molecules of 3-MMC
and buphedrone were 0.4 % and 0.6 %, respectively. For both 1* and 2*, the enol isomers
had higher Gibbs energies than the keto forms (Table 1) and thus could contribute as minor
components to the signal at m/z 178.13 in mobilograms, as manifested by peaks
broadening (Fig. 6B). For lithiated isomers, the keto forms (ions 3a* and 4a*) differed by
1.5 % in CCS Enol isomers of the Li* adducts (ions 3b* and 4b*) showed much higher
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energies than the keto-tautomers and were unlikely to significantly contribute to the signal
at m/z 184.13 in mobilograms. This was consistent with the well separated symmetrical
peaks of Li* adducts in ATD. (Fig. 8B). The experimental CCS values for [M+Li]* of 3-
MMC were 154.0 A2 (1 pass separation) and 153.3 A2 (10 pass), and for buphedrone 151.2
AZ (1 pass) and 150.4 A? (10 pass). Those results fit well with the theoretically calculated
ones (see Fig. 8; difference < 2 %). The relationships in Fig. 7 showed that the separation
of lithium adducts gave lower standard deviations of intercept and slope and a slightly
higher coefficient of determination than the MLR approach. Nevertheless, both approaches

are comparable and useful for the determination of isomeric ratios in mixtures.
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Figure 8. Extracted ATD profiles of 3-MMC, buphedrone and their mixture (50 :
50), ten pass experiment of A) [M+Na]*, m/z 200.10 and B) [M+Li]*, m/z 184.13. The
highest absolute intensity for each mobilogram is given in brackets [67]. ACS open access.

Protonated molecules of 3-FMC and 4-FMC produced symmetrical and highly
overlapping mobility peaks that hindered the determination of the isomeric ratio by
multiple linear regression in single pass separation (Fig. 9A). Ten pass (980 cm) separation
provided partial separation of the isomers in a mixture and produced the characteristic

mobilogram profiles for individual isomers, as shown in Fig. 9B.

23



— 3-FMC (4.44e5)
== 4-FMC (4.82e5)
== Mixture (1:1)(4.55e5)

e
=)

lon Relative Intensity
e
B

e
[

=3

2 15 24

1 1
Amaval time (msz)

@
-

10 pass — 3-FMC (6.95e4)
==4-FMC (5.98e4)
ww Mixture (1:1) (3.78e4)

s e o
L . )

lon Relative Intensity

e
9

87
Arrival time (ms)

Figure 9. Extracted ATD profiles ([M+H]*, m/z 182.10) of 3-FMC, 4-FMC, and
their mixture (50 : 50): (A) 1 pass, (B) 10 pass experiment. The highest absolute intensity
for each mobilogram is given in the brackets [67]. ACS open access.

The high resolving power enabled MLR to produce the linear dependence of
determined and given 3-FMC content in a mixture (Y = 1.010 (£0.009)X + 0.38(%+0.52),
R2=0.9961). These results highlight the advantage of cyclic TWIMS over the linear cell.

It was observed that 3-FMC and 4-FMC did not efficiently form the sodium
adducts (Fig. 10A). [M+Li]* were generated with sufficient intensity, enabling partial
separation in 25 pass experiments (2450 cm) shown in Fig. 10B. It allowed the peak
integration (Y = 1.018(+0.10)X + 2.53(x0.59), R? = 0.9849). The relationship between the
determined and given content of 3-FMC in a mixture of protonated and lithiated molecules
produced comparable standard deviations of slope, intercept, and coefficient of
determination. MLR of ATD profiles gave similar results to the separation of adducts and
may be more advantageous when adduct formation or separation is insufficient, as in the

case of sodium adducts.
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Figure 10. Extracted ATD profiles of 3-FMC, 4-FMC, and their mixture (50 : 50):
(A) [M+Na]*, m/z 204.08; 10 passes; (B) [M+Li]", m/z 188.11; 25 passes. The highest
absolute intensity for each mobilogram is given in brackets [67]. ACS open access.

5.2.2 Flow Injection Analysis of Isomers using lon Mobility-

Mass Spectrometry of Fragment lons

BDB and methedrone showed a significant difference in the intensities of
protonated molecules. BDB and methedrone belong to phenylamines and synthetic
cathinones, respectively. Both isomers produce symmetrical and completely overlapped
ATD profiles. Signal intensities at the peak maxima in a single pass and three pass
separation showed the two order difference using the default instrument settings. Settings
for labile analytes were used to decrease the fragmentation of protonated BDB and
increase its intensity. Nevertheless, the three pass experiment did not improve the
separation of the isomers and led to a decrease in the intensity of BDB. Even at these
conditions, both isomers produced symmetric and overlapped peaks with a significant
difference in intensity, which hindered the use of the ATD profiles.

Furthermore, we proposed another approach using the ATD profiles of the
fragments. The experiments were performed by flow injection analysis, allowing faster
data acquisition. The precursor ion m/z 194.11 ([M+H]") was isolated in the quadrupole
and fragmented in the trap cell (before the cIM cell). BDB and methedrone produced

product ions at m/z 135.04, and methedrone also fragmented to m/z 135.08.
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Figure 11. Extracted ATD profiles of fragment ions (m/z 135.04-135.08) of BDB,
methedrone, and their mixture (50:50) in single pass separation. The highest absolute

intensity for each mobilogram is given in brackets [67]. ACS open access.

Both fragments (m/z 135.04 and m/z 135.08) were included in the extracted ATD
profiles (Fig. 11). The mobilograms were characteristic for each isomer and partially
separated, which allowed the use of the MLR approach. The linear dependence between
the determined and given BDB content in the mixture produced a lower coefficient of
determination and higher standard deviations for slope and intercept compared to the other
two isomeric pairs (Y=0.989(+0.019)X-0.21(+1.08), R?>= 0.9822). This might be due to the
more complex experiment requiring the generation and separation of the fragmented ions.
The determined contents for 90% and 95% of BDB in a mixture were not significantly
different. Nevertheless, the determination of isomeric ratios and separation of isomers were

still possible, although with lower accuracy in a higher content of BDB.

5.2.3 Desorption Electrospray lonization of Isomers

Similarly to the direct infusion and flow injection analysis, all three pairs were
ionized by DESI, providing the characteristic ATD profiles with lower intensities (Fig. 12).
The shapes of the ATD profiles are similar to the ESI source for 3-FMC and 4-FMC (Fig.
9B and 12B). In contrast, due to the different ionization mechanisms, the ATD profiles for
3-MMC and buphedrone are significantly different (Fig. 6B and 12A). Therefore, it is
impossible to use ATD profiles of individual isomers produced by ESI to evaluate the
samples measured by the DESI source.
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Figure 12. Extracted ATD profiles of individual isomers and their mixtures (50 :
50) desorbed and ionized by DESI: (A) 3-MMC and buphedrone ([M+H]", m/z 178.13), 7
passes; (B) 3-FMC and 4-FMC ([M+H]", m/z 182.10), 10 passes; (C) fragment ions (m/z
135.04-135.08) of BDB, methedrone, 1 pass. The highest absolute intensity for each

mobilogram is given in brackets [67]. ACS open access.

The analytes were pipetted onto the hydrophobic spot and left to dry on air. It
formed the heterogeneous layer that explained higher data variability (error bars Fig. 13)
compared to ESI. Linear dependence between the determined and given content of 3-MMC
in a mixture (Fig. 13A) showed a lower coefficient of determination and higher standard
deviations for slope and intercept in contrast to the other two pairs. Despite that, the
increase in the 3-MMC content was visible. For other two pairs, higher coefficients of
determination, lower standard devitions of slopes and intercepts as well as narrower error
bars were achieved. DESI-cIM-MS proved the applicability of the ATD profile-based
method on solid samples.
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Figure 13. Determination of isomeric ratios using DESI and multiple linear
regression (MLR) applied to ATD profiles: (A) 3-MMC in the mixture with buphedrone,
([M+H]", m/z 178.13, 7 passes); (B) 3-FMC in the mixture with 4-FMC ([M+H]", m/z
182.10, 10 passes); (C) BDB in the mixture with methedrone (fragment ions at m/z 135.04-
135.08, 1 pass). Standard deviations of slope and intercept are shown in brackets. Each

point was measured in six data acquisitions [67]. ACS open access.

5.2.4 Analysis of the Model Samples

Flow injection analysis was used to analyze two isomeric pairs of synthetic
cathinones (four analytes) in a mixture. Calibration was prepared in a range of 5% to 45%.
Six replicates of calibration and sample solutions were injected (5 pL) into the flow of
methanol-water (50:50, v/v). FIA with autosampler allowed rapid and automatic data,
decreasing the acquisition time to 3 hours for 96 injections with the time of the analysis 1.5
min when compared to direct infusion (more than one week). Linear correlation for 3-
MMC/buphedrone and 3-FMC/4-FMC showed good linearity with the coefficient of
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determination 0.9974 (Y=0.867(+0.09)X + 2.43(£0.26)) and 0.9988 (Y=0.987(+0.007)X +
0.91(x0.21)), respectively. In model samples containing two pairs of isomers in a mixture
with 10% of 3-MMC and 3-FMC, the determined content of 3-MMC was 9.3% with a
standard deviation of 0.37, and for 3-FMC, it was 11.0 %, and 0.42. The obtained results

showed a good accuracy of this method.

5.2.5 Conclusion

Two approaches based on the separation of lithium adducts and on multiple linear
regression using the characteristic ATD profiles of individual isomers and ATD profiles
from the isomeric mixtures were shown to be efficient in distinguishing and quantifying
NPS isomers. The formation of lithium adducts by adding its salt to the sample solution
showed the best results for these applications. The higher resolving power of cyclic
TWIMS in multipass experiments improved the separation of Li-ion adducts, whereas the
mobility peaks of protonated molecules were broadened and still overlapped due to the
presence of tautomers associated with individual ion structures. In the previous report,
ATD profiles were fitted by Gaussian functions, and a single ATD function was generated
for each isomer. These ATD functions allowed determining isomeric ratios of
oligosaccharides by ESI linear TWIMS [79]. Here, the fitting was replaced by multiple
linear regression, which noticeably simplified the analysis. Direct infusion experiments
confirmed that both approaches, the separation of lithiated molecules and the use of ATD
profiles characteristic to isomers, are comparable.

The isomeric pair of BDB/methedrone showed significant differences in the
intensities of [M+H]" ions and completely overlapping mobility peaks. In this case, the
ATD profiles of the fragment ions allowed us to achieve a successful analysis, proving that
the proposed approach is not limited to only protonated molecules. These analyses were
performed by FIA as an alternative to direct infusion. Obviously, this approach is feasible
for liquid samples. In the case of solid samples, desorption electrospray was utilized.
DESI-cIM-MS provided characteristic ATD profiles of isomers, although they differed to
some extent from those obtained by electrospray. This could be attributed to the different
ionization mechanisms, electrospraying of solutions vs. desorption, and ionization from
solid samples. Finally, the rapid analysis of a mixture containing two isomeric pairs was
demonstrated. FIA combined with an autosampler enabled automatic data acquisition,

speeding up the analysis.
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The mean mobility values were recently used to identify cathinones, while isomeric
ratios have not been determined [89]. We confirmed the excellent repeatability of the ATD
profiles and included the entire ATD profiles analyzing isomeric mixtures. Although the
higher resolving power of cyclic TWIMS may not allow for the complete separation of
isomers, it may help to generate more distinct ATD profiles of isomers.

The ATD profile-based approach can generally be used to analyze isomeric
molecules by ion mobility. While the integration of peaks requires a good separation, the

described approach is applicable even for overlapping signals.

6 CONCLUSION AND OUTLOOK

Coupling different ionization techniques with IM-MS has excellent potential for
detecting and separating isomers in mixtures. Nevertheless, some AIMS have never been
hyphened with ion mobility; some are only at the beginning of this fruitful collaboration.

NanoDESI, with the improved custom-made inlet, showed great applicability in
detecting the NPS on the silanized glass surface. The increased ionization efficiency of
nanoDESI should encourage new applications. Nevertheless, a few modifications can still
be made, starting with automating spraying solvent delivery by possibly connecting it to a
nanoLC pump, which will allow high-resolution MS imaging measurements as well as
cooupling it with cTWIM.

lon mobility faces a new revolution with the production of high-resolving power
IMS systems (cyclic TWIM, SLIM, TIMS), which has opened the possibility for new
applications. cTWIM can reveal the hidden conformers/protomers, which cannot be seen in
linear TWIM or lower resolving power instruments.

A new, simple approach for isomeric ratio determination in mixtures was
performed by multiple linear regression of characteristic ATD profiles that overlapped in a
mixture for protonated ions (generally for any overlapped ions). This method also showed
excellent results by using the characteristic ATDs of fragment ions. Coupling the DESI
source with cTWIMS demostrated the application of our approach on solid samples.
Therefore, it might also be used in the future for quantitative imaging experiments. The
different profiles of ATDs produced by ESI and DESI experiments could lead to more
fundamental experiments based on the effect of desorption in DESI on ATD profiles in

cTWIM and how different parameters of ion optics can influence the results.
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