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INTRODUCTION

STATE OF THE FIELD AND PERSONAL CONTRIBUTIONS

Mass spectrometry (MS) has been a rapidly growing analytical technique, especially when
analyzing complex biological matrices in metabolomics, clinical applications, anti-doping
applications, and routine testing analyses.? With new MS platforms being developed every year,
the resolution of separation by mass analyzers has increased, improving utility tremendously. Even
though more fundamental research is being developed for improving the efficiency of mass
analyzers, several challenges remain when analyzing complex biological samples. More
specifically, when analyzing isomeric species such as structural isomers (constitutional isomers)
or stereoisomers. The isomer analysis issue is seen in metabolomics, clinical, anti-doping, and
routine testing applications, where laboratories typically operate in regulated environments and
get audited by governing agencies like the US food and drug administration (US FDA) or the
Clinical Laboratory Improvement Amendments (CLIA). Most of their current analytical
techniques can not compensate for issues as specific as isomers. Therefore, to address this daunting
issue that is the crux of laboratories, ion mobility techniques in conjunction with liquid
chromatography (LC) and MS provide a reasonable solution in separating isomers without adding
additional analysis time.

lon mobility spectrometry (IMS) is a gas-phase separation technique that distinguishes ions
based on their size, shape, and charge state.!3° The IMS size and shape measurement takes the
form of an ion collision cross section (CCS), a coarse-grained area measurement (reported in

square angstroms, A?) encompassing the ion size as well as its interaction with the neutral gas.



IMS separates ions based on differences in gas phase electrophoretic mobility. Gas-phase IMS
analysis is rapid, typically occurs on a time scale of less than 100 ms per spectrum. In contrast,
condensed phase LC-MS is on the time scale of minutes. Therefore, IMS can be included in
workflows without compromising analytical throughput, providing an additional separation
dimension and an associated molecular descriptor (CCS) to support analyte detection,
identification, and minimize false positive/negative results.'*®* IMS experiments provide a
dimension of separation in addition to LC that can be coupled to mass analysis (LC-IMS-MS) to
potentially distinguish isomeric interferences and provide further confidence in analyte
identification in complex biological samples. Furthermore, IMS can identify analytes not reported
in relevant biological samples through a combination of targeted and untargeted analyses because
CCS values derived from IMS show utility in improving analyte identification accuracy.

My initial bioanalytical studies, without IMS, show that analyte separations occur with
increased LC times (17.5-45 minutes) and yield promising results when combining targeted with
untargeted analytical methods (see Chapters 1 and 2). The significance of the work in Chapters 1,
2, and 3 is the use of the FDA Bioanalytical Method Validation and the Clinical & Laboratory
Standards Institute (CLSI) LC-MS C62-A guidance documents to aid in method development,
validation, and application to complex biological samples (Table 0.1.).33*? However, increased
LC times may not be suitable for all laboratories utilizing analytical techniques. LC-MS analyses
are susceptible to interferences from chemically similar species, therefore further differentiation
and more specific detection techniques (such as LC-MS/MS and LC-IMS-MS) may be necessary
for analyte quantification and qualitative studies mainly if structural isomers will be analyzed

simultaneously (see Chapter 3).



Table 0.1. Analytical figures of merit and acceptance criteria for liquid chromatography-mass
spectrometry methods according to FDA bioanalytical method validation and CLSI C62-A
guidance documents. 3132

Analytical Figures of Merit Validation Recommendations Acceptance Criteria

* Non-zero calibrators should be +
15% - 20% of nominal (theoretical)
concentrations (this is like accuracy

* A blank that is negative for both analytes and internal or error% or biaso) in each
standards (IS). a negative blank that is negative for validation run
analytes but with IS. and at least 6 non-zero standards o .
with IS (calibrator) levels covering the quantification [ 7°7® and a minimum of six non-

range including the limit of quantification (LOQ) ﬁ:oalizli't:::g;r::‘rziseizﬁlﬂgligz?;u

mmn.

calibration curve (linearity) and [+ All blanks and calibrators should be in the same

sensitivity matrix as the study samples +  Forthe LOQ. the analyte’s

. ) . response should be = 5 five times
*+ The concentration-response relationship should fit the analytes response of the zero

with the simplest regression model calibrator

* The lowest nonzero standard on the calibration curve [+ For the LOQ. the accuracy should
defines the sensitivity (LOQ) be + 20% bias%

* Forthe LOQ. the precision should
be + 20% CV%

*  the method selectivity should analyze blank samples
of the appropriate biological matrix from at least six Blank and zero calibrators should
individual sources be free of interference at the

*  The method specificity should be assessed for retention times of the analytes and
interference by cross-reacting molecules. concomitant the IS
medications. bio-transformed species. efc.

selectivity and specificity

* The run should meet the calibration

curve acceptance criteria and
* P & A should be established with at least three include the LLOQ calibrator

independent P & A runs at different QC levels per
(low. medium. and high QCs). and > five replicates For the within-run and between run
per QC level analyses, the accuracy should be
15% - 20% bias%

precision and accuracy
P&A)

* This analysis should be done both within-run and
between runs * For the within-run and between run
analyses, the precision should be
15% - 20% CV%

* TheISis used to account for
recovery variance butif the
response imprecision is > 15% -
20% CV%. further development is
probably needed

¢+ The IS is used to account for matrix
effects but if the response
imprecision is > 15% - 20% CV%.
further development is probably
needed

+ Extracted samples concentrations versus extracts of

fecovery blanks spiked with the analyte post extraction

+ Exfracted blanks spiked with the analyte post

matrix effects . .
extraction versus matrix free samples

* Forauto-sampler. bench-top. extract. freeze-thaw,

stability stock solutions or long term stability. perform at least
three replicates

+ The impact of carryover on the accuracy of the study Carryover should not exceed 20%
sample concentrations should be assessed ofthe LOQ

The accuracy should be 15% - 20%
bias% or 80% - 120% recovered

caryover




Stereoisomers are typically always more challenging to separate using IMS, especially for ions

less than 200 Daltons.** However, multidimensional analytical separations such as LC-IMS-MS

may be necessary for analyte analyses, particularly for complex sample matrices where numerous

constitutional isomers and stereoisomers (phase 11 steroid metabolites) greater than 350 Daltons

are commonly co-existing within a human urine sample (see Chapter 4).2%1:33
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CHAPTER 1

THE DEVELOPMENT, VALIDATION, AND APPLICATION OF A CLINICAL LC-MS/MS
METHOD FOR THE QUANTIFICATION OF ANTI-EPILEPTIC DRUGS IN HUMAN
SERUM

1.1.  Introduction

Epilepsy is one of the most common neurological disorders and is characterized by the
long-term risk of recurrent seizures. Anti-epileptic drugs (AEDs) are effective at controlling
seizures. However, many patients experience adverse side effects associated with AED usages,
such as liver toxicity, tremors, dizziness, nausea, and fatigue.>> AEDs have a narrow therapeutic
range. Therefore, serum concentration must be optimized to ensure effectiveness
(control/minimize seizures) and minimize adverse side effects.®>°> AED effectiveness is partially
dependent upon patient-specific pharmacokinetics (PK), which include: absorption, distribution,
metabolism, and excretion (ADME).® Patient-specific PK can influence a clinician’s decision on
dosage and dosing frequency of AEDs.® Therapeutic drug management (TDM) of AEDs requires
making iterative drug concentration measurements to ensure a patient’s serum AED concentration
stays within the therapeutic range.>’ This is why method validation is essential for these types of
analytical workflows. A TDM workflow for AEDs is essential for optimizing AED treatment for
individual patients, a primary tenet of personalized medicine.?

Routine clinical TDM is often performed using quantitative immunoassays, where analyte
concentration is determined as a function of antibody binding and not through direct molecular
identification.™? Immunoassays are generally limited to single drug detection and are susceptible
to false positives due to cross-reactivity between the drug target and related metabolites.®*2

Supplement consumption in the United States has also increased dramatically in recent years,



which may convolute testing by introducing additional interferences.®*®* Also, new AEDs are
routinely developed, which may introduce interferences and complicate quantification of AEDs
using less specific methodologies like immunoassays.'***® Finally, patients are often prescribed
more than one AED, which necessitates testing a sample on multiple immunoassays. Thus a single
assay offering precise detection of multiple related drugs and drug metabolites, high sensitivity,
rapid analytical time, and minimal cost is ideal.®

Separation of drugs by liquid chromatography and detection through absorbance at a
particular wavelength (LC-UV) or by triple quadrupole mass spectrometry (LC-MS/MS) have
also been utilized to quantify AEDs.'®"8 Like immunoassay, LC-UV analyses may also be limited
by interferences from chemically similar species (e.g., isobaric or isomeric species with similar
polarity and retention times).

Clinical and analytical labs use LC-MS/MS to quantify analytes for numerous reasons,
including ruggedness, ease of use, cost, and the ability to perform highly selective multiplexed
measurements.’® Here, we present a reversed-phase liquid chromatography-tandem mass
spectrometry (RPLC-MS/MS) method for routine clinical use in quantifying analytes in patient
serum (Figure 1.1.), validated by the FDA bioanalytical method validation and CLSI C62-A
guidance documents.?%2! This chapter of the dissertation delivers robust quantification of multiple
compounds and should prove beneficial for laboratories interested in increasing efficiency and

selectivity in routine testing.
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1.2.  Material and Methods

Levetiracetam, levetiracetam-Ds, pregabalin, pregabalin-13Cs, gabapentin, gabapentin-
13C3, ethosuximide, primidone, PEMA, zonisamide, zonisamide-3Cs, lamotrigine, lamotrigine-
13C1,15N4, topiramate, topiramate-D1,, carbamazepine, carbamazepine epoxide, MHD, MHD-13Cs,
oxcarbazepine, and phenytoin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Optima
LC/MS grade water, isopropyl alcohol, and methanol were obtained from Fisher Scientific
(Hampton, NH, USA). Optima LC/MS grade formic acid and ammonium acetate were obtained
from Fisher Scientific (Hampton, NH, USA).

Primary stock solutions of individual AEDs were prepared in methanol at a concentration
of 1 mg/mL and stored at -20°°C. Stock solutions of the internal standards were also prepared in

methanol at a concentration of 100 ug/mL and stored at -20°C (except for lamotrigine—3C1,2°Na,

which was prepared at 500 pg/mL).

1.2.1. Serum Samples

Human drug-free serum and custom-made matrix-matched quality control material (QCs)
at low, medium, and high AED concentrations were obtained from UTAK Laboratories
Incorporated (Valencia, CA, USA). De-identified, residual serum specimens were obtained from
VUMC’s clinical toxicology laboratory. These samples were subjected to the extraction protocol

described in the sample preparation section.

1.2.2. Chromatographic Conditions
Analysis of AEDs was performed using a 3.0 x 50 mm reverse phase column, ZORBAX

Eclipse Plus C18 Rapid Resolution HD 1.8 um (Agilent Technologies, Santa Clara, CA) with a
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2.1 x5 mm 1.8 um ZORBAX Eclipse Plus C18 guard column, maintained at 40°C for separation
by Ultra High-Pressure Liquid Chromatography (UHPLC, Agilent 1290 Infinity Il LC system,
Agilent Technologies, Santa Clara, CA). Mobile phase A was comprised of water with 0.1%
formic acid and 10 mM ammonium acetate. Mobile Phase B consisted of methanol with 0.1%
formic acid and 10 mM ammonium acetate. The UHPLC was directly coupled online to a
commercial triple quadrupole mass spectrometer (6470, Agilent Technologies, Santa Clara, CA).
A 1 uL sample was injected at a flow rate of 800 uL/min with the following chromatographic
conditions (17.5 minute runtime including purge and equilibration times): mobile phase B was
held at 5% for the first 3 minutes for an initial isocratic hold, linearly increased from 5% to 32.5%
over 5.5 minutes, linearly increased from 32.5% to 35% over 0.01 minutes, linearly increased from
35% to 100% over 2.48 minutes, and held at 100% for 1.51 minutes to remove contaminants from
the column. Mobile phase B returned to 5% by 12.5 minutes and was held at 5% for 5 minutes to
re-equilibrate the column. In this method, the initial isocratic hold, final purge, and re-equilibration
times were performed to ensure efficient cleaning, minimize carryover and increase column
lifetime. Additionally, the injection needle was washed with 60:40 (v:v) isopropyl alcohol:
methanol followed by mobile phase starting conditions between every run to ensure minimum
carryover. As an example of method development for validation, a representative chromatogram

of the 14 AEDs and mobile phase B gradient is outlined in Figure 1.2.
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Figure 1.2. RPLC chromatogram of 14 AEDs with their chemical structures organized by elution
order. The secondary axis represents the %B mobile phase for the LC method. The green box is
the initial isocratic hold period, the yellow box is the gradient portion, and the red box is the purge

section of this LC method.
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1.2.3. MS/MS Conditions

All AEDs were analyzed in positive ionization mode using the Jet Stream ESI source
(Agilent Technologies, Santa Clara, CA). Nitrogen was used as the nebulizing gas and collision
gas. AED transitions were collected using dynamic multiple reaction monitoring (dAMRM) or
scheduled MRM where the retention time window for each chromatographic peak was set to A 2
min (+/- 1 min) from the expected retention time. Retention times and MRM transitions are listed
in Table 1.1. Also, Table 1.1. denotes the dMRM transitions of each AED. Quantifier transitions
have characteristic fragments or product ions of AED precursor ions (Quant m/z) used to quantitate
serum concentrations. Qualifier ions (Qual m/z) are characteristic fragments or product ions of
precursor ions used to assess the assay's quality. Data were acquired using Agilent’s MassHunter
Workstation Data Acquisition software and analyzed using Skyline (MacCoss Lab) 222%, Agilent’s
MassHunter Quantitative Analysis, MassHunter Qualitative Analysis software, and Microsoft

Excel.

1.2.4. Sample Preparation

For all samples in this study, protein precipitation was performed in a 1.5-ml polypropylene
microcentrifuge tube (Eppendorf, Hauppauge, NY). One mL of -20 °C cooled methanol was added
to 100 uL of serum to precipitate proteins. Samples were then vortexed, stored at -80 °C for 1 hour,
and centrifuged at 15,000 rpm for 15 min at 0°C. The protein pellet was discarded while the
supernatant was transferred, subsequently evaporated in vacuo, and stored at -80°C until analysis.
Before analysis, individual samples were reconstituted in 100 puL of mobile phase A. The idea here
is to use the most straightforward and quickest sample preparation methods for validation and

application purposes.
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Table 1.1. AEDs with stable isotopically labeled internal standards (SIL-IS), MRM transition list,
retention times (min), the limit of quantification (LOQ), therapeutic ranges,® recovery, and matrix
effects.

[

-

AED
levetiracetam
levetiracetam - Dg
pregabalin
pregabalin - PC;
gabapentin
gabapentin - ¥C;
ethosuximide
zonisamide - *Cs
PEMA
zonisamide - *Cs
zonisamide
zonisamide - “Cg
primidone
lamotiigine - °C;y, Ny
lamotrigine
lamotrigine - By, Ny
topiramate
topiramate - Dy
MHD
MHD - ¢
CBZ Epoxy
MHD - B¢
oxcarbazepine

“ MHD - “cs

phenytoin
MHD - “Cs
carbamazepine
MHD - ¢

Q1 (m/z) Q3 Quant (m/z) Q3 Qual (m/z) RT (min) LOQ (pg/mL) therapeutic range (ng/mL)

171
177
160
163
172
175
142
219
207
219
213
119
219
262
236
262
362
374
255
261
253
261
253
161
253
261
237
261

154
160
142
145
154
157
114
138
162
138
132
138
162

180

104
200
104
200

126
132
97

127
137
140
72

109
119
109
77

109
119
190

4.4
4.3

45
45
4.6
1.6
5.4
6.0
5.5
6.0
6.0
6.0
1.7
8.1

8.1

8.1

0.4
9.5
9.5
9.5
9.6
9.5
9.7
0.5
9.9
9.5
10.1
95

0.2

16

10 - 40

1-2.5

recovery + %CV
112% + 7% at 25 pg/mL

116% + 7% at 13 pg/mL
120% + 7% at 13 pg/mL
80% + 18% at 50 pg/mL
959 + 7% at 25 ug/mL
114% + 6% at 25 pg/mL
87% + 8% at 12 pg/mL
111% + 7% at 13 yg/mL
52% + 2% at 13 pg/mL
104% + §% at 25 pg/mL
62% 1 6% at 13 pg/mL
88% + 15% at 25 pg/ml
59% + 6% at 25 pg/mL

60% + 6% at 13 pg/mL

matrix effect + %CV
92% + 12% at 25 pg/mL

103% + 9%at 13 pg/mL
104% + 10% at 13 pg/mL
76% + 11% at 50 pg/mL
50% + 3% at 25 yg/mL
100% + 10% at 25 pg/mL
63% + 4% at 12 pg/mL
101%6 + 10% at 13 pg/mL
47% + 4% at 13 pug/mL
98% + 11% at 25 ug/mlL
86% + 19% at 13 ug/mL
80% + 10% at 25 pg/mL
62% + 7% at 25 pg/mL

91%6 + 3% at 13 pg/mL



1.2.5. Method Validation

Guidelines established by the FDA bioanalytical method validation and CLSI C62-A
guidance documents were used.?®?' Analytical figures of merit, including the limit of
quantification (LOQ), accuracy, precision, carryover, stability, selectivity, recovery, and matrix
effect were assessed. The following sections in this chapter explain each analytical figure of merit

for validation of AEDs and are meant to be applied to all analytes.

1.2.6. Precision and Accuracy

Precision and accuracy were obtained for each AED at given QC concentrations (e.g., low,
medium, and high) using 5-process replicates. Imprecision was determined by calculating the
coefficient of variation (%CV). Bias was determined by calculating % observed relative to the
target concentration. Precision and accuracy were evaluated within-run (intraday) and between
runs (interday). For intraday studies, a set of calibrators, 5 sets of QCs (n=5 process replicates),
and a negative sample for analysis were prepared. For the interday studies, a set of calibrators, 5
sets of QCs (n=5 process replicates), and a negative sample were prepared 24 hours after intraday
studies were performed. This analysis of the QC process replicates was used to perform the

statistical analysis of precision and accuracy reported in this study.

1.2.7. Linearity and LOQ

A calibration curve of drug-free human serum from UTAK spiked with AEDs, and internal
standards at 12 concentration ranges with 5-process replicates was used to construct a matrix-based
calibration curve. Calibration curves were used to assess LOQ. All calibration curves were

generated by a linear fit of the analyte/IS area response ratio with 1/x weighting. The LOQ is the
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lowest concentration at which quantitative criteria were met, where the quantitative criteria were

described as accuracy within +/- 20% and precision within +/- 20%.

1.2.8. Carryover
Carryover was determined by analyzing blank samples after the injection of the highest

concentration samples using 5-process replicates. Carryover is reported if the blank’s response is

~LLOQ response)

>1/5 of the LOQ’s response (blank’s response > -

1.2.9. Stability

Each analyte's serum stability was evaluated by spiking analytes and internal standards
from a fresh stock solution into drug-free serum and exposing the samples to common conditions
such as freeze/thaw cycles and short-term temperature fluctuations in the autosampler post-
extraction. The conditions of these experiments reflect situations that may be encountered in
routine sample handling and analysis. Briefly, analytes were stored at 20°C, thawed at room
temperature, extracted, resuspended in mobile phase A, and stored in the autosampler (kept at 4°C)

for 48 hours before analysis.

1.2.10. Recovery

Recovery assesses the extraction efficiency of an analytical method.?%?! Recovery was
assessed in serum (5 process replicates). Extracted standards (e.g., spiked pre-extraction) were
compared to the mean peak area of post-extracted serum samples (e.g., spiked post-extraction).

This comparison was made using equation 1:

18



Peak Area (spike pre—extraction)

%Recovery = x 100. (eq. 1)

Peak Area (spike post—extraction)

1.2.11. Matrix Effects

Matrix effects are a direct or indirect interference in response because of other interfering
substances in the sample.?>?* Matrix effects were determined by spiking analytes with internal
standards into post extracted serum samples (e.g., spiked post-extraction) (5 process replicates).
The post-extract was then compared to the mean peak area of neat standards. This comparison was

made using equation 2:

Peak Area (spike post—extraction)
Peak Area (neat)

% Matrix ef fect =

x 100. (eq. 2)

1.2.12. Selectivity

Selectivity is the ability of an analytical method to detect and quantify the analyte in the
presence of other components in the sample or the ability to differentiate between a blank serum
sample and a positive serum sample. Selectivity is determined by extracting analyte negative

serum samples from 6 different sources (6 biological replicates).

1.3.  Results of Method Validation
1.3.1. Linearity and LOQ

Calibration curves were evaluated using a linear fit with a weighting factor of 1/x. When
viewed separately, the correlation coefficient of all calibration curves was greater than 0.985. The
accuracy in the observed concentration of calibration curve samples fell within the tolerance,

ranging from +/- 20% of the theoretical value. Table 1.1. contains individual AED LOQ values.
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1.3.2. Precision, Accuracy, and Carryover

The within-run and between runs precision and accuracy of all AEDs were less than 15%
CV and 15% bias, respectively (Figure 1.3.). For carryover, no sample blanks were observed to
produce a response >1/5 of the LLOQ’s response. Therefore, we concluded that no significant

carryover was observed for the AEDs presented here.

1.3.3. Recovery and Matrix Effect

The observed recovery and matrix effects for AEDs in serum are shown in Table 1.1.
Recovery allows for the assessment of extraction efficiency at various concentrations and satisfies
quantitative criteria. In this method, we did not observe any significant matrix effects (e.g.,
ionization suppression or ionization enhancement). These results suggest that the analytical
method reported here minimizes the impacts of endogenous interferences from human serum or

concomitant medications.

1.3.4. Selectivity and Stability

The selectivity in Figure 1.2. demonstrates the analytical method's ability to differentiate
and quantify analytes simultaneously in the presence of other components in human serum. In
these studies, less than +/- 15% quantitative loss or recovery was observed for AEDs after 48 hours

of storage at 4°C (Figure 1.4.).
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Figure 1.3. AED within-day imprecision (A) and bias (B). AED between-day imprecision (C) and

bias (D).

21



AED Stability in Extracted Serum
120.00% -

100.00% {gs; &z ghi gdE el 1l __ i: dxl o3l il I Bz I

80.00% +

60.00% +
40.00% +
20.00% +
0.00% +
S IFTEFSTELFTESELH S
\ﬁ"’& &éo sz s“-"i}@ ¢ {\\4&@ i\@\ ’ <¢°¢\ é‘@@ Q) 2 v@,»e? ~o°$
; e:‘é} Q 2 q:@o A9 Q 3 <0 C 0*5?* Q
B QC low %recovered B QC med %recovered QC high %recovered

Figure 1.4. Stability of AEDs in extracted serum at 4°C after 48 hours (n = 3 technical replicates).
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1.3.5. Method Comparison

After successful method validation, the method was compared to another validated LC-UV
method. The method was successfully applied to blind testing of 9 contrived samples and 21
residual patient samples from Vanderbilt University Medical Center’s (VUMC’s) clinical
toxicology laboratory. The results of this study are outlined in Tables 2 and 3. The RPLC-MS/MS
measurements in this study were compared to the clinical toxicology laboratory’s LC-UV method,
previously validated under the College of American Pathologists’ requirements. The analytical

figure of merit being compared is the %bias.

1.4.  Discussion

An RPLC-MS/MS method was developed and validated to quantify 14 AEDs in serum
using FDA bioanalytical method validation and CLSI C62-A guidance documents.?>?! The 14
AEDs are levetiracetam, pregabalin, gabapentin,  ethosuximide, primidone,
phenylethylmalonamide (PEMA), zonisamide, lamotrigine, topiramate, carbamazepine,
carbamazepine epoxide, monohydroxy derivative of oxcarbazepine (MHD), oxcarbazepine, and
phenytoin. The method, which can be tailored to any analyte in any matrix, has minimal sample
handling steps and outlines an LC method that allows for separation to occur in less than 10
minutes run time (not including initial isocratic hold, purge, and re-equilibration times).

The analytical procedure's validity was evaluated by determining each analytes LOQ,
precision, accuracy, selectivity, carryover, recovery, matrix effect, and stability. Even though our
LOQs for each analyte falls well below individual therapeutic ranges, the QCs analyzed spanned
the entire therapeutic range for individual analytes. The determination of each AED’s therapeutic

range was based on available literature and clinical experience °. The within-day and between-day
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Table 1.2. The developed and validated LC-MS/MS method was compared to VUMC’s pre-
existing LC-UV method by parallel analysis of serum samples.

AED Parallel Sample # AEDs  Expected (ng/mL) LC-UV (ug/mL) LC-MS/MS (ng/mL) LC-UV (%bias) LC-MS/MS (%bias)

pregabalin 3.00 - 2.50 - -17%
Parallel 1 gabapentin 1.00 - 1.18 - 18%
zonisamide 11.0 0.00 11.0 -100% 0%
Parallel 2 lamotrigine 2.00 2.40 2.30 20% 15%
levetiracetam 6.00 5.80 7.00 =3% 17%
Parallel 3 ethosuximide 55.0 11.0 17.5 -80% -68%
MHD 9.00 9.00 8.50 0% -6%
regabalin 11.0 - 11.2 - 2%

Parallel 4 pregabait
arate gabapentin 15.0 . 13.8 - -8%
zonisamide 26.0 26.0 25.0 0% -4%%
Parallel 5 lamotrigine 11.0 11.0 11.0 0% 0%
levetiracetam 22.0 228 25.2 4% 15%
Parallel 6 ethosuximide 77.0 33.0 52.5 -57% -32%
MHD 240 23.0 26.0 -4% 8%
pregabalin 30.0 - 29.6 - -1%
Parallel 7 gabapentin 22.0 - 21.9 - 0%
zonisamide 50.0 50.2 52.7 085 5%
Parallel 8 lamotrigine 26.0 22.7 27.3 -13% 5%
levetiracetam 40.0 37.1 42.0 -7% 5%
Parallel ethosuximide 150 70.0 101.1 -53% -33%
MHD 45.0 45.0 50.0 0% 11%
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Table 1.3. This was a blind study, whereas the concentrations of the serum samples received from
VUMC’s clinic were compared to the McLean Lab’s validated LC-MS/MS analysis.

Patient Sample # AEDs LC—-UV (pg/mL) LC - MS/MS (pg/mL)
. Lamotrigine 12.2 10.22
Patient 1 .
Gabapentin no TDM ordered 6.47
Patient 2 Lamo.trlgme 10.6 4.96
Levetiracetam 32.3 20.8
Patient 3 Lamo.trlgme 5.80 4,49
Levetiracetam no TDM ordered 20.7
Patient 4 Lamotrigine 10.6 8.02
Patient 5 Lamo.trlgme 10.0 8.04
Levetiracetam 61.5 71.0
Patient 6 Lamo.trlgme 14.2 8.58
Levetiracetam 39.8 52.1
Patient 7 Lamo.trlgme 14.2 11.7
Levetiracetam 39.8 40.3
Patient 8 Ethosuximide 145 134.8
Zonisamide 11.0 5.94
Patient 9 Levetiracetam no TDM ordered 3.2
Pregabalin no TDM ordered 1.75
Patient 10 Ethosw.(u:mde 46.0 44.2
Lamotrigine no TDM ordered 5.18
Zonisamide 51.0 37.9
Patient 11 Levetiracetam no TDM ordered 43.9
MHD no TDM ordered 19.3
Patient 12 Lamotrigine 11.8 6.66
Patient 13 Lam.otrlg_me 8.00 5.74
Zonisamide 14.0 9.20
Patient 14 Zonisamide . 10.0 6.35
Carbamazepine 4.00 1.53
. MHD 24.0 20.7
Patient 15
Topiramate 17.2 22.1
Patient 16 Levetiracetam no TDM ordered 23.8
Patient 17 Lamo.trlgme 32.7 22.6
Levetiracetam 46.4 39.7
Lamotrigine <1.0 <1.0
Patient 18 Levetiracetam 37.7 26.7
Gabapentin 6.70 4.03
Patient 19 Ethosuximide 75.0 73.9
Patient 20 MHD . 13.0 10.5
Gabapentin no TDM ordered 1.03
Patient 21 MHD 39.0 27.6
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precision and accuracy for 3 QC levels were < 15% CV and bias, respectively. The selectivity data
(Figure 1.2.) showed that there were no endogenous interferences. In the carryover study, we
determined that the carryover was negligible. Therefore it was not necessary to include blank
samples between each concentrated sample. For individual AEDs, the recovery and matrix effects
(Table 1.1.) were reproducible. In these studies, the stable isotopically labeled internal standards
(SILIS) compensated for any issues with recovery or matrix effects by normalizing these internal
standards. Finally, the stability study determined that extracted AED samples were stable at 4°C
for at least 48 hours.

This method meets the criteria for routine clinical TDM due to sufficient linearity,
accuracy, precision, carryover, recovery, matrix effects, selectivity, and stability. Our method was
compared to VUMC'’s toxicology laboratories RPLC-UV method for 30 serum samples (21 patient
samples). Many samples contained multiple AEDs. Recovery and accuracy for ethosuximide could
be improved by the use of a SILIS of ethosuximide. Seven of the 30 samples contained additional
AEDs not detected in the RPLC-UV method (pregabalin and gabapentin, Table 1.2., Table 1.3.).
With the predicate RPLC-UV method in use at VUMC, a sample containing either of these drugs
would need to be further analyzed at a reference laboratory. Also, samples containing
carbamazepine would need to be tested using VUMC’s immunoassay analyzer. This study
demonstrates the utility of using one analytical method with the RPLC-MS/MS method. It
streamlines sample handling and allows for a faster time-to-result for patients and physicians.
RPLC-MS/MS also provides cost savings for the laboratory, as up to 14 different analyses could

be performed in a single simultaneous assay.
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1.5.  Conclusions

In conclusion, these results outline a developed and validated RPLC-MS/MS bioanalytical
method that allows for the simultaneous quantification of 14 analytes (including active
metabolites) in serum, according to FDA and CLSI guidelines. Because it is common for patients
to be prescribed numerous compounds, many hospital laboratories use a combination of
immunoassays, LC-UV, or reference testing to offer a large panel of TDM testing for analytes.
The single and quantitative method outlined here would enable laboratories to quantitate 14
analytes simultaneously. The assay is specific, offers baseline separation of isobars/structural

isomers, and is necessary to inform therapeutic decision-making for personalized medicine.
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CHAPTER 2

ELUCIDATING PERIPHERAL AMINO ACID CHANGES IN OBESITY AND
ALZHEIMER’S DISEASE UTILIZING LC-MS/MS AND LC- HRMS/MS

2.1.  Introduction

Alzheimer’s disecase (AD) is the most prevalent age-associated neurodegenerative
disease.> While AD results from complex interactions among genetic, nutritional, environmental,
and aging-associated factors, recent research has shown that obesity and diabetes are risk factors
for AD with a high prevalence of both of these conditions in western societies.>® Many brain
regions (e.g. hippocampus) are susceptible to glucose and oxygen supply changes because they
have high metabolic activity. Such changes under high-fat diet (HFD) conditions are strongly
related to accelerated cognitive decline.® Chronic peripheral inflammation from an increase in
adipose tissue also manifests in the brain and decreases brain white matter (which leads to impaired
neuronal connections).! Furthermore, a HFD alters hippocampal morphology and synaptic
complexity and density, which may offer some explanation for diet-associated cognitive decline
in young wild-type animals as well as in AD and aged models. 04

The mitochondrial cascade hypothesis plays a significant role in AD's pathogenesis,
precedes amyloid-B (AB) plaque formation, and has been observed in mouse AD models.*>2° Such
changes have not been extensively studied in the context of diet-induced obesity in AD. However,
evidence suggests that mitochondrial dysfunction, associated with mitochondrial damage and
oxidative stress, is triggered by AD neuropathology and HFD feeding.!® Another possible
explanation for mitochondrial dysfunction is an impairment of amino acid degradation pathways,

which occurs before the mitochondrial tricarboxylic acid (TCA) cycle.?! Previous studies using
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plasma shows that specific free amino acids are in a state of imbalance in type 2 diabetes and
prediabetes.???® Specifically, branched-chain amino acids (BCAAs—Ileucine, isoleucine, and
valine), aromatic amino acids (phenylalanine, tyrosine, and tryptophan), alanine, glycine, proline,
and glutamine are related to insulin resistance, irregular glucose levels, and diabetes.?>?% One
specific mechanism for the risk of AD associated with obesity and diabetes is the increase or
accumulation of amino acid levels. Elevated levels of BCAAs (leucine, isoleucine, and valine)
have been shown to induce neuronal oxidative stress, apoptosis, and mammalian target of
rapamycin (mTOR) hyperactivation, which leads to insulin resistance in the brain—representing
some of the significant pathophysiological hallmarks of AD.?1:27-28

Therefore, to further understand the relationship between amino acid metabolism, diet, and
AD, we assessed the effect of high fat diet on amino acid levels in liver in a mouse model of AD.
Specifically, we addressed whether a cessation of high-fat diet feeding and subsequent weight loss
could improve the amino acid imbalances in peripheral tissues or potentially lead to new druggable
targets. It is crucial to simultaneously analyze many metabolites to arrive at a more accurate
etiologic picture.?! In this study, targeted and untargeted metabolomics were used to measure the
interaction between AD genotype and obesity on amino acid metabolism (Figure 2.1.). Both
targeted and untargeted strategies measure the organism’s current biochemical state. We directly
assayed specific amino acids to provide absolute quantitative measurement (targeted), since these
are highly likely to be impacted by HFD and related obesity.?:?® We then further utilized an
untargeted strategy to provide a global view of all biochemical processes and pathways. A
qualitative reversed-phase liquid chromatography-high resolution tandem mass spectrometry

(RPLC-HRMS/MS) method was developed for untargeted amino acid analyses and pathway

32



(A)

€

Wild-type Reversal Diet (REV)
(WT) and HFD LFD
APP/PSEN1
(AD) 2 Months
(B) (C)
| (— | | Amino Acids
| Extraction | | __100% s
s -4
| | I 8 75% :.‘: |
| | | 2 50% “: |
| é 25% EE
| (Ve | — 41
| MeOH|crash WS & 9o i\ . A .
| “‘g\y I 0% 4 6 8 10 12
Retention Time (minutes)
| | | _ _ _ evtonmetminuten) "
| @  —_——_—_——— e — — —
: TN AN : 4.0E+8 1 Amino
C. Acids
Yo, M .0E+
| | SR | 3.0E48 {77
| 2.0E+8
| OH |
| | | 1.0E+8
| NH, | | 0.0E+0 T O N
_ | 0 10 20 30
|_ _Alanine - _

Low Fat Diet (LFD, 10% fat)

High Fat Diet (HFD, 60% fat)

Sample Preparation
MeOH crash of

homogenized liver

and plasma samples

for small molecule
extraction

P

Collection of
Liver Tissue

A

Peak Area

Concentration

N\

Results

Individual Changes

Pathway Analysis

—_———————————

Data Acquisition
HILIC-MS/MS data analyzed using calibration curve

generated by extracting peak areas of Amino Acids
and RPLC-HR MS/MS data analyzed by retention
time, accurate mass, and mass isotopic distribution.

Data Analysis
Quantitate Amino

Acids, Assign
Identifications, and
Perform Pathway

Analyses

Figure 2.1. Mouse study conditions and analytical workflow. (A) WT and APP/PSEN1 mice were
splitinto LFD, HFD, or REV diet groups (n=6 mice per group, 3 male and 3 female). At 12 months
of age, tissue was harvested for analysis. Tissues were obtained from a subset of mice included in
a previous study.3 (B) Extraction protocol from harvested liver tissue. Tissue was homogenized,
and a cold Methanol (MeOH) protein precipitation was used to eliminate protein interferences. (C)
Targeted amino acid extracted ion chromatogram (XIC) (top) using hydrophilic interaction liquid
chromatography (HILIC) and untargeted chromatogram (bottom) using reversed-phase liquid
chromatography (RPLC). (D) Data analysis workflow. For targeted workflow, amino acids were
quantified using the validated targeted method. For untargeted workflow, significantly changed
features were annotated, and pathway analysis was performed.
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discovery. A quantitative hydrophilic interaction liquid chromatography-triple quadrupole mass
spectrometry (HILIC-MS/MS) method was developed and validated 2°-32 for targeted amino acid
analyses and confirmation of our discovery experiments. Our HILIC-MS/MS and RPLC-
HRMS/MS analytical workflow can be used in any analytical setting and should prove beneficial
for laboratories interested in increasing confidence in amino acid pathway discovery and

validation/confirmation in plasma, serum, liver tissue, urine, or other various matrices.

2.2.  Experimental Methods
2.2.1. Standards and Chemicals

All amino acids and stable isotopically labeled internal standards (SIL-1Ss) were purchased
from Millipore Sigma (Burlington, MA), CDN Isotopes (Pointe-Claire, Quebec, CA), or
Cambridge Isotope Laboratories (Tewksbury, MA). Optima LC/MS grade water, methanol,
ammonium formate, formic acid, and acetonitrile were obtained from Fisher Scientific (Hampton,

NH).

2.2.2. Human Plasma Samples

Pooled human plasma was obtained from the Vanderbilt University Medical Center
(VUMC) clinical toxicology laboratory for validated experiments (targeted analyses). Plasma was
collected fresh, pooled, and stored at 4°C until aliquoting. Plasma was then aliquoted into 1-mL
polypropylene microcentrifuge tubes (Eppendorf, Hauppauge, NY) and frozen at -80°C for long-
term storage until use. One aliquot was removed at a time, allowed to thaw at 4°C, and then

prepared according to the extraction protocol described in Figure 2.1.B.
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2.2.3. Mice Peripheral Tissue Samples

Liver samples from male and female APPswe/PS1are (APP/PSEN1) transgenic mice and
wild-type (WT) littermates were collected after sacrifice at 12 months. These mice are a subset of
mice for which behavioral and biochemical data have already been published, including weight
change and diabetic state as assessed by glucose tolerance tests.®® Briefly, at 2-months of age,
standard lab chow (Purina 5001, 4% kcal/fat) was replaced with either HFD in which 60% kcal
are derived from lard, 20% from carbohydrate and 20% from protein, or low-fat diet (LFD) control
in which 10% kcal are derived from lard and additional calories are derived from corn starch, with
70% carbohydrate and 20% from protein.3 For the reversal group (REV), a subset of mice on the
HFD was provided with an LFD, at 9.5 months of age, for the study duration.® All other mice
were maintained on their original experimental diets until the end of the study, an additional 10
weeks. 3 After sacrifice, liver tissue samples were taken and put immediately on dry ice and stored

at —80°C until used in the analytical workflow described herein.®®

2.2.4. Plasma and Liver Sample Preparation

For all plasma and liver samples analyzed in these studies, a methanol protein precipitation
was performed in a 1.5-mL polypropylene microcentrifuge tube (Eppendorf, Hauppauge, NY). For
liver samples, frozen tissues were first individually pulverized using a pestle and mortar followed
by lysing in 1mL ice-cold lysis buffer (1:1:2, ACN:MeOH:Ammonium Bicarbonate (0.1M, pH
8.0) (LC-MS grade). Individual samples were sonicated using a probe tip sonicator, 10 pulses, at
30% power, and cooled down on ice between samples. A BCA protein assay was used to determine
the protein concentration for each individual sample, and adjusted to a total amount of protein of

200pg in 200 pL of lysis buffer. For untargeted studies, SIL-ISs, Biotin-D2, and Phenylalanine-
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D8, were added to each sample to assess sample processing steps (metabolite extraction and
reconstitution). For targeted assays, a mixture of SIL-IS for each amino acid quantified in the
method were added (Table B.1.). Following lysis and addition of SIL-ISs, protein precipitation
was performed by adding 800uL of ice-cold methanol (4x by volume). Samples were incubated at
-80°C overnight. Following incubation, samples were centrifuged at 10,000 rpm for 10 min. The
supernatant containing metabolites were dried in vacuo, and metabolite extracts were stored frozen
at -80°C until ready to use. Prior to mass spectrometry analysis, metabolite extracts were
reconstituted in 100 pl of acetonitrile/ water (3:97, v/v) with 0.1% FA, and centrifuged for 5 min
at 15,000 rpm to remove insoluble material. For untargeted studies, quality control samples were
prepared by pooling equal volumes of each sample. SIL-ISs, Tryptophan-D3, Carnitine-D9,
Valine-D8 and Inosine-4N15, were added to each sample to assess MS instrument reproducibility
for the untargeted analysis (Table B.3.). For the targeted method, quality control samples were
prepared at the concentrations in Table B.4. and SIL-ISs for each amino acid were added to assess

the accuracy and precision of quantification.

2.2.5. Chromatographic Conditions

For the HILIC-MS/MS targeted method, shown in Figure 2.1., amino acids were analyzed
using a 2.1 x 100 mm zwitterionic hydrophilic interaction liquid chromatography (ZIC-HILIC)
column, SeQuant ZIC-HILIC 3.5 pm (Merck Millipore, Burlington, MA) with a 2.1 X 2 mm
SecurityGaurd ULTRA UHPLC HILIC guard column (Phenomenex, Torrance, CA). The column
was maintained at 40°C for separation by ultra high-pressure liquid chromatography (UHPLC,
Agilent 1290 Infinity 11 LC system, Agilent Technologies, Santa Clara, CA). Mobile phase A was

comprised of 90/10 (v/v) water/acetonitrile with 5mM ammonium formate. Mobile phase B was
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comprised of 90/10 (v/v) acetonitrile/water with 5mM ammonium formate. The UHPLC was
directly coupled online to a commercial triple quadrupole mass spectrometer (6470, Agilent
Technologies, Santa Clara, CA). A 1 uL sample was injected at a flow rate of 200 uL/min and was
subjected to the chromatographic conditions as follows: mobile phase B was maintained at 95%
for the first 1 min, linearly decreased from 95% to 45% over 19 mins, held at 45% for 2 mins,
linearly increased from 45% to 95% over 18 mins, and held at 95% for 5 mins for re-equilibration.
(gradient length: 45 min). A representative chromatogram of the amino acids quantified is shown
in Figure 2.1.C and Appendix B.1.

High resolution (HR) MS and data-dependent acquisition analyses (MS/MS), shown in
Figure 2.1., were performed on a high resolution Q-Exactive HF hybrid quadrupole-Orbitrap mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a Vanquish UHPLC
binary system and autosampler (Thermo Fisher Scientific, Germany). For the RPLC analysis,
metabolite extracts (5uL injection volume) were separated on a Hypersil Gold, 1.9 mm, 2.1mm x
100 mm column (Thermo Fisher) held at 40°C. Liquid chromatography was performed at 250
pL/min using solvent A (0.1% formic acid (FA) in water) and solvent B (0.1% FA in acetonitrile)
with the following gradient: 5% B for 1 min, 5-50% B over 9 min, 50-70% B over 5 min, 70-95%
B over 5 min, 95% B held 2 min, and 95-5% B over 3 min, 5% B held 5 min (gradient length: 30

min).

2.2.6. MS/MS and High-Resolution MS/MS conditions
For HILIC-MS/MS experiments, amino acids were analyzed in positive ionization mode
using the Jet Stream ESI source (Agilent Technologies, Santa Clara, CA). Nitrogen was used as

the nebulizing gas and the collision gas. Amino acid transitions were collected using the scheduled
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multiple reaction monitoring (MRM) mode. MRM transitions are listed in the supporting
information Table B.1. Mass spectrometry conditions were optimized on a per-molecule basis for
compound dependent parameters (such as fragmentor voltage and collision energy voltage) by
flow injection analysis to maximize sensitivity. Data were acquired using Agilent’s MassHunter
Workstation Data Acquisition software and analyzed using Skyline (Michael MacCoss, University
of Washington), Agilent’s MassHunter Quantitative Analysis, MassHunter Qualitative Analysis
software, and Microsoft Excel >+’

For RPLC-HRMS/MS experiments, full MS analyses were acquired over a mass range of
m/z 70-1050 using electrospray ionization positive mode using the previously developed
protocol.®® Full mass scan was used at a resolution of 120,000 with a scan rate of 3.5 Hz. The
automatic gain control (AGC) target was set at 1 x 10° ions, and maximum ion injection time was
at 100 ms. Source ionization parameters were optimized with the spray voltage at 3.0 kV, and other
parameters were as follows: transfer temperature at 280 °C; S-Lens level at 40; heater temperature
at 325°C; Sheath gas at 40, Aux gas at 10, and sweep gas flow at 1. Tandem mass spectra were
acquired using a data dependent scanning mode in which one full MS scan (m/z 70-1050) was
followed by 2, 4 or 6 MS/MS scans. MS/MS scans are acquired in profile mode using an isolation
width of 1.3 m/z, stepped collision energy (NCE 20, 40), and a dynamic exclusion of 6 s. MS/MS
spectra were collected at a resolution of 15000, with an automatic gain control (AGC) target set at
2 x 105 ions, and maximum ion injection time of 100 ms. The retention times and peak areas of

the isotopically labeled standards were used to assess data quality.

38



2.2.7. Method Validation

The targeted HILIC-MS/MS amino acid assay was evaluated according to guidelines
established by the CLSI LC-MS C62-A document and FDA’s Guidance for Industry Bioanalytical
Method Validation.®®3! Analytical figures of merit including the limit of quantification (LOQ),
linearity (Table B.2.), accuracy, precision, carryover, stability, recovery, and matrix effect 3 were
assessed, and results of accuracy, precision, matrix effect, and recovery; these data can be viewed
in Table 2.1. All validation experiments were performed in plasma, except for matrix effect and
recovery, which were performed in both plasma and liver tissue to compare extraction and
ionization efficiencies between different matrices. The method validation HILIC-MS/MS
experiments were used to confirm the amino acid metabolism findings obtained in the untargeted

studies.

2.2.8. Method Application

The analytical workflow was applied to 36 mouse liver samples equally split among the
six groups (APP/PSEN1-HFD, APP/PSEN1-LFD, APP/PSEN1-REV, WT-HFD, WT-LFD, WT-
REV). Mouse liver samples were prepared in batches according to the protocol described above
for untargeted and targeted analyses. For the targeted analysis, samples were analyzed in triplicate
along with calibrators and quality control samples. Individual amino acids passed accuracy and
precision metrics (<15% bias and CV respectively) in quality control samples (n=5/level, where
levels correspond to low, medium, high, see Table B.4.), except Glutamic Acid, for which the
accuracy was -22% and -23% for quality control levels medium and high, respectively. Data were
analyzed using Skyline (Michael MacCoss, University of Washington), Agilent’s MassHunter

Quantitative Analysis, MassHunter Qualitative Analysis software, and Microsoft Excel.34%"
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Table 2.1. Validation results for targeted amino acid method. Accuracy and precision data for
amino acids of interest at QC medium levels (Table B.4.), n=15 runs across three batches. Percent
matrix effect and recovery in plasma (n = 5) and liver tissue (n = 4) for amino acids of interest at
quality control medium concentrations. For matrix effect, 100% represents no matrix effect.

Amino Accuracy (% bias)  Precision (%CV) Matrix Effect (%) Recovery (%) Matrix Effect (%) Recovery (%)

Acid Plasma Plasma Plasma Plasma Liver Tissue Liver Tissue
Alanine 0.9 13 99 97 104 95
L-Glutamic Acid -9.1 31 107 g7 100 93
Glycine -0.5 38 123 g6 103 95
L-Isoleucine 35 8.7 79 96 97 96
L-Leucine 3.8 10 102 98 104 94
L-Methionine 0.4 49 108 92 104 95
L-Phenylalanine 3.4 2.0 89 o7 103 95
L-Threonine 29 1.8 96 97 105 95
L-Tryptophan 24 1.3 115 92 106 96
L-Tyrosine 0.9 14 116 28 102 94
L-Valine -1.5 33 100 96 103 95
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Statistical analyses were analyzed using GraphPad Prism (version 8.0); we utilized t-tests with
Bonferroni corrections for multiple comparisons.

Untargeted RPLC-HRMS/MS raw data were imported, processed, normalized, and
reviewed using Progenesis QI v.2.1 (Non-linear Dynamics, Newcastle, UK). All MS and MS/MS
sample runs were aligned against a quality control (pooled) reference run, and peak picking was
performed on individual aligned runs to create an aggregate data set. Unique ions (retention time
and m/z pairs) were grouped (a sum of the abundances of unique ions) using both adduct and
isotope deconvolutions to generate unique ‘features’ (retention time and m/z pairs) representative
of unannotated metabolites. Data were normalized to all features using Progenesis QI. Compounds
with <25% coefficient of variance (%CV) were retained for further analysis. Variance stabilized
measurements achieved through log normalization were used with Progenesis QI to calculate p-
values by one-way analysis of variance (ANOVA) test and adjusted p-values (Q-values).
Significantly changed metabolites were chosen with the criteria Q-value <0.05 and |FC| > 1.5.

Tentative and putative identifications were determined within Progenesis QI using accurate
mass measurements (<5 ppm error), isotope distribution similarity, and fragmentation spectrum
matching based on database searches against Human Metabolome Database (HMDB)%,
METLIN“, the National Institute of Standards and Technology (NIST) database*?, and an in-house
library. In these experiments, the level system for metabolite identification confidence was
utilized.*® Briefly, many annotations were considered to be tentative (level 3, L3) and/or putative
(level 2, L2); in numerous circumstances a top candidate cannot be prioritized. Thus annotations
may represent families of molecules that cannot be distinguished. The biostatistical analysis was
performed in Progenesis QI 2.0, and pathway analysis was done using MetaboAnalyst 4.0, and

Mummichog 2.0.44-%0
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2.3.  Results and Discussion
2.3.1. Method Validation

We did not observe significant matrix effects (i.e., ionization suppression or ionization
enhancement matrix effect > 20%) for 10/11 amino acids of interest. Glycine was the only amino
acid with a slightly higher matrix effect (23%), though this did not affect its %CV or %bias
significantly ( >15%). In this method, all amino acids were recovery greater than 90%. Matrix
effect and recovery were comparable in the two matrices studied. All amino acids analyzed met
the acceptance criteria for precision and accuracy (<15% CV and <15% bias, respectively), except
glutamic acid. Glutamic acid’s precision and accuracy study was performed before a SIL-IS was
acquired for Glutamic Acid, and it was normalized to a neighboring SIL-IS with an inexact
retention time match. For Glutamic Acid, precision exceeded 15% CV in initial validation
experiments. However, the glutamic acid SIL-IS with an exact retention time was used for
quantification runs, which showed appropriate precision. These results suggest that the analytical
method reported here minimizes endogenous interferences, allowing for reliable and reproducible

quantification of the amino acids.

2.3.2. Method Application
From the untargeted metabolomics analyses, >3000 metabolites were detected in the liver
samples. Many metabolites (typically >500) were observed to be statistically significant (p < 0.05

and fold change > |1.5]) in numerous pairwise comparisons related to genotype (WT vs.

APP/PSENL1) and/or diet (HFD vs. LFD and HFD vs. REV), as seen in the supporting information
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Figure 2.2. Multivariate statistical analyses to distinguish amino acid metabolism phenotypes
between groups. Separation and metabolic profile classification between A) the three diet groups
of WT mice by Partial Least Squares-Discriminant Analysis (PLS-DA) with PC1 describing 15.4%
of the variation and PC2 describing 18.5%, B) the three diet groups of APP/PSEN1 mice by PLS-
DA with PC1 describing 18.1% of the variation and PC2 describing 17.2%, and C) significant
pathways in APP/PSEN1 mice between LFD/HFD and HFD/REV by Mummichog analysis on
significant features (p<0.050000). Individual pathways are significant if p<0.05 for each of the
pairwise comparisons.
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Table B.5. A global view of the multi-dimensional data illustrates that liver tissue differences were
observed between mice genotypes and diet conditions. Partial Least Squares-Discriminant
Analysis (PLS-DA), displayed in Figure 2.2.A and B, highlight global changes between diet
groups for each genotype. Notably, minimal overlap is observed between the LFD and HFD groups
of each genotype, highlighting the distinct metabolic changes induced by HFD feeding. In WT
mice, the REV diet group does not overlap with other groups, while in APP/PSEN1 mice, the REV
groups overlap with the LFD group. This signifies that both the initial response to HFD and the
potential for a subsequent rescue of effects by removal of HFD differ between the APP/PSEN1
and wild-type animals.

Using differential meta-analysis of the individual pairwise comparisons, the peripheral
metabolites and metabolic pathways changed based on diet were determined, specifically those
which were partially or fully reversible. In APP/PSEN1 mice, the pathways valine, leucine, and
isoleucine degradation, tyrosine metabolism, nitrogen metabolism, glutathione metabolism,
glutamate metabolism, and aspartate and arginine metabolism were all found to be distinctly
different between LFD and HFD (assessed by Mummichog analysis with a p-value of less than
0.05 considered significant, Table B.6.). These pathways are found to be adversely affected by
HFD and together may be indicative of mitochondrial dysfunction as these amino acid metabolism
pathways feed into the mitochondrial TCA cycle.?:5! Changes in some of the same pathways are
also shown for wild-type mice (compared in Figure 2.2.C), highlighting that fewer of the same
pathways were dysregulated under HFD conditions. Some pathways show similar changes while
others show changes exacerbated by AD, which illuminated the unique changes caused by AD.
This data illustrates a more sensitive metabolic response in AD mice based on diet changes than

when compared to WT mice.
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In addition to looking at dysregulated pathways, the levels of individual amino acids were
monitored through the developed and validated targeted method. Upon calculating amino acid
concentrations (for targeted analysis) and normalized abundance ratios (for untargeted analysis) in
each sample, sample groups were compared (Tables S7 and S8, respectively). Multiple amino
acids, including alanine, glutamic acid, leucine, isoleucine, and phenylalanine, were significantly
increased in APP/PSEN1 mice on HFD compared to LFD. Absolute and relative abundance
concentration levels of amino acids for mice on the REV diet were more similar to LFD levels
demonstrating the partially reversible effect that diet has on specific amino acid concentrations in
liver (Figure 2.3.). The same trends were observed in both targeted and untargeted analyses,
experiments that were prepared in separate batches (at different times) and used different
chromatographic and mass spectrometry methods, indicating the reproducibility of the results.
Again, while similar trends were seen in WT mice, there are fewer significant changes in individual
amino acids and pathways, highlighting the combined effect of obesity and AD on amino acid
metabolism and further supports mitochondrial dysfunction is an impairment of amino acid
degradation pathways.

These dysregulated peripheral pathways include numerous amino acid pathways directly
linked to the TCA cycle and mitochondrial dysfunction (Figure 2.4.).1%2! In a normal state, the
amino acids feed into the citric acid cycle in the mitochondria in various locations to provide
energy for the organism (Figure 2.4.). When looking at the differences in metabolism between the
LFD and HFD APP/PSEN1 mice, many pathways involving these amino acids were significantly
altered, such as glutamate and glutamine metabolism and valine, leucine, and isoleucine

degradation. These dysregulated peripheral pathways are directly linked to the TCA cycle and
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Figure 2.3. Individual amino acid trends from untargeted and targeted data acquisition across diet
groups for APP/PSEN1 and WT mice. A) and B), represent wild-type and APP/PSEN1
comparisons, from targeted analysis, with significance calculated by unpaired t-tests followed by
Bonferroni corrections for multiple comparisons, respectively. C) and D), respectively, show WT
and APP/PSEN1 comparisons untargeted analysis, with significance calculated by ANOVA
followed by correction for multiple comparisons. * indicated p-value <0.05. nm=not measured by
targeted method, nd=not detected by untargeted method.
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Figure 2.4. Amino acid changes indicate mitochondrial dysfunction. Altered pathways feed into
the tricarboxylic acid cycle (TCA) in the mitochondria and thus contribute to mitochondrial
dysfunction. Red arrow represents significant increase from low fat diet to high fat diet in
APP/PSEN1 mice, and green arrow represents significant decrease from high fat diet to reversal

diet in APP/PSEN1 mice.

47



mitochondrial dysfunction, which can directly impact the pathogenesis of AD. These results
suggest that the HFD may contribute to AD pathogenesis by further contributing to this
mitochondrial dysfunction.’®252 For several individual amino acids within these pathways, the
same trend emerges of increasing amino acid levels in HFD compared to LFD, with decreases in
the REV diet mice compared to HFD. This pattern was more pronounced in the APP/PSEN1 mice
than in the WT mice. These reversibility trends support the hypothesis that mice with APP/PSEN1
mutations are more sensitive to diet conditions and that the metabolic dysregulation that follows
from exposure to HFD has the potential to be reversed. Significantly increased changes in amino
acid levels in APP/PSEN1 and following HFD suggested that the worsening cognitive decline seen
in transgenic mice on HFD could be caused by enhanced mitochondrial dysfunction.®
Furthermore, the trends in amino acid metabolism follow the same pattern of results observed in
cognitive impairment in these mice. HFD impaired performance on several hippocampal-
dependent behavioral tasks compounding phenotypic deficits due to APP/PSEN1 mutations.*
Performance was, however, improved in mice under the REV conditions compared to HFD only
mice.® Together, the data support the mitochondrial cascade hypothesis and strongly suggest that
HFD may contribute to worsening AD by promoting enhanced mitochondrial dysfunction, already
seen in HFD conditions.?!

Overall, these findings suggest that obesity combined with AD further enhances cognitive
impairment, possibly through aggravated mitochondrial dysfunction that manifests as altered
amino acid metabolism. Critically, there may be potential for reversal of deficits that are induced
by dietary intake. Furthermore, given how closely the patterns of data we observed reflected
behavioral and biochemical data already collected from these mice®® our data suggest that

peripheral tissue can be used to understand the metabolic changes occurring in the WT and
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APP/PSEN1 mouse models. Specific peripheral metabolic pathways are affected by both diet and
phenotype. This data also shows promise in reversing amino acid metabolism effects that
contribute to AD through diet alteration. The unique amino acid metabolism profiles of normal,
wild-type aging mice and APP/PSEN1 genetically modified AD mice were measured and
compared using targeted and untargeted metabolomics. It was found that a significant number of
amino acid metabolism pathways were dysregulated, specifically between the APP/PSEN1-LFD
and APP/PSEN1-HFD groups. These pathways feed into the TCA cycle for amino acid
metabolism and degradation, and thus imbalances in these pathways lead to mitochondrial
dysfunction. This mitochondrial dysfunction has been observed before in obese and AD
conditions.?52 Therefore, our results conclude that HFD contributes to AD through mitochondrial

dysfunction in a semi-reversible manner.

2.4, Conclusions

AD and obesity are both very prevalent conditions. Because obesity during mid-life has
been linked to future AD and obesity has an unique metabolic signature, it is essential to
understand the combined metabolic effects when obesity and AD occur concurrently. The targeted
and untargeted analyses highlighted how AD further promotes metabolic dysregulation seen in
obesity, proven by the fact that significantly more changes are observed in amino acid metabolism
pathways between LFD and HFD conditions in APP/PSEN1 mice.>® More pathways are
significantly altered in APP/PSEN1 mice than wild-type mice under the same diet conditions.
While amino acid imbalances are routinely observed in HFD conditions, increases in individual
amino acids are more pronounced when coupled with AD.?>%3 Furthermore, the partial reversibility

of many altered pathways and molecules highlights that diet change can mitigate metabolic effects
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of AD. Our analytical workflow shows similar amino acid metabolism trends despite using entirely
different chromatographic and mass spectrometry platforms. The analytical workflow allows for
a robust determination of amino acid trends caused by biological changes rather than analytical
variations. Future work should now focus on studying larger classes of biomolecules involved in

mitochondrial dysfunction, such as lipids and carnitines.
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CHAPTER 3

TARGETED STRATEGY TO ANALYZE ANTI-EPILEPTIC DRUGS IN HUMAN SERUM
BY LC-MS/MS AND LC-ION MOBILITY-MS

3.1.  Introduction

Epilepsy is a common neurological disorder characterized by a long-term risk of recurrent
seizures. Anti-epileptic drugs (AEDs) are mood stabilizers not only effective at controlling
seizures but also treating schizophrenia, depression, and bipolar disorder.r* However, many
patients experience adverse side effects associated with AED usage, such as Stevens-Johnson
syndrome, toxic epidermal necrolysis, liver toxicity, tremors, dizziness, nausea, and fatigue.>”’
AEDs have a narrow therapeutic range, therefore the serum concentration of AEDs must be
optimized to ensure effectiveness (control/minimize seizures) and minimize negative side
effects.®1% AED effectiveness is partially dependent upon patient specific pharmacokinetics (PK),
which include: absorption, distribution, metabolism, and excretion (ADME).!! Patient specific PK
can influence a clinician’s decision on dosage and dosing frequency of AEDs.® Therapeutic drug
management (TDM) requires iterative measurements of AEDs in serum to ensure a patient’s AED
concentration is within the therapeutic range.’%*? Developing a workflow with high precision,
accuracy, sensitivity, and selectivity is essential for optimizing AED treatment for individual
patients, a primary tenet of personalized medicine.™®

Routine clinical TDM is often performed using quantitative immunoassays, where analyte
concentration is determined as a function of antibody binding, and not through direct molecular
measurements.>® Immunoassays are generally limited to single drug detection and are susceptible

to false positives as a result of cross-reactivity between the drug target (e.g., carbamazepine or
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CBZ) and related metabolites (e.g., carbamazepine—10,11 epoxide or CBZ epoxy).r*
Supplement consumption in the United States and across the globe has also increased dramatically
in recent years, which may convolute testing by introducing additional interferences.*®>® In
addition, new AEDs are routinely developed, which may complicate the quantification of AEDs
using less selective methodologies like immunoassays.>*?° Finally, patients are often prescribed
more than one AED, which necessitates testing a single sample using multiple different
immunoassays. However, the need for performing multiple tests on a single sample impedes cost
effectiveness.s?* Thus, an analytical workflow offering highly specific detection of multiple
related drugs and drug metabolites with high sensitivity and selectivity is ideal. %

Separation of drugs by liquid chromatography and detection via absorbance at a particular
wavelength (LC-UV) or by tandem mass spectrometry (LC-MS/MS) have been utilized, as
alternatives to immunoassays, to quantify AEDs.?>?’ However, LC-UV analyses are also
susceptible to interferences from chemically similar species. Further differentiation and more
specific detection techniques (such as triple-quadrupole MS/MS and LC-DTIMS-MS) may be
necessary for AED quantification studies, particularly if structural isomers will be analyzed
simultaneously.*? In addition to LC-MS/MS, LC-DTIMS-MS has become an important analytical
technique for characterizing drugs and drug metabolites simultaneously by molecular structure and
weight.?®-34 Clinical and analytical labs have utilized LC-MS/MS methods for the quantification
of AEDs in serum for numerous reasons, including ruggedness, ease of use, and cost.® LC-MS/MS
methods have been developed for quantification of AEDs from different biological matrices such
as dried plasma spots, plasma, and serum.?5-273¢

In these studies, a complementary approach of AED analysis utilizing LC-DTIMS-MS was

investigated to determine if additional structural information for individual AEDs increases
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confidence in selectivity. Briefly, DTIMS experiments provide an additional dimension of
separation in addition to LC that can be coupled to mass analysis to potentially distinguish isobaric
interferences and provide further confidence in AED identification in human serum. Furthermore,
LC-DTIMS-MS experiments have the potential to identify AEDs not reported in clinically relevant
samples, through a combination of targeted quantitation by LC-MS/MS and semi-targeted
(restricted to coverage over AED ranges of interest) LC-DTIMS-MS. The LC-triple quadrupole-
MS/MS and LC-DTIMS-MS workflow described herein offers both quantitative and qualitative
analytical methods for AEDs in human serum.

Here we present an LC-MS/MS and LC-DTIMS-MS workflow that can be used in any
analytical setting, including clinical, for the quantification and qualification of 14 AEDs in patient
serum (Figure 3.1.). In accordance with the Clinical and Laboratory Standards Institute (CLSI)
LC-MS guidelines (C62-A)*" and US Food and Drug Administration (FDA) guidelines
(Bioanalytical Method Guidance for Industry Validation),® the quantitative LC-MS/MS method
was assessed for method verification and validation. A second qualitative method for AED
identification was performed using LC-DTIMS-MS to assess selectivity. Collision cross section
(CCS) values, which are derived from DTIMS, show utility in improving the accuracy of small
molecule AED identifications. The qualitative method for AEDs was performed using an LC-
DTIMS-MS assay, building upon an approach detailed elsewhere.* Taken together, these methods
deliver robust quantification and qualification results for 14 AEDs and should prove beneficial for

laboratories interested in increasing efficiency, sensitivity, and selectivity in AED testing.
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3.2.  Experimental Methods
3.2.1. Standards and Chemicals

All AEDs and SIL-ISs were purchased from Sigma-Aldrich (St. Louis, MO, USA). Optima
LC/MS grade water, isopropyl alcohol, and methanol were obtained from Fisher Scientific
(Hampton, NH, USA). Optima LC/MS grade formic acid and ammonium acetate were obtained

from Fisher Scientific (Hampton, NH, USA).

3.2.2. Human Serum Samples

Human drug-free serum and matrix matched 3" party verified quality control (QC) material
at low, medium, and high AED concentrations were obtained from UTAK Laboratories
Incorporated (hereafter referred to as 3™ party QC samples, Valencia, CA, USA). QC and
calibrator concentrations are outlined in Table C.1. and Table C.3., respectively. Calibrators are
samples used for linearity and/or the calibration curve. De-identified, residual serum specimens
were obtained from VUMC’s clinical toxicology laboratory in accordance with Institutional
Review Board approval (IRB #172021). These samples were subjected to the extraction protocol

described in Figure 3.1.

3.2.3. Human Serum Extraction and Preparation

For all samples analyzed in these studies, a protein precipitation was performed in a 1.5-

ml polypropylene microcentrifuge tube (Eppendorf, Hauppauge, NY).
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3.2.4. Chromatographic Conditions

For the LC-MS/MS method, AEDs were analyzed using a 3.0 x 50 mm reverse phase
column, ZORBAX Eclipse Plus C18 Rapid Resolution HD 1.8 um (Agilent Technologies, Santa
Clara, CA) with a 2.1 x 5 mm 1.8 um ZORBAX Eclipse Plus C18 guard column, maintained at
40°C for separation by Ultra High-Pressure Liquid Chromatography (UHPLC, Agilent 1290
Infinity Il system, Agilent Technologies, Santa Clara, CA). Mobile phase A consisted of water
with 0.1% formic acid and 10 mM ammonium acetate. Mobile Phase B consisted of methanol with
0.1% formic acid and 10 mM ammonium acetate. The UHPLC was directly coupled online to a
commercial triple quadrupole mass spectrometer (6470, Agilent Technologies, Santa Clara, CA).

For the LC-DTIMS-MS experiments, an UHPLC (Agilent 1290 Infinity I LC system,
Agilent Technologies, Santa Clara, CA) was directly coupled online to a commercial DTIMS-MS
(6560, Agilent Technologies, Santa Clara, Ca) using the same column and mobile phases as
described above.

For both LC-MS/MS and LC-DTIMS-MS methods, a 1 uL sample was injected at a flow
rate of 800 uL/min and was analyzed using the following chromatographic conditions (17.5 minute
runtime including purge and equilibration times): mobile phase B was maintained at 5% for the
first 3 minutes for an initial isocratic hold, linearly increased from 5% to 32.5% over 5.5 minutes,
linearly increased again from 32.5% to 35% over 0.01 minutes, linearly increased a final
time from 35% to 100% over 2.48 minutes, and held at 100% for 1.51 minutes. Mobile phase B
returned to 5% by 12.5 minutes and was held at 5% for 5 minutes to re-equilibrate the column. In
this method, the initial isocratic hold, final purge, and re-equilibration times were performed to
ensure efficient cleaning, minimize carryover, and preserve column integrity. Additionally, the

injection needle was washed with 60:40 (v:v) isopropanol: methanol followed by mobile phase
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starting conditions between every run to minimize carryover. A representative chromatogram of

the 14 AEDs and mobile phase B gradient is shown in Figure 3.2.A.

3.2.5. MS/MS and DTIMS-MS Conditions

For LC-MS/MS experiments, AEDs were analyzed in positive ionization mode using the
Jet Stream ESI source (Agilent Technologies, Santa Clara, CA) coupled to a triple-quadrupole
mass spectrometer (6470, Agilent Technologies). Nitrogen was used as both the nebulizing gas
and the collision gas. AED transitions were collected using scheduled multiple reaction monitoring
(MRM) with a A 2 min (+/- 1 min) retention time window for each chromatographic peak. MRM
transitions are listed in Table 3.1. Mass spectrometry conditions were optimized on a per-molecule
basis, including compound dependent parameters (e.g., fragmentor voltage, collision energy
voltage, and cell accelerator voltage) by flow injection analysis (FIA) to maximize sensitivity.
Table 3.1. also denotes the stable isotopically labeled internal standards (SIL-1S) used for
normalization, transitions, limits of quantification (LOQs), therapeutic ranges, recovery, and
matrix effect. MHD-3Cs was used for CBZ, CBZ epoxy, phenytoin, and oxcarbazepine
normalization owing to its similar RT and structural properties. Quantifier transitions (Quant m/z)
are characteristic fragments or product ions of AED precursor ions used to quantitate AED
concentrations. Representative chromatograms of AEDs and SIL-ISs at individual LOQs is
available in the supporting information Figure C.1.. Data were acquired using Agilent’s
MassHunter Workstation Data Acquisition software and analyzed using Skyline (MacCoss
Lab),**%! Agilent’s MassHunter Quantitative Analysis, MassHunter Qualitative Analysis software,

Microsoft PowerPoint, and Microsoft Excel.
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Figure 3.2. Structures of the 14 AEDs annotated with experimental CCS measurements. (A) LC-
MS/MS analysis showing an LC chromatogram (minutes) of 14 AEDs in pooled human serum
(quality control low). Dashed chromatograms are the 3 constitutional isomeric AEDs (C1sH12N202,
253.0977 Da). The dotted grey line represents %B mobile phase gradient. Standard error bars (n =
3 process replicates) represents overlapping of retention times, and in this LC method all AED
retention times were shown to be statistically significant and distinct. (B) Flow injection analysis
(FIA)-ion mobility-MS showing experimental DTIMS spectra (milliseconds) of 13 AED neat
standards in the gas phase. Standard error bars (n = 3 technical replicates) were used to demonstrate
overlapping drift times. Pregabalin/gabapentin and lamotrigine/MHD/oxcarbazepine exhibit non-
statistically significant different drift times. Dashed drift times represent the 3 constitutional
isomeric AEDs (C15H12N202, 253.0977 Da) and all three have statistically significant distinct drift
times, thus can be separated from each other in drift time space. It is important to note that AEDs
that have similar retention times (e.g., topiramate and MHD) have different baseline resolved drift
times. These data illustrate the utility in using both drift time and retention time measurements.
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Table 3.1. AED MRM transition list, limit of quantification (LOQ), therapeutic range, recovery,

and matrix effects.

No AED Q1 Q3 LOQ Therapeuticrange Recovery Matrix effect
' miz m/z pg/mL pg/mL +/- %CV +/- %CV
1 Levetiracetam 171 154 0.2 5. 40 112% +/- 7%  92% +/- 12%
Levetiracetam - Dg 177 160 ’ at 25 pg/mL at 25 pg/mL
2 Pregabalin 160 142 02 4-20 116% +/- 7%  103%+/- 9%
Pregabalin - 3C; 163 145 ’ at 13 pg/mL at 13 pg/mL
3 Gabapentin 172 154 0.2 2.20 120% +/- 7%  104% +/- 10%
Gabapentin - *C 175 157 : at13ug/mL  at 13 pg/mL
4 Ethosuximide 142 114 6.3 40-100 80% +/-18%  76% +/-11%
Zonisamide - °Cg 218 138 : at50ug/mL  at 50 pug/mL
5 PEMA 207 162 0.2 95% +/- 7% 50% +/- 3%
Zonisamide - 1Cs 219 138 : at25pg/mL  at 25 pg/mL
6 Zonisamide 213 132 0.2 10-40 114% +/- 6% 100% +/- 10%
Zonisamide - *Cs 219 138 : at 25ug/mL  at 25 pg/mL
7 Primidone 219 162 0.2 5.12 87% +/- 8% 63% +/- 4%
Lamotrigine - '*C, "N 262 215 : at12pug/mL  at 12 pg/ml
8 Lamotrigine 256 211 0.2 1-20 111%+/- 7% 101% +/- 10%
Lamotrigine - °C, "*N, 262 215 . at 13ug/mL  at 13 pg/mL
9 Topiramate 362 265 04 10-20 52% +I- 2% A7% +I- 4%
Topiramate - D42 374 276 ’ at 13 pg/mL at 13 pg/mL
10 MHD 255 237 02 10- 40 104% +/- 8%  98% +/- 11%
MHD - ¥Cs 261 200 : at 25 pg/mL at 25 pg/mL
11 CBZ Epoxy 253 236 01 4-12 62% +/-6%  86% +/- 19%
MHD - 13C6 261 200 : at13pug/mL  at 13 pg/mL
12 Oxcarbazepine 253 180 0.7 10- 40 88% +/-15%  80% +/- 10%
MHD - *Cq 261 200 . at25ug/mL  at 25 ug/mL
13 Phenytoin 253 104 0.8 1.25 59% +/- 6% 62% +/- 7%
MHD - "*Cs 261 200 ) ' at25ug/mL  at 25 ug/mL
14 Carbamazepine 237 194 01 4-12 60% +-6%  91% +/- 3%
MHD - "°Cs 261 200 : at13pg/mL  at 13 pg/mL
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For FIA-DTIMS-MS and LC-DTIMS-MS analysis, AEDs were analyzed in positive
ionization mode using the Jet Stream ESI source (Agilent Technologies, Santa Clara, CA) coupled
to a DTIMS mass spectrometer (6560, Agilent Technologies) using previously described
instrumental settings and methods.**#>° Briefly, the LC-DTIMS-MS method consisted of an
single-field drift time analysis using nitrogen drift gas with the drift tube at a temperature of 30°C,
a pressure of 4.0 Torr, and an electric field of 17.3 VV/ cm for 30 s. For LC-DTIMS-MS analyses,
a calibrated single field CCS method was used to calculate CCS values via the Mason-Schamp
equation.® Data was analyzed using MassHunter Qualitative Analysis software, MassHunter IM-
MS Browser, and Microsoft Excel. A representative plot of the 13 AED ion mobility profiles is
shown in Figure 3.2.B. The primary measurement dimension of drift time is used rather than
collision cross section to overlay the different mass species without alterations in expected ion
mobility resolving power (i.e. changes in peak width arising from non-linear conversion from drift

time to cross section).

3.2.6. Method Validation

Guidelines established by the FDA Guidance for Industry Bioanalytical Method Validation
were used to validate the LC-MS/MS AED assay.*”*® Analytical figures of merit including LOQ,
accuracy, precision, carryover, stability, selectivity, recovery, and matrix effect were assessed. We
did not perform dilution effects and partial volume validation studies because none of the clinical

samples were diluted as received. The full volume of samples (100uL) was used for analysis.
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3.3.  Results and Discussion
3.3.1. LC-MS/MS and FIA-DTIMS-MS

The range of retention times (minutes) from LC-MS/MS and ion mobility drift times
(milliseconds) from FIA-DTIMS-MS are shown in Figure 3.2.A and Figure 3.2.B, respectively.
Collectively, these data demonstrate the structural diversity amongst the AEDs/anticonvulsants
outlined in these studies. Under these conditions, ethosuximide was not observed using the FIA-
DTIMS-MS method where we observed an LOQ for this AED approximately one order of
magnitude higher in concentration than all other AEDs in this study (as shown in Figure C.1.).
Chromatographically, all AEDs were shown to display statistically significant separation with
minimal overlapping retention times (Figure 3.2.B). For those AEDs that did not exhibit
baseline separation chromatographically, the data show that there were statistically significant
distinct mobility profiles with baseline separation for two AEDs, topiramate and MHD (Figure
3.2.A and Figure 3.2.B). Structural isomers (CBZ epoxy, oxcarbazepine, and phenytoin)
demonstrated statistically significant separation in both chromatographic and ion mobility profiles
(Figure 3.2.). Separation of structurally isomeric AEDs, such as CBZ epoxy, oxcarbazepine, and
phenytoin (identical chemical formulas), can also be observed in Figure 3.3. in which these three
AEDs have the same isotopic m/z but different CCS values. The structural diversity of AEDs is
also shown in Figure 3.3., these data exemplify the presence of unique best fit trendlines with +
10% deviation from the best fit line for 13 AEDs. The deviation demonstrates the structural
properties of AEDs and lays the groundwork for using CCS AED measurements as an identifier
in untargeted and/or targeted studies.®® Taken together, these data strengthen the confidence in

identifying which AEDs a particular patient is taking through internal validation of workflows and
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+ 10% deviation from the best fit line. Measured AEDs were within + 10% of the best fit line.
Error bars represent standard errors and are for most values within the scale of the marker (n=3
technical replicates). The grey data points represent ~1700 entries available in the CCS
compendium over this CCS and m/z range. These data span multiple classes of compounds.®*
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also affords the ability to characterize potentially unknown or known structurally similar drugs or
drug-like compounds that may be in a patient’s serum/plasma sample as chromatographically
coeluting interferences. Such situations can complicate accurate quantification of the clinical
panel,® which ultimately may lead to treatment decisions for a particular patient that might be

different with improved accuracy.

3.3.2. Method Validation, Comparison, and Application

For individual AEDs, the recovery and matrix effect studies (Table 3.1. and Figure C.6.)
showed high reproducibility (< 20% CV). Recovery studies for topiramate, phenytoin, CBZ, and
CBZ epoxy were < 80%. However, the QC samples for these molecules did meet the acceptability
criteria for precision and accuracy (< 15 %CV and < 15 %bias, respectively), therefore the
extraction did not negatively affect reproducibility (Figure C.2.). We did not observe any
significant matrix effects for 9 out of the 14 AEDs (i.e., ionization suppression or ionization
enhancement matrix effect > 80%). Fortunately, the SIL-IS of these AEDs successfully
compensated for recovery and/or matrix effects, therefore the matrix effect values were > 80%
(e.g. levetiracetam, pregabalin, gabapentin, zonisamide, lamotrigine, MHD, and oxcarbazepine).*®
Five of the AEDs exhibited a matrix effect < 80% (topiramate, ethosuximide, PEMA, primidone,
and phenytoin). For these AEDs, we were unable to use the exact SIL-1S and therefore their
recoveries and/or matrix effects were < 80%.%6 The SIL-IS used for oxcarbazepine was a
physiochemical mimic (MHD-13Cs); the calculated recovery and matrix effect studies were > 80%.
On the other hand, the SIL-1S used for topiramate has 12 deuterons causing it to display an isotopic
effect and elute earlier (<5 sec) than topiramate (owing to hydrogen-deuterium exchange). Because

of these shifts in elution time, we observed < 80% recovery and matrix effect for topirimate.*’°
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We anticipate that using either carbon-13 or nitrogen-15 SIL-ISs for AEDs exhibiting recoveries
and/or matrix effects < 80% could resolve these findings that were observed in complex human
serum samples.®” In these studies, a verified 3 party vendor provided the quality control samples;
these samples were used to assess and validate precision, accuracy, recovery, and matrix effects.
These results demonstrate that the LC-MS/MS quantitative method described herein is fit for
purpose. Taken together, these results suggest that the analytical method reported here minimizes
the impacts of endogenous interferences from human serum and/or from concomitant medications
and allows for both reliable and reproducible quantification of the 14 AEDs.

The developed LC-MS/MS method meets the criteria for routine clinical TDM owing to
the results of the linearity, accuracy, precision, carryover, recovery, matrix effects, selectivity, and
stability studies. The LOQ was established and adequately brackets the therapeutic range via
linearity studies (Table 3.1. and Table C.2.). Precision and accuracy of all AEDs in 3" party QCs
were < 15% CV and 15% bias (Figure C.2.). There was no significant carryover (Figure C.5.),
instability (Figure C.4.), recovery (Table 3.1.), and matrix effects (Table 3.1.) that negatively
impacted the quantification of all 14 AEDs.

The quantitative LC-MS/MS measurements were compared to Vanderbilt University
Medical Center (VUMC) clinical toxicology laboratory’s LC-UV measurements, many samples
of which contained multiple AEDs (9 contrived samples - Table C.4. and 21 patient samples -
Figure C.3.). The data obtained indicate that the method presented here is comparable to the
validated LC-UV method. Of the 30 samples analyzed, ~23% of the samples contained additional
AEDs that were not reported in the LC-UV method (these AEDs include levetiracetam,
lamotrigine, MHD, pregabalin, and gabapentin), but were identified using the workflows described

herein. Furthermore, the LC-UV method was unable to distinguish pregabalin and gabapentin from
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each other and required a 3" party LC-MS/MS laboratory for analysis. Figure C.3.A shows and
compares the data generated from the same 21 samples but analyzed using these methods: the LC-
MS/MS and LC-DTIMS-MS method developed herein, LC-UV measurements, 3™ party LC
MS/MS analyses (pregabalin and gabapentin), and an immunoassay (CBZ). We performed LC-
DTIMS-MS analyses to identify AEDs that were present in individual patients but not reported
(Figure C.3.B). To assess the utility of the DTIMS dimension in identifying targeted analytes
and/or selectivity, Figure 3.4. illustrates the theoretical isotope distribution patterns for 3 AEDs
(generated from a single patient sample analyzed in the same batch) as well as data obtained when
extracting (1) MS only dimension, (2) LC-MS dimensions, (3) DTIMS-MS dimensions, and (4)
combined LC-DTIMS-MS dimensions. These data collectively illustrate that orthogonal
separation tools, such as PTCCSn, measurements, provide additional selectivity and confidence in
analyte identification. Specifically, the LC-DTIMS-MS data separated concomitant interferences
and increased confidence in AED identification for all 3 AEDs. These data also show the ability
of the DTIMS dimension to remove concomitant species otherwise not separated in the LC and
MS dimension (see zonisamide, Figure 3.4.).

By integrating the LC-MS/MS and LC-DTIMS-MS workflows, the process for monitoring
AEDs is simplified and provides additional clinical information. Since TDM quantification was
not ordered for levetiracetam, lamotrigine, and MHD these were not reported in the clinical
samples but monitored in the present work as they are continually included in the workflow.
Furthermore, carbamazepine would be tested using an immunoassay method and through always
incorporating carbamazepine in these workflows could remove the time and expense related to

performing an additional antibody-based testing platform from these processes.
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Figure 3.4. Isotope distribution patterns for three AEDs (levetiracetam, MHD, and zonisamide)
from a single patient serum sample (patient 11) analyzed by LC-DTIMS-MS but mass spectrum
were extracted for the listed specific dimensions. The MS only dimension extracted the entire
chromatogram and ion mobility spectrum. The LC-MS dimension extracted the AED
chromatograms for levetiracetam, MHD, and zonisamide while the entire ion mobility spectrum
was extracted. The DTIMS-MS dimension extracted the entire chromatogram while AED ion
mobility spectrum for levetiracetam, MHD, and zonisamide were extracted. The LC-DTIMS-MS
dimension extracted the AED chromatograms and ion mobility spectrum for levetiracetam, MHD,
and zonisamide. The green boxes represent theoretical mass isotopic distribution matches (+ 5%
height deviation) and can be used to increase confidence in AED assignment. The mass spectra for
MS only, LC-MS, DTIMS-MS and LC-DTIMS-MS also show red boxes. These red boxes
represent isotopic distribution mismatches or concomitant interferences that were observed in the
complex sample. In this data, numerous interference peaks were observed in the MS only
dimension. The separation power by both LC and DTIMS dimensions filtered numerous
interference peaks from the AED of interest, especially when these separation dimensions were
combined.
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Importantly, the qualitative aspects of the LC-DTIMS-MS analyses directly complement
the quantitative LC-MS/MS results. While it is possible to potentially combine both workflows
onto a single LC-DTIMS-MS instrument, these instruments are typically outfitted with a time-of-
flight mass analyzer rather than using a triple quadrupole configuration for fundamental sampling
reasons described elsewhere.*® To draw benchmark comparisons with conventional validated triple
quadrupole MS/MS methods, which are the gold standard in routine testing laboratories, we chose
to separate the quantitative and qualitative aspects of both triple quadrupole MS/MS and DTIMS-
MS platforms, respectively. Our goal is to demonstrate the unique capabilities that DTIMS-MS
offer for resolving interferences while having a wide breadth of molecular coverage. In this work
we demonstrate the viability of DTIMS-MS for clinical and routine testing laboratories and
benchmark against standardized methodologies using triple quadrupole MS/MS methods.

The results in Figures 2, 3, 4, and S3 show that the use of DTIMS as a molecular descriptor
in addition to accurate mass and retention time for AEDs and AED structural isomer analyses has
great potential for rapidly characterizing and identifying structurally similar AEDs. Figure 3.3.
presents a scatter plot of CCS versus m/z with 13 AEDs shown in color and the gray background
points being entries over this CCS and m/z range in the Unified CCS compendium, which could
be considered potential endogenous biological background.®**? This type of 2D DTIMS-MS
projection as conformational space analysis is indicative of differences in gas-phase molecular
packing efficiency, which is related to molecular structure.*? Previously, the community has shown
individual biomolecular classes such as oligonucleotides, carbohydrates, peptides, and lipids
occupy distinct regions in conformational space.® However, in the small molecule/metabolite
region of conformation space these distinctions are much less pronounced. This appears to also be

the case for the AEDs or anticonvulsants.3*2° Nevertheless, the results in Figure 3.3. illustrate that
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each of the AEDs and structural isomer or isobaric AEDs were separated from each other in
conformational space based on their structural properties (e.g., the isobars CBZ epoxy,
oxcarbazepine, and phenytoin). CBZ epoxy and oxcarbazepine are both carboxamides and
phenytoin is a hydantoin (Figure 3.2.). Both CBZ epoxy and oxcarbazepine structures correspond
to constrained dibenzazepine structures resulting in more compact collision cross sections. The
phenytoin structure is characterized by unconstrained phenyl moieties which yield a higher degree
of freedom and likely results in the larger observed collision cross section across the three isomers.
Further support for this observation is noted in that the two phenyl functional groups in phenytoin
are not coplanar. The structural differences between the two carboxamides is the epoxide group
on CBZ epoxy and the ketone group on oxcarbazepine. As these 3 AEDs have the same chemical
formula and are isobaric, it is these functional group differences that provide for structural
separation via DTIMS (PTCCSnz = 154.0 A%, PTCCS; = 155.8 A?, and PTCCSn; = 166.6 A?, for
CBZ epoxy, oxcarbazepine, and phenytoin, respectively). These structural separations of isobaric
AEDs occur within the time scale of traditional liquid chromatographic and ion mobility
techniques.®!

To further show the utility of the ion mobility separation capabilities, we analyzed a single
patient sample which contained levetiracetam, MHD, and zonisamide (Figure 3.4.). This data
shows the mass spectra from the complex patient sample when analyzed using filtering from the
four different modes of separation, specifically: MS only separation, LC-MS separation, DTIMS-
MS separation, and integrated LC-DTIMS-MS separation. Individual mass spectra were compared
to the theoretical isotopic distribution for each of these drugs. Mass spectra generated using the
LC-MS dimension successfully removed numerous interferences when compared to DTIMS-MS

(see levetiracetam and MHD, specifically). The DTIMS-MS dimension mass spectra for
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zonisamide removed concomitant species that the LC-MS dimension was unable to separate. The
combined LC-DTIMS-MS analyses yielded the least number of concomitant species and provides
relatively interference free mass spectra. The qualitative LC-DTIMS-MS results shown in this
manuscript demonstrate that measured AED CCS values in human serum samples can be matched
to pre-existing CCS values from AED standards. These data allow for an increase in confidence
in annotated features.>? Specifically, Figure C.3.B shows data generated from AED QCs and
patient samples with drift time alignments of levetiracetam, lamotrigine, zonisamide, pregabalin,
and MHD where the QCs (n = 3) confirms the identifications of the patient samples (n = 1) and
thus show the ability for LC-DTIMS-MS to increase confidence in identifications. These results
also highlight the benefits of adding the DTIMS dimension in studying complex samples.
Moreover, the CCS values for the AEDs measured in this work can be readily incorporated into
existing CCS libraries for inclusion into targeted and/or untargeted LC-DTIMS-MS workflows.
As CCS values have been previously shown to be highly reproducible (< 1.0% difference in an
interlab study)®®, CCS values for the 13 AEDs observed in our FIA-DTIMS-MS analyses can be
used as reference values for other laboratories. Utilizing database CCS matching provides
additional molecular confidence in annotating features in targeted and/or untargeted studies,
especially when combined with other molecular descriptors such as mass defect, isotope ratio

patterning, and fragmentation methods.3*52-5

3.4.  Conclusions
Polypharmacy is common for epileptic patients and many hospital laboratories use a
combination of immunoassays, LC-UV, and/or LC-MS/MS assays for TDM testing of AEDs. The

single, multiplexed, quantitative LC-MS/MS method outlined here would enable laboratories to
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simultaneously quantitate 14 AEDs when in-house mass spectrometry platforms are available. The
qualitative LC-DTIMS-MS analysis utilized accurate mass measurement and CCS values for
improved confidence in identifications generated from the LC-MS/MS method, and additionally
increased confidence in identifying AEDs previously unreported in patient samples. The tradeoff
between breadth and depth in molecular characterization utilizing DTIMS-MS methods is the
reduction in sensitivity over targeted triple quadrupole MS/MS (MRM) methodologies. A unique
advantage of DTIMS-MS methods is the ability to perform simultaneous MS/MS experiments for
all species on the timescale of the chromatography and ion mobility dimensions. The quantitative
and qualitative assays presented here are specific and offer quantitative separation of structural
isobaric isomers (e.g., CBZ epoxy, oxcarbazepine, and phenytoin) that should enable therapeutic

decisions to be made with higher confidence.
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CHAPTER 4

MULTIDIMENSIONAL SEPARATIONS OF INTACT PHASE Il STEROID METABOLITES
UTILIZING LC-ION MOBILITY-MS

4.1.  Introduction

Exogenous anabolic-androgenic steroids (AASs) are performance enhancement drugs
obtained by structural modifications of testosterone. AASs are the most reported prohibited
substances in competitive sports.X* Urine sampling is the matrix of choice for testing the presence
of AAS because many steroid metabolites are eliminated through urine. These metabolites are
typically targeted due to their slow elimination rate in the urinary system. This long elimination
time allows drug testing laboratories to detect them over an extended period. Furthermore, urine
is a non-invasive sample collection strategy. Usually, two phases of metabolism occur for AASs
in urine to inactivate the drug and facilitate its elimination from the body by converting AAS into
more polar compounds.! Phase | reactions mainly include oxidation and reduction, making them
more suitable for phase Il reactions. The most common phase Il reactions are conjugation with
sulfonic acid and glucuronic acid. Both phase | and phase Il reactions are enzyme-controlled.!>®

Routine analyses of AAS metabolites often use indirect methods such as hydrolysis of
phase Il metabolites, followed by liquid-liquid extraction and derivatization reactions for increased
volatility and thermal stability for GC-MS/MS detection.’” Sensitivity challenges in atmospheric
pressure ionization (API) methods have been extensively described for the aglycone counterparts
of AASs.2® Thus, the sensitivity required in drug testing is difficult to achieve. More recent work
has demonstrated that AAS phase 1l metabolites can be analyzed directly via LC-MS/MS due to

their moderate acidity.>1%12 Indeed, the LC-MS/MS strategy has been shown suitable to determine
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hydrolysis resistant glucuronide metabolites.** Nevertheless, this approach does not provide intact
steroid structural characterization but only unspecific fragment ions observed in their ESI MS2
spectra. Derivatization reactions are also sometimes used for LC-MS/MS analyses to overcome
fragmentation issues.'® Unfortunately, the sample preparation for derivatization reactions is time-
consuming and can yield multiple derivative products.’®

Despite these challenges, the best targets to track AAS misuse in sports are those eliminated
in urine over extended time periods. These are usually referred to as AAS long-term metabolites
(LTMs). These LTMs were a turning point in AASs characterization through expanding the
detection window of AASs in anti-doping analyses.>*® Discovering novel LTMs of AAS with
improved analytical capabilities has led to and will continue to provide significant improvements
in anti-doping detection.»'¢2' For example, dehydrocloromethyltestosterone’s (DHCMT)
estimated detection window without its LTM is 8-18 days, but through inclusion of its LTM this
window can be expanded to ca. 250 days.6-1719-2

Recently, new LTMs have been described in the sulfate fraction, but current methods can
not detect these metabolites in a high-throughput manner. Exhaustive and inefficient chemical
hydrolysis reactions are required to achieve the desirable un-sulfated derivative for MS analyses.??
GC-MS/MS analyses have been utilized for detecting the sulfate metabolites to avoid the
inconveniences described above. The degradation products of non-hydrolyzed sulfated metabolites
are detected, instead.?® This approach is not reliable since these degradation products are generated
in the GC injection port, and are difficult to control.

A further compounding complication is that the chemical and isomeric diversity of AAS
metabolites result in numerous isobaric peaks in the LC-MS/MS or LC-MS/MS (HRMS) analyses,

especially considering the high occurrence of coeluting interferences in human urine.?#?® To date,
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several different analytical strategies have been utilized to characterize AAS and related
metabolites,1116-202223.26-35 Tradijtionally, these techniques consist of GC-MS/MS, LC-MS/MS,
and/or LC-MS/MS (HRMS). However, inherent issues are apparent with phase Il steroid
metabolites selectivity due to poor fragmentation in API sources and tandem mass spectrometry
described by previous studies.'>?*3 More selective and sensitive analytical methods that are
capable of addressing sample complexity and throughput are needed in doping control laboratories
to discover novel markers and address the ongoing misuse of AASs.81637

lon mobility spectrometry (IMS) is a gas-phase separation technique that distinguishes ions
based on their size, shape, and charge state.®*% The IMS size and shape measurement takes the
form of an ion collision cross section (CCS), which is a coarse-grained surface area measurement
(reported in square angstroms, A?) encompassing the ion size as well as its interaction with the
neutral gas. IMS separates ions based on differences in gas phase electrophoretic mobility, while
in contrast, GC and LC separations are basically based on differences in analyte boiling point and
polarity, respectively. Gas-phase IMS analyses are rapid, typically occurring on a time scale of
less than 100 ms per spectrum, whereas condensed phase LC-MS is on the time scale of minutes.
Therefore, IMS can be included in existing anti-doping workflows without compromising
analytical throughput, providing an additional separation dimension and an associated molecular
descriptor (CCS) to support analyte detection and identification.®®%° Previously, IMS has been
utilized to characterize AAS, phase | metabolites, and phase 1l metabolites.?**6-"2 The IMS
techniques, such as field asymmetric IMS (FAIMS), traveling wave IMS (TWIMS), and drift tube
IMS (DTIMS), each have been utilized for AAS analyses, although they each have different
principles of operation.5®®”-74 The Yost research group investigated the effect of cation adducts on

FAIMS using AAS isomers. Their principle findings were that separation of isomeric AASs
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utilizing Group 1 cation adducts is possible with no increase in analysis time and no additional
instrumentation beyond the FAIMS system, which is useful for high-throughput screening.”
Hernandez-Mesa et al. have successfully cross-validated the first TWIMS database for steroids in
calves urine and obtained CCS values within 2% of those values contained in literature databases.%®
The Chouinard group has demonstrated the application of the Paterno-Biichi reaction for structural
modification of steroid isomers, prompting improved identification by DTIMS, which is promising
due to the simplicity, low cost, and relatively high efficiency of the Paterno-Biichi reaction.®’

Online, multidimensional analytical separations such as liquid chromatography-ion
mobility-mass spectrometry (LC-IMS-MS) may be necessary for AAS analyses, particularly for
complex sample matrices where numerous isobaric compounds (e.g., nominal mass interferents
and structural isomers of the analyte(s)) can be common.?*%"-> In addition to LC-MS/MS (HRMS)
and GC-MS/MS, LC-IMS-MS has become an essential analytical technique for characterizing
metabolites simultaneously by molecular structure and weight.*®:52:63.66.75-77

In this work, we describe an LC-IMS-MS workflow based on DTIMS that can be utilized
to support anti-doping efforts to identify relevant and essential AAS phase Il intact metabolites in
human urine (Figure 4.1.). Collision cross section (CCS) values derived from DTIMS show utility
in improving the confidence in assigning small-molecule AAS identifications. Broadly, the
mobility-mass correlations are used to identify other metabolites with similar structural properties
that can be targeted in further analyses. The combined LC-IMS-MS workflow described here
delivers reliable and accurate qualification results for AAS phase 1l metabolites and should prove

beneficial for laboratories interested in increasing efficiency and accuracy in anti-doping analyses.
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Figure 4.1. The anabolic-androgenic steroids (AASs) analytical workflow for the liquid
chromatography (LC)-ion mobility (IMS)-mass spectrometry (MS) method with 17-
methyltestosterone sulfate metabolite 3 (Epi-THMT S3 as [M-H20-H] found in Figure D.1.) as
an example using the 10 minute LC method (Table D.1.). (A) EPI-THMT S3’s chemical structure,
color coordination legend, sample preparation, LC chromatograms relative intensity vs. retention
time in minutes (min) as extracted ion chromatograms (EIC) for 367.1930 m/z. (B) Comparison of
collision cross section (CCS) values vs. retention time (min), drift time relative intensity vs. IM
spectra in milliseconds (ms). (C) HRMS mass spectra relative intensity vs. m/z with a mass
resolution of ~10,000. In (B) standard error bars were used to demonstrate overlapping CCS values
vs. retention times and are within the scale of the marker for most values (n = 3 intraday technical

replicates).
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4.2.  Experimental Methods
4.2.1. Standards and Chemicals

Steroids utilized in this study are presented in Table 4.1. Epitestosterone S (4-androsten-
17a-0l-3-one sulphate), 7-Keto DHEA-3 S (5-androsten-3p-ol-7,17-dione sulphate), 16a-hydroxy
DHEA S (5-androsten-3B, 16a-diol-17-one-3 sulphate), Prednisolone 21-S (1,4-pregnadien-
11,17,21-triol-3,20-dione 21-sulphate), 11-Ketoetiocholanolone S (5B-androstan-3a-ol-11,17-
dione sulphate), Prasterone S (3) (5-androsten-33-OL-17-one sulphate), Epiandrosterone S (5a-
androstan-3p3-ol-17-one sulphate), Prasterone (3a) S (5-androsten-3a-OL-17-one sulphate), Sa-
androstan-3p-ol-one S, Etiocholanolone S (5B-androstan-3a-0l-17-one sulphate), and
Androsterone S (5a-androstan-3a-ol-17-one sulphate) were purchased from Steraloids Inc.
(Newport, RI, USA). Drostanolone M1 G (2a-methyl-5a-androstan-3a-ol-17-one-3-p-D-
glucuronic acid), Methenolone M1 G (1-methylene-5a-androstan-3a-ol-17-one-3-p-D-glucuronic
acid), Mesterolone M1 G (la-methyl-5a-androstan-3a-ol-17-one-3p-D-glucuronic acid),
Mesterolone M2 G (1a-methyl-5a-androstan-3a,17p-diol-3-B-D-glucuronic acid), Boldenone G
(1,4-adrostadien-17p-diol-3-one-17-p-D-glucuronic acid), Bolasterone M1 G (7a,17a-dimethyl-
5B-androstan-3a.,17p-diol-3-B-D-glucuronic acid), Stanozolol 3’OH G (Sa-androstan-[3,2-c]
pyrazole-3’,17p-diol-17a-methyl-3’-p-glucuronic acid , Nandrolone G (4-estren-17p3-ol-3-one-17-
B-D-glucuronic acid), Epinandrolone S (17a-sulfoxy-4-estren-3-one), 19-norandrosterone D4 G
(2,2,4,4-d4-5a-Estran-3a-0l-17-one-3-B-D- glucuronic acid), Testosterone D3 S (16,16,17a-d3-

17B-sulfoxy-androst-4-en-3-one) were purchased from The National Measurement
Institute of Australia (NMIA). Epi-THMT S3 (3a-sulfoxy-17p-methyl-53-androstan-17a-ol) was
a kind gift from the Institute Hospital del Mar d’Investigacions Médiques (IMIM) (Barcelona,

Spain).
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Table 4.1. AASs separated by isomer groups, neutral formulas, neutral exact mass, adduct exact
mass, retention time (RT) using the 15 minute method, elution order annotation, RT CV%,
collision cross sections (A?), and CCS CV% (n = 3 technical replicates over 3 different days at 5
pg/mL). The color coordination is for isomer types described throughout this manuscript.

AAS Formula Exact Mass [M-H]I'  Elution # RT(min) RTCV% CCS CCSCV%
Epi-THMT §3 C20H31205S 386.213 385.205 22 9.5 0.2 200.9 0.1
Methenolone M1G C2cH3:30s 478.257 477.249 18 6.4 0.2 217.5 0.2
7-Keto DHEA-3 S C1sH2606S 382.145 381.137 1 1.4 2.1 194.9 0.2
Bolasterone M1G Cz7Haa0s 496.304 495.296 19 6.4 0.5 212.1 0.1
EpiNandrolone S CigH260:5 354.150 353.142 7 3.1 2.3 189.3 0.1
Boldenone G CasH340s 462,225 461,218 5 2.8 23 2174 0.1
Prednisolone 21-5 C21H2:0:5 440.151 439.143 3 2.1 3.2 196.9 0.1
Mesterolone M2 G C26Ha20s 482.288 481.280 17 6.3 0.3 220.0 0.2
Nandreolone G C24H3:40: 450.225 449.218 6 2.8 2.5 215.3 0.1
Stanozolol 1'N-G C27HaoN:07 504.284 503.276 10 4.1 1.4 230.9 0.2
Stanozolol 3'OH G C27H10N20s 520.279 519.271 14 5 0.6 229.6 0.1
Constitutional Isomers
16a-hydroxy DHEA 3-5 CisHz5065 384,161 383.153 2 1.9 1.0 199.0 0.1
11-Ketoetiocholanclone S CisHz:065 384.161 383.153 4 2.5 1.8 188.4 0.1
Sa-androstan-3B-ol-16-one S Ci1sH30058 370.181 369.174 13 4.7 1.6 197.1 0.1
EpitestosteroneS Ci15H250s5 368.166 367.158 9 4.1 2.1 192.9 0.1
Mesterolone M1G C26Ha009 480.272 479.265 20 7.3 0.3 217.7 0.2
Drostanolone M1 G C26Ha00s 480.272 479.265 21 8.5 03 2186 0.2
Stereoisomers
Prasterone 5 (3a) CisH28055 368.166 367.158 12 4.6 1.9 194.6 0.1
Prasterone 5 (3p) Ci1sH280s5 368.166 367.158 8 3.9 1.1 196.3 0.1
Etiocholanolone S Ci9H2005S 370.181 369.174 15 5.4 1.2 196.1 0.1
Androsterone S CisHz00s8 370.181 369.174 16 5.5 0.6 195.5 0.1
Epiandrosterone S CisH30055 370.181 369.174 11 4.5 2.1 197.4 0.2
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Stanozolol 1’N-G (5a-androstan-[3,2-c] pyrazole-3°,17p-diol-17a-methyl-1"N-glucuronic acid)
was provided by Seibersdorf Laboratories (Austria). All 22 AAS chemical structures are shown in
Figure 4.2., with sections depicting constitutional isomer and stereoisomer groups along with CCS
values for interday (n = 3 technical replicates over 3 different days) analyses in this study. Optima
LC/MS grade water, methanol, formic acid, and ammonium formate were obtained from Fisher

Scientific (Hampton, NH, USA).

4.2.2. Human Urine Extraction and Preparation

For urine samples analyzed in Figure 4.1. (Epi-THMT S3 as an example), a solid-phase
extraction (SPE-C1g Cartridges) was carried out. Briefly, 2 mL of methanol and 2 mL of water
were used for cartridge conditioning. Afterward, the cartridge was loaded with 5 mL of human
urine samples. The cartridges were washed with a mixture of methanol/water 10%. The steroid
metabolites were eluted with 100% methanol. The solvent was evaporated under a nitrogen stream
at 40°C for 40 min. The final extract was reconstituted with 100 puL of mobile phase buffer before

analyses.

4.2.3. Chromatographic Conditions

For the LC-IMS-MS method, steroid standards were analyzed using a 2.1 x 75 mm (1.7
pum) reverse phase column, Waters ACQUITY BEH C18 (Waters Corporation, Milford, MA) with
a2.1x5mm 1.7 um Waters ACQUITY BEH C18 Vanguard precolumn (Waters Corporation,
Milford, MA), maintained at 45°C for separation by Ultra High-Pressure Liquid Chromatography

(UHPLC, Agilent 1290 Infinity | system, Agilent Technologies, Santa Clara, CA).
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Figure 4.2. Chemical structures of 22 phase Il steroids categorized as (A) non-isomeric, (B)
constitutional isomers, and (C) stereoisomers. Reported CCS measurements represent n = 3
technical replicates over 3 different days at 5 pg/mL. The color coordination is for isomer groups
and the red stars indicate positions of stereochemistry that differentiate stereoisomers.
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Mobile phase A consisted of water with 0.1% formic acid and 1 mM ammonium formate. Mobile
Phase B consisted of methanol with 0.1% formic acid and 1 mM ammonium formate. The UHPLC
was directly coupled online to a commercial DTIMS-MS (6560, Agilent Technologies, Santa
Clara, Ca). A 10 pL sample was injected at a flow rate of 400 puL/min and was analyzed using the
following chromatographic conditions (15 minute runtime including purge and equilibration
times): mobile phase B was maintained at 45% for the first 1 minute for an initial isocratic hold,
linearly increased from 45% to 70% over 8.5 minutes, linearly increased again from 70% to 100%
over 1 minute, and held at 100% for 1.5 minutes. Mobile phase B returned to 45% by 13 minutes
and was held at 45% for 2 minutes to re-equilibrate the column. Figure 4.1. shows a 10 min LC
method used for human urine samples to increase throughput (Table D.1.). In these methods, the
initial isocratic hold, final purge, and re-equilibration times were performed to ensure efficient
cleaning, minimize carryover, and preserve column integrity. A representative chromatogram of

the 22 AASs and mobile phase B gradient for the 15 min LC method is shown in Figure 4.3.A.

4.2.4. DTIMS-MS Conditions

AASs were analyzed in negative ionization mode using the Jet Stream ESI source (Agilent
Technologies, Santa Clara, CA) coupled with a drift tube IMS mass spectrometer (6560, Agilent
Technologies) using settings similar to previously described instrumental methods,38:444647.50.78
lonization source conditions were optimized (e.g., gas temperature, drying gas, nebulizer pressure,
sheath gas temperature, sheath gas flow, capillary voltage, and nozzle voltage in Table D.1.) by
flow injection analysis (FIA) to maximize sensitivity. Briefly, the LC-IMS-MS method consisted
of a single-field drift time analyses using nitrogen drift gas with the drift tube at a temperature of

30°C, a pressure of 4.0 Torr, and an electric field of 17.3 V/cm.
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Figure 4.3. (A) LC-IMS-MS analysis showing an LC chromatogram of 22 phase 11 AAS. Dashed
chromatograms are isomer groups. The dotted grey line represents %B mobile phase gradient. (B)
The elution order of the 22 phase 11 AAS where the color coordination designates isomer groups.
(C) Correlation of LC retention times and CCS values to specific types of phase Il steroids
(glucuronic acids are in orange and sulfonic acids are in blue). Error bars for both variation in
retention times and CCS are shown and are for most values within the scale of the marker (n =3
technical replicates over 3 different days at 5 pg/mL).
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A calibrated single field CCS method was used to calculate CCS values via the Mason-Schamp
equation.*® Data were acquired using Agilent’s MassHunter Workstation Data Acquisition
software. Data were analyzed using Agilent’s MassHunter Qualitative Analysis software,
Agilent’s MassHunter IM-MS Browser, and Skyline (MacCoss Lab).”®° A representative CCS
vs. retention time plot of the 22 AAS IMS and LC profiles is shown in Figure 4.3.C. Table 4.1.
also denotes AAS formulas, exact masses, isomer groups, [M-H] measured masses, retention
times (RT), RT coefficient of variations (CV%), CCS, and CCS CV%. CCS and m/z correlations

are shown in Figure 4.4. and Figure D.2.

4.3.  Results and Discussion
43.1. LC-IMS-MS

The range of retention times (min) and ion mobility CCS values from LC-IMS-MS are
shown in Figure 4.3. These data collectively demonstrate the structural diversity among the AAS
phase Il steroids outlined in this study even though there are many isomer groups (Table 4.1. and
Figure 4.2). Chromatographically, most AAS were shown to display statistically different
separation with some overlapping retention times (based on CV% in Table 4.1. and standard error
bars in Figure 4.3.A). For AASs that did not exhibit baseline separation chromatographically, the
data show that there were statistically distinct CCS values for most AASs (difference based on
standard error bars in Figure 4.3.). Also, HRMS was able to resolve non-isomeric AAS coelution
(Figure 4.4.).

Through combining LC, IMS, and MS data, nearly all AASs examined were separated in

either chromatographic or CCS values except for Epiandrosterone S and
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5a-androstan-3p-ol-16-one S (font colors represent AAS isomers in Table 4.1., Figure 4.2, and
Figure 4.3.). Separation of isomeric AAS via LC-IMS-MS can also be observed in Figure 4.4.
and Figure D.2. The data in Figure D.2. exemplify the presence of unique mass-mobility
correlations with £ 10% deviation from the best fit line for 13 sulfate AASs and for 9 glucuronide
AASs. This differentiation demonstrates the structural properties of AAS and lays the groundwork
for using CCS measurements as an identifier in untargeted and/or targeted AAS studies.*® Taken
together, LC-IMS-MS data strengthen the confidence in identifying AAS in a complex biological
matrix and offers a characterization strategy of potentially unknown or known structurally similar
steroids or steroid-like compounds in urine as chromatographically coeluting interferences.
Interferences in complex biological matrixes can complicate accurate identification in anti-doping
analyses, which ultimately may lead to disciplinary decisions for an athlete that might be different

with improved analytical accuracy and precision.

4.3.2. Isomer Separation

To assess the utility of the LC-IMS-MS method for separating isomeric AASs (Table 4.1.
and Figure 4.2), we analyzed 11 analytes belonging to 4 isomeric sets including 16a-hydroxy
DHEA 3-S (in blue), 11-ketoetiocholoanolone S (in blue), Prasterone S (3B) (in green),
Epitestosterone S (in green), Prasterone S (3a) (in green), Epiandrosterone S (in gold), 5a-
androstan-3p-ol-16-one S (in gold), Etiocholanolone S (in gold), Androsterone S (in gold),
Mesterolone M1 G (in orange), and Drostanolone M1 G (in orange). Because isomers have the
same chemical formula, this presents challenges for mass separation alone. However, LC-IMS-
MS analyses give the most accurate results (Mesterolone M1 G and Drostanolone M1 G in Figure

4.3.). In the IMS dimension, statistically different separation was readily obtained for all isomer
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sets except for Epiandrosterone S and Sa-androstan-3p3-ol-16-one S (difference based on standard
error bars in Figure 4.4. and Figure D.2.). The IMS single-peak resolving power (Rp) values and
FWHM peak widths for Epiandrosterone S were 40.2 and 0.68 ms, respectively. The IMS Rp
values and FWHM peak widths for 5a-androstan-33-ol-16-one S were 42.3 and 0.65 ms,
respectively. These two AAS phase Il metabolites would benefit from high resolution IMS
techniques such as extended path-length traveling wave IMS (cyclic TWIMS), Structures for
Lossless lon Manipulation (SLIM), or ion multiplexing using DTIMS.88 Structural analyses of
the stereoisomers (in green, Table 4.1. and Figure 4.2), Prasterone S (3a)), and Prasterone S (3p)
along with their constitutional isomer, Epitestosterone S, showed that stereochemistry of the

stereoisomers yielded both statistically different CCS and RT values from each other (in green,
difference based on standard error bars in Figure 4.3.C). Epitestosterone S exhibited statistically
different CCS and RT values from its two isomers mentioned previously (in green, difference
based on standard error bars in Figure 4.3.C). The stereoisomers structural analysis (in gold, Table
4.1.), Epiandrosterone S, Etiocholanolone S, and Androsterone S do not all have statistically
different RT values but do have statistically different CCS values (in gold, difference based on
standard error bars in Figure 4.3. and Figure 4.4.). The constitutional isomer, 5-a-androstan-3f-
ol-16-one S, yielded statistically different RT but not CCS values when compared to
Epiandrosterone S (in gold, difference based on standard error bars in Figure 4.3.C, Figure 4.4.,
and Figure D.2.). Each of the constitutional isomer sets (in blue and orange, Table 4.1.), 16a-
hydroxy DHEA 3-S (in blue), 11-ketoetiocholanolone S (in blue), Mesterolone M1 G (in orange),
and Drostanolone M1 G (in orange) all have statistically different RT and CCS values (difference

based on standard error bars in Figure 4.3.).
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4.3.3. Mass-Mobility Correlations

This study's primary objectives were to determine CCS values of known AAS standards
and develop correlations between mass and CCS values for two of the main AAS phase Il
metabolite groups (sulfonic acid and glucuronic acid). The fused ring sterol core, common to these
AAS, has no rotational freedom. Therefore, the variability in CCS values is introduced by ketones,
double bonds, a pyrazole ring, and stereochemistry of proton, methyl, hydroxyl, sulfate, and
glucuronide functional groups. AASs cluster in CCS vs. m/z conformational space based on their
structural similarity (Figure 4.4. and Figure D.2.). The AAS sulfate-conjugates exhibited the
smaller CCS values, likely resulting from this group possessing a smaller sulfonic acid functional
group than the glucuronides. The IMS resolving power was able to show statistically different CCS
values between most compounds within isomer sets (color coordinating in Table 4.1. and Figure
4.2). The AAS glucuronide-conjugates exhibited larger CCS values, likely because of the larger
glucuronic acid functional groups.

Utilizing the CCS values reported here, we can develop correlations similar to those used
by Picache et al. in the Unified CCS Compendium by mapping expected mobility-mass space for
AAS phase Il metabolites.*® Our AAS data is plotted using a power fit. This correlation is
representative of AAS phase Il metabolites (sulfate and glucuronide). By reporting an AAS
correlation generated from standard reference materials (Figure 4.4. and Figure D.2.) and using
it to identify known and unknown AAS in human samples CCS values in future studies, we can
increase AAS annotation confidence.”® Utilizing the information gained from the trendline
classification of AAS phase Il metabolites shows great promise for identifying new and emerging

AASs by plotting their m/z and CCS values. All values fall within + 10% of the calculated
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correlation, demonstrating its use for potentially identifying AAS phase 1l metabolite unknowns

(Figure D.2.).

4.3.4. Relationships Between CCS, Retention Time, and Mass-to-Charge

Sulfate and glucuronide AAS phase Il metabolites were characterized using both RT and
CCS values to examine the complementary separation of each dimension (Figure 4.3.). There was
no consistent trend in the LC elution order as both sulfate and glucuronide AAS phase Il
metabolites eluted at different times throughout the chromatographic method. However, in the IMS
analyses, the sulfate metabolites' CCS values are smaller than the glucuronide metabolites. By
combining approaches, most of the isomers can be resolved cooperatively using LC-IMS-MS.

This study has four isomeric groups consisting of both constitutional isomers and
stereoisomers analyzed individually and in a mixture. The LC and IMS separations in Figure 4.3.
illustrate the power of orthogonal separation mechanisms of polarity (LC) and molecular size in
the gas phase (IMS). Although not all the isomeric AAS phase Il metabolites could be resolved by
the LC or MS dimension alone, coupling these two techniques provides a more comprehensive

example of isomer separation in 3-dimensional space (LC-IMS-MS).

4.3.5. AAS in Human Urine

To evaluate the fitness for purpose of our LC-IMS-MS method, urine samples spiked with
Epi-THMT S3 were tested after the SPE extraction protocol described in the Methods section
(Figure D.1.). This metabolite was assessed at several low concentration levels to demonstrate
analytical figures of merit, such as limits of detection and quantification limits in human urine,

shown in Figure D.1. In addition to ppb level quantification/linearity, high mass measurement
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accuracy, and retention time alignment afforded by our instrument setup, observed CCS values for
Epi-THMT S3 in the human urine samples are in good agreement with CCS values from neat
standards analyzed on different days (typically <0.5% difference) as shown in Figure D.1. These
results illustrate the potential benefits of adding the IMS separation to current analytic workflows

in routine testing laboratories performing urine analyses, especially for anti-doping purposes.

4.4. Conclusions

Overall, our results show that the use of IMS as a molecular descriptor in addition to
accurate mass and retention time alignment in AAS phase Il metabolite analyses has great potential
for characterizing phase 1l metabolite groups and identifying various legacy and emerging AAS
species. In the trendline assessments relating CCS to m/z, each subclass was separated from the
others based on their structural properties. These separations provide additional descriptors for the
molecules and can point to new species in biological samples. For the future, CCS prediction using
machine learning algorithms will be necessary to populate the numerous possible AAS CCS values
with high speed and accuracy (DeepCCS).#" It should be noted that the results in this manuscript
are a proof of concept to demonstrate that measured CCS values in human urine samples can be
matched to pre-existing CCS values from neat standards to increase confidence in annotated
features. In this analytical workflow, we did not evaluate explicit concentration levels for all AAS.
Instead, this sampling provides qualitative measurements of AAS detection and CCS
reproducibility. The results also highlight positive benefits of adding IMS dimension, such as the
fact that while LC retention time precision can be influenced by a number of factors including

system void volume, variations in solvent composition, or changes in pH. On the other hand, CCS
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is an intrinsic molecular descriptor of gas-phase surface area and is generally thought to be less
affected by experimental variables.

Moreover, the CCS values for AAS measured in this work will be readily incorporated into
existing CCS libraries for inclusion into LC-IMS-MS workflows. Often, CCS values are highly
reproducible (often less than 1.0% different between laboratories).*® Anti-doping analyses can
significantly benefit from database CCS matching with unknown analytes for additional molecular
confidence in annotating unknown features in untargeted studies, especially in cases where

reference materials are not available.
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CHAPTER 5

PERSPECTIVES ON EMERGING AND FUTURE DIRECTIONS

5.1.  Summary

Routine small molecule quantification in the clinical setting is challenging. Some methods,
such as immunoassays and liquid chromatography with ultraviolet (UV) detection, may not exhibit
the selectivity or low limits of detection and quantification required. Chapter 1 of the dissertation
reports a reversed-phase liquid chromatography-tandem mass spectrometry (RPLC-MS/MS)
method to detect and quantify 14 anti-epileptic drugs (AEDs) in human serum as an example of
method development, validation, and application workflows. The optimized method was validated
under the FDA bioanalytical method validation and CLSI C62-A guidance documents evaluating
analyte recovery, matrix effects, precision, accuracy, selectivity, stability, and carryover.? This
method can provide clinical laboratories with a robust and selective quantitative protocol for
measuring analytes in serum and better optimizing dosing or response to therapy.

Recent research regarding amino acid metabolism has shown that there may be a link
between obesity and Alzheimer’s Disease (AD). Chapter 2 reports a metabolomics study using
targeted and untargeted strategies. Targeted liquid chromatography-triple quadrupole mass
spectrometry (LC-MS/MS) and untargeted liquid chromatography-high resolution tandem mass
spectrometry (LC-HRMS/MS) assays analyzed the metabolic changes that occur in AD and
obesity. APPswe/PS1ars (APP/PSEN1) transgenic mice (to represent familial or early-onset AD)
and wild-type litter mater controls were fed either a high-fat diet (HFD, 60% kcal from lard), low-
fat diet (LFD, 10% kcal from lard) from 2 months of age, or reversal diet (REV, high fat followed

by low fat from 9.5 months). For the targeted analysis, we applied the guidelines outlined in the
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Clinical and Laboratory Standards Institute (CLSI) LC-MS C62-A document and the U.S. Food
and Drug Administration (FDA) Bioanalytical Method Validation Guidance for Industry to
evaluate the assay’s figures of merit, and these include linearity, analyte recovery, matrix effects,
precision, and accuracy.? Our targeted and untargeted metabolomics results suggest that
numerous peripheral pathways, specifically amino acid metabolism, were significantly affected by
AD and diet. The same trends in individual amino acids were observed in both strategies,
highlighting the results' biological trueness. More substantial effects and more changes were
observed in the APP/PSEN1 mice, suggesting that they were more sensitive to an HFD. Taken
together, these data suggest that there are independent and combinatorial effects of AD and HFD
on metabolic dysregulation.

Routine small molecule analysis needs high selectivity and/or low limits of quantification.
Chapter 3 reports a liquid chromatography-tandem mass spectrometry (LC-MS/MS) method to
quantify 14 anti-epileptic drugs (AEDs) in human serum. For the optimized LC-MS/MS method
described herein, we applied the guidelines outlined in the Clinical and Laboratory Standards
Institute (CLSI) LC-MS C62-A document and the U.S. Food and Drug Administration (FDA)
Bioanalytical Method Validation Guidance for Industry to evaluate the quality of the assay.!? In
these studies, AED linearity, analyte recovery, matrix effects, precision, and accuracy were
assessed. Using liquid chromatography drift tube ion mobility mass spectrometry (LC-DTIMS-
MS), a qualitative method was also used to increase AED identification confidence using accurate
mass and collision cross section (CCS) measurements. The LC-DTIMS-MS method was also used
to assess the ability of drift tube CCS measurements to aid in the separation and identification of
AED structural isomers and other AEDs. These data show that another dimension of information,

namely CCS measurements, provides an orthogonal dimension of structural information needed
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for AED analysis. Multiplexed AED measurements using LC-MS/MS and LC-DTIMS-MS can
enable better optimization of dosing due to the high precision capabilities available in these types
of analytical studies. Taken together, these data also show the ability to increase confidence in
small molecule identification and quantification using these analytical technologies.

The detection and unambiguous identification of anabolic-androgenic steroid metabolites
are essential in clinical, forensic, and anti-doping analyses (Chapter 4). Recently, sulfate phase Il
steroid metabolites have received increased attention in steroid metabolism and drug testing. In
large part, this is because phase Il steroid metabolites are excreted for an extended time, making
them a potential long-term chemical marker of choice for tracking steroid misuse in sports.
Comprehensive analytical methods, such as liquid chromatography-tandem mass spectrometry
(LC-MS/MS), have been used to detect and identify glucuronide and sulfate steroids in human
urine with high sensitivity and reliability. However, LC-MS/MS identification strategies can be
hindered because phase Il steroid metabolites generate non-selective ion fragments across the
different metabolite markers, limiting the confidence in metabolite identifications that rely on
exact mass measurement and MS/MS information. Additionally, liquid chromatography-high
resolution mass spectrometry (LC-HRMS) and LC-MS/MS are sometimes insufficient at fully
resolving the analyte peaks from the sample matrix (commonly urine) chemical noise, further
complicating accurate identification efforts. Therefore, we developed a liquid chromatography-ion
mobility-mass spectrometry (LC-IMS-MS) method to demonstrate the potential use of drift tube
ion mobility to derive collision cross section (CCS) values as an additional molecular descriptor

in steroid analyses.

119



5.2.  Future Directions
5.2.1. Elucidating Peripheral Amino Acid Changes in Obesity and Alzheimer’s Disease Using
Metabolomics Based LC-MS/MS and LC-HRMS/MS

Future work should now focus on studying larger classes of biomolecules involved in
mitochondrial dysfunction, such as lipids and carnitines. Also, utilizing LC-IMS-MS to identify

isomeric compounds with high accuracy should be the next step.

5.2.2. Targeted Strategy to Analyze Anti-Epileptic Drugs in Human Serum by LC-MS/MS and
LC-lon Mobility-MS

To gain a better insight into small molecule analysis with fragmentation utilizing LC-IMS-
MS/MS, fragmentation patterns can be validated on the DTIMS platform with pre- and post-IMS
fragments according to FDA and CLSI guidelines.>? This can be performed in a single injection
by performing a novel interleaved high/low energy CID experiment. These types of experiments

would allow the investigation of isomeric compounds to a degree not yet explored.

5.2.3. Multidimensional Separations of Intact Phase Il Steroid Metabolites Utilizing LC-lon
Mobility-MS

The reported work in this study for AAS phase Il metabolites will be used to evaluate
targeted and untargeted human urine analyses. The orthogonality of IMS provides an extra feature
for AAS phase Il steroids identification besides the HRMS and LC dimensions. This extra
analytical information is of utmost importance for structure elucidation, mainly for those phase Il
metabolites without reference material commercially available. Currently, AAS structure

elucidation can only be assumed due to their ambiguous ESI MS2 spectra. The data in this
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manuscript demonstrates the utility of the reported CCS values for annotating and identifying
metabolites in LC-IMS-MS data sets.

A comparison of a single pulse reconstructed (standard demultiplexed) and high resolution
demultiplexed (HRdm) LC-IMS-MS spectra can be seen in Figure 5.1. for Epi-THMT S3. This
ion multiplexing analytical workflow is described in detail elsewhere.® In contrast to the
conventional single pulse spectrum (Figure 5.1.A), the standard demultiplex (Figure 5.1.B) is
qualitatively similar to the singly pulse spectrum, except that the signal intensity is significantly
higher for the demultiplexed spectrum. Note here that the overall signal does not change when
processing the data with HRdm (Figure 5.1.C). While some gain in resolving power might be
expected from ion multiplexing due to the transmission of low-density ion pulses that are less
prone to space charge broadening, in practice, the IMS resolution differences between single pulse
and standard demultiplexed data are not significant. This can be observed by comparing the IMS
spectra of Epi-THMT S3 in single pulse (Figure 5.1.A) and standard demultiplexed (Figure 5.1.B)
modes, where the R, value for the standard demultiplexed data was less than the single peak
resolution (Rp) of the single pulse measurement. For Epi-THMT S3 data processed with HRdm, a
single and significantly narrower IMS peak is observed. Future studies will entail analyzing AAS
isomer sets in human urine with HRdm and high resolution IMS techniques such as extended path-
length traveling wave IMS (cyclic TWIMS), Structures for Lossless lon Manipulation (SLIM), or
ion multiplexing using DTIMS to ascertain whether analytical benefits arise from the increased
IMS resolution for routine urine analyses.®>® Also, CCS prediction using machine learning
algorithms will be necessary to populate the multiple possible AAS CCS values with high speed

and accuracy (DeepCCS).°
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(A) Single Pulse (B) Standard Demultiplexed (C) HRdm
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Figure 5.1. Example 2D LC-IMS-MS spectra (LC not shown) of Epi-THMT S3 as a pure standard
obtained from (A) conventional single pulse IM experiment at 0.5 ppb, (B) demultiplexed LC-
IMS-MS spectrum at 500 ppb, and (C) HRdm processed ion multiplex data at 500 ppb. The single-
peak resolving power values and FWHM peak widths are listed next to each IMS peak. May and
co-workers have previously described DTIMS-MS ion multiplexing experiments where this figure
was in part adapted.®
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5.3. Concluding Remarks

Many different biological applications utilize all sorts of analytical platforms and have
been increasing in analytical utility over the years. With this fact in mind, my graduate studies
have primarily been devoted to benchmarking gold standard analytical methods with IMS methods
to create cohesive workflows that include IMS but do not ultimately change or hinder current
analytical workflows.>?° Studies using method validation are provided in Chapters 1, 2, and 3 of
this dissertation, more specifically applied to routine clinical therapeutic drug management
programs that often use quantitative immunoassays, LC-UV, and/or by LC-MS/MS (Chapters 1
and 3). Also, routine analysis of anabolic-androgenic steroids (AAS) is often performed using GC-
MS/MS or LC-MS/MS. However, we have developed an LC-IMS-MS method for routine AAS
analysis (Chapter 4).1%-1° Using IMS for real-world applications; the works complied in this
dissertation demonstrated IMS's utility in analytical settings like academia, clinical, industry,
government, and any other routine testing environments that depend on analytical workflows to
produce accurate results when analyzing complex biological matrices. Using workflows like these
to supplement currently existing analytical workflows allows researchers to confidently identify
isomeric species that may have been causing issues or questionable analytical results leading to
troublesome auditing processes. Advances found in this dissertation will push the field of ion
mobility forward in the mass spectrometry community and help any scientific community that

depends on reliable data from analytical chemistry.
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Figure B.1. Extracted ion chromatograms from HILIC-MS/MS method for 11 amino acids studied
in this work at quality control (QC) mid-level concentrations. This chromatographic method
demonstrates the ability to separate isomeric amino acids (L-Leucine and L-Isoleucine), allowing
them to be quantitated independently.
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Table B.1. Amino acid MRM transitions, retention times (min), retention time windows,
fragmentor voltages, collision energy voltages, polarity, and stable isotopically labeled internal
standard assignments.

Compound
Name

L-Alanine

L-Alanine

L-Alanine
(13C1)
L-Glutamic
Acid
L-Glutamic
Acid
L-Glutamic
Acid (D5)
L-Glutamic
Acid (D5)

Glycine (D5)
Glycine (D5)
Glycine
L-Isoleucine

L-Isoleucine

L-Isoleucine

L-Isoleucine
(DY)
L-Isoleucine
(DY)

L-Leucine
L-Leucine

L-Leucine
L-Leucine (D2)
L-Leucine (D2)

L-Methionine

L-Methionine

L-Methionine
(D4)
L-Methionine
(D4)
|__
Phenylalanine

L-
Phenylalanine

Precursor
lon

90

90

91

148

148

153

132

132

132

133

133

132

132

132

134
134

150

150

154

154

166

166

Product
lon

44

44

44

130

84

135

107

50
32
30

86

69

55

87

70

86

69

55

88
71

133

104

137

108

103

120

RT
(min)

8.6
8.6
8.6
10.5
105
10.5

10.5

9.6
9.6
9.6

53
53
53
53
53
4.9
4.9

4.9

4.9
4.9

5.8
5.8
5.8

5.8

45

4.5

Delta
Ret
Time

6

6

6

6

6

10

10

10
10
6

10

10

10
10

10

10

Fragmentor

70
70
70
75
75
80

80

85
85
70

105
105
105
90

90

105
105

105

90
90

100
100
90

90

80

80
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Collision
Energy

11
11
11
7
16
8

10

4
12
11

9
19
31
10
20

9
19

31

10
20

7
9
8

10

33

13

Cell
Accelerator
Voltage

3

3

Polarity

Positive
Positive
Positive
Positive
Positive
Positive

Positive

Positive
Positive

Positive

Positive
Positive
Positive
Positive
Positive
Positive
Positive

Positive

Positive
Positive

Positive
Positive
Positive

Positive

Positive

Positive

Metabolite
to normalize
to
L-Alanine
(13C1)
L-Alanine
(13C1)

N/A

L-Glutamic
Acid (D5)
L-Glutamic
Acid (D5)

N/A

N/A

N/A
N/A
Glycine (D5)
L-Isoleucine
(D1)
L-Isoleucine
(D1)
L-Isoleucine
(D1)

N/A

N/A

L-Leucine
(D2)
L-Leucine
(D2)
L-Leucine
(D2)
N/A

N/A
L-Methionine
(D4)
L-Methionine
(D4)

N/A

N/A

L-
Phenylalanine
(D8)

L-
Phenylalanine
(D8)



L-
Phenylalanine
(D8)

L-Threonine

L-Threonine

L-Threonine
(D2)
L-Threonine
(D2)

L-Tryptophan

L-Tryptophan

L-Tryptophan
(D3)
L-Tryptophan
(D3)

L-Tyrosine

L-Tyrosine

L-Tyrosine
(13C9)
L-Tyrosine
(13C9)

L-Valine
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L-Valine (D8)
L-Valine (D8)

174
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120
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122
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205
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208
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109

103

77

103

75

146
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191

147

165

136
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145

72

55

80
62

4.5

4.5

4.5

4.5

4.5

51

51

51

51

6.7

6.7

6.7

6.7

6.5

6.5

6.5
6.5
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10
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Table B.2. Quantification ranges for each amino acid (shown as limit of quantification (LOQ) to
upper limit of quantification (ULOQ)) and linear correlation coefficients of the calibration curves
for each analyte.

Quantification Range (n=5)

Amino Acid LOQ (ug/mL) ULOQ (ug/mL) Slope Intercept R?
L-Alanine 1.17 75 0.134 0.0982 0.9997
L-Glutamic 0.1 50 0.13 0.0032  0.9861
Acid
Glycine 0.39 100 0.028 0.0029 0.996
L-Isoleucine 0.2 100 0.258 -0.0031 0.9995
L-Leucine 0.2 100 0.222 -0.0065 0.983
D-Methionine 0.2 100 0.073 -0.001 0.9821
L- . 0.2 100 0.343 -0.0044 0.9998
Phenylalanine
L-Threonine 0.2 100 0.182 -0.0067 0.9994
L-Tryptophan 0.2 100 0.187 -0.0024 0.9979
L-Tyrosine 0.2 100 0.137 0.00035 0.9987
L-Valine 0.2 100 0.22 -0.0026 0.9997
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Table B.3. The coefficient of variations (%CV) obtained for stable isotopically labeled internal
standards used as QCs for the untargeted analysis in this project.

Measurement QC Sample % CV

Process Variability Biotin — D2 1.37
Phenylalanine — D8 2.86
Instrument Variability Tryptophan — D3 218
Valine — D8 223
Inosine — 4N15 9.05
Carnitine-D9 1.49
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Table B.4. QC concentration for amino acids targeted in liver and plasma (shown as pug/mL).
Liver Plasma Liver Plasma Liver Plasma
Low Low Med Med  High High

Alanine 11.4 38.6 41.4 52.3 68.7 64.0
Glutamic 6.1 39 361 59 661 80
Acid

Glycine 5.0 19.2 35.0 32.9 65.0 45.3
Isoleucine 1.0 75 21.0 15.9 41.0 26.5
Leucine 2.0 12.6 26.0 19.6 50.0 30.8
Methionine 0.5 2.9 14.5 10.5 28.5 20.4
Phenylalanine 1.0 9.1 19.0 16.9 37.0 24.9
Threonine 1.1 9.5 31.1 17.8 61.1 26.0
Tryptophan 0.3 8.7 30.3 23.9 60.3 39.5
Tyrosine 2.2 21.9 32.2 27.7 62.2 32.4
Valine 1.6 31.3 31.6 47.6 58.9 63.7
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Table B.5. Number of significant compounds detected for each of the comparisons listed from
untargeted analysis. Pairwise comparisons are performed between conditions A and B to give
total number of significant compounds using the designated significance criteria.

Pairwise Comparison Total # of
ST;:ﬁ}f: ::t Significant
Compounds
Compounds <0.05 and
<0.05 A
P FC2 [1.5]
Cond A Cond B
WT_HFD WT_LFD 267 184
WT_HFD WT_REV 580 279
APP_HFD APP_LFD 751 588
APP_HFD APP_REV 749 572
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FC2 | 2|
79
77
248

248

Total # of
Compounds

Observed
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3172
3172
3172
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Table B.6. Affected pathways as predicted with Mummichog along with P-values for each
pathway.
WT HFD_  WT_HFD_ APP_HFD_  APP_HFD_

Pathways LFD REV LFD REV
p-value p-value p-value p-value

Androgen and estrogen 0.407 0.557 0.047 0.034
biosynthesis and metabolism
ST ST 0.376 0.159 0.011 0.110
metabolism
Aspartate and asparagine 0.013 0.346 0.040 0.545
metabolism
Bile acid biosynthesis 0.376 0.430 0.623 0.006
Butanoate metabolism 0.003 0.003 0.261 0.243
COUSENO OO 0.005 0.490 0.624 0.046
biosynthesis and metabolism
Carnitine shuttle 0.363 0.357 0.438 0.046
Drug metabolism -
cytochrome P450 0.407 0.035 0.624 0.318
Fatty acid activation 0.325 0.073 0.033 0.216
Glutamate metabolism 0.187 0.135 0.003 0.072
Glutathione Metabolism 0.407 0.383 0.015 0.243
Glycerophospholipid 0.397 0.452 0.019 0.545
metabolism
Linoleate metabolism 0.407 0.430 0.483 0.001
Lipoate metabolism 0.407 0.010 0.624 0.614
Mono-u_nsaf[urated fatty acid 0.029 0.077 0.624 0.614
beta-oxidation
Nitrogen metabolism 0.140 0.306 0.023 0.404
Omega-6 faity acid 0.029 0.077 0.624 0.614
metabolism
PIYENIB | [P e 0.029 0.077 0.624 0.614
oxidation
Propanoate metabolism 0.071 0.010 0.624 0.614
Prostaglanc_iln formation 0.400 0.068 0.002 0.177
from arachidonate
Purine metabolism 0.014 0.172 0.298 0.515
Pyrimidine metabolism 0.001 0.079 0.438 0.594
Saturated fatty acids beta- 0.407 0.348 0.047 0.467
oxidation
Tyrosine metabolism 0.371 0.393 0.002 0.464
Urea cycle/amino group 0.031 0.434 0.251 0.456
metabolism
LU LRE il el 0.002 0.013 0.047 0.183

isoleucine degradation
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Vitamin B1 (thiamin)
metabolism

Vitamin B2 (riboflavin)
metabolism

Vitamin B3 (nicotinate and
nicotinamide) metabolism
Vitamin B5 - CoA
biosynthesis from
pantothenate

Vitamin D3 (cholecalciferol)
metabolism

Vitamin E metabolism
Vitamin H (biotin)
metabolism

Vitamin K metabolism

0.071

0.029

0.075

0.140

0.407
0.023
0.071
0.029
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0.010

0.077

0.020

0.306

0.494
0.093
0.010
0.557

0.624

0.624

0.082

0.023

0.624
0.624
0.624
0.624

0.614

0.614

0.409

0.614

0.024
0.183
0.614
0.105



Table B.7. P-values for significant amino acids from targeted analysis, as calculated by t-tests
followed by Bonferroni correction. ns stands for not significant.

Comparison
Amino Acids APP/HFD vs APP/REV vs WT/HFD vs WT/REV vs
APP/LFD APP/HFD APP/LFD WT/LFD
Glutamic Acid 0.0077 0.0176 0.0132 ns
Glycine ns ns ns 0.044
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Table B.8. P-values for amino acids in the untargeted study, calculated by ANOVA followed by
corrections for multiple comparisons. ns stands for not significant.

Comparison
Amino Acids  WT/LFDvs WT/LFDvs APP/LFD vs App\f ?FD APP/LFD vs
WT/HFD WT/REV APP/HFD APP/REV APP/REV
Alanine ns ns 0.012252796 ns 0.033727279
il‘féamic ns ns 0.000377238 0.009938925 ns
Glutamine ns ns ns ns ns
Glycine ns ns ns ns ns
Isoleucine ns ns 0.000353444 ns 0.017844578
Leucine ns ns 0.007377326 ns 0.012011312
Phenylalanine ns ns 0.015554535 ns 0.005725853
Valine 0.016686542 0.045780936 ns ns ns
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APPENDIX C
Supporting Information for Chapter 3
Targeted Strategy to Analyze Anti-Epileptic Drugs in Human Serum by LC-MS/MS and LC-ion

mobility-MS

Don E. Davis, Jr.," Stacy D. Sherrod,” Randi L. Gant-Branum,™! Jennifer M. Colby,* and John A.
McLean"T

Center for Innovative Technology, Department of Chemistry, Institute of Chemical Biology,
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Center, Nashville, TN 37235 USA
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Comments on LC-MS/MS Data, LC-DTIMS-MS Data, and samples presented in this work

In this supporting information, we provide figures for limit of quantitation chromatograms
(14 AEDs), patient sample analysis on both analytical platforms, validation studies, a table for

human drug-free and 3™ party verified serum quality control material concentrations. We also

include additional tables related to linearity study concentrations and calibrator concentrations.
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Figure C.1. Limit of quantitation (LOQ) chromatograms of 14 AEDs with their given stable
isotopically labelled — internal standard (SIL-IS).
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(3) Gabapentin at LOQ [0.2 pg/mL])
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(4) Ethosuximide at LOQ [6.3 pg/mL]
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(5) PEMA at LOQ [0.2 pg/mL]
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(7) Primidone at LOQ [0.2 (8) Lamotrigine at LOQ [0.2 pg/mL]
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(9) Topiramate at LOQ [0.4 pg/mL] (10) MHD at LOQ [0.2 pg/mL]
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(13) Phenytoin at LOQ [0.8 pg/mL] (14) CBZ at LOQ [0.1 pg/mL]
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Figure C.2. AED between-day precision (A) and accuracy (B) analyses using LC-MS/MS.
Samples (n = 5 process replicates) were extracted and analyzed on 3 separate days. All
data/replicates were combined for statistical analysis (n=15 process replicates). (A) Precision is
representative of experimental random error where the low, medium, and high averages for all
AEDs were 5%, 3%, and 4%, respectively. The total average %CV for all AEDs was 4%. (B)
Accuracy is representative of experimental systematic error where the low, medium, and high aver-
ages for all AEDs were 7%, 7%, and 9%, respectively. The total average %bias for all AEDs was
8%. Both random and systematic error is within the margin of error (15% as outlined in the FDA’s
bioanalytical method validation guidelines) demonstrating the method’s precision and accuracy.
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Figure C.3. (A) This was a blind study whereas the concentrations of the 21 patient samples
received from the clinic were not given until LC-MS/MS analysis was finished. All patients
underwent polypharmacy with multiple AEDs. LC-UV analysis was compared to LC-MS/MS
analysis. (B) As an example of how LC-DTIMS-MS increases confidence in identifications,
patient samples 3, 9, and 11 was highlighted to show CCS and drift time alignments of
levetiracetam, lamotrigine, zonisamide, pregabalin, and MHD where the QCs (n = 3) confirms the
identifications of the patient samples (n = 1). Standard error bars were used for QCs to demonstrate
overlapping drift times where all 5 AEDs exhibit statistically significant drift times.
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Figure C.4. Stability of AEDs in extracted serum at 4°C after 48 idle hours in autosampler (n = 3
technical replicates).
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Figure C.5. Carry over of AEDs in extracted serum (n =5 technical replicates). Carry over was
determined by injecting an extracted negative sample after the QC high sample. The CLSI C62A
recommendation is that the carryover limit should be the highest concentration that does not carry
over to ghe negative sample at or above 25% of the QC low sample.}? The FDA recommendation
is 20%.
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Figure C.6: Recovery and Matrix Effects Equations.
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Table C.1. Serum 3rd party verified quality control (QC) material at low, medium, and high AED
concentrations were purchased from UTAK Laboratories Inc, (Valencia, CA, USA).

(ng/mL)

AED Low Med High

Qc Qc Qc

Levetiracetam 5.00 25.0 50.0
Zonisamide 5.00 25.0 50.0
Topiramate 5.00 15.0 30.0
Lamotrigine 5.00 15.0 30.0
MHD 5.00 25.0 50.0
Ethosuximide 15.0 70.0 125
Gabapentin 5.00 15.0 30.0
Pregabalin 5.00 15.0 30.0
Primidone 5.00 15.0 30.0
PEMA 5.00 15.0 30.0
Carbamazepine 5.00 15.0 30.0
Carbamazepine Epoxide 5.00 15.0 30.0
Oxcarbazepine 5.00 15.0 30.0
Phenytoin 5.00 15.0 30.0
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Table C.2. Linearity study concentrations and correlation coefficients (R?). These linearity
calibrators were prepared in human drug free serum purchased from UTAK Laboratories Inc,
(Valencia, CA, USA).

Calibrator Concentration (ug/mL)

AED R?
12 11 10 9 8 7 6 5 il 3 2 1

Levetiracetam 200 100 50.0 250 125 6.25 3.13 156 0.78 0.39 020 0.10 30985
Zonisamide 200 100 50.0 25.0 125 6.25 3.13 156 0.78 039 020 0.10 >0.985
Topiramate 100 500 250 125 6.25 313 156 078 0.39 0.20 0.10 0.05 >0.985
Lamotrigine 200 100 50.0 250 125 6.25 3.13 156 078 039 0.20 0.10 >0.985
MHD 200 100 50.0 250 125 625 3.13 156 0.78 0.39 020 0.10 >0.985
Ethosuximide 300 150 75.0 375 188 938 469 234 117 059 0.29 015 >0.985
Gabapentin 200 100 50.0 250 125 625 3.13 156 0.78 0.39 020 0.10 >0.985
Pregabalin 200 100 50.0 250 125 6.25 3.13 156 078 039 0.20 0.10 >0.985
Primidone 100 500 250 125 6.25 313 156 078 0.39 0.20 0.10 0.05 >0.985
PEMA 100 500 250 125 6.25 3.13 156 078 0.39 0.20 0.10 0.05 >0.985
Carbamazepine 100 500 250 125 6.25 313 156 078 0.39 0.20 0.10 0.05 >0.985
CBZ Epoxy 50.0 250 125 63 3.13 156 078 039 020 0.10 0.05 0.02 >0.985
Oxcarbazepine 100 50.0 25.0 125 625 3.13 156 078 0.39 020 0.10 0.05 >0.985
Phenytoin 50.0 250 125 63 3.13 156 078 039 020 0.10 0.05 0.02 >0.985
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Table C.3. Calibrator concentrations and correlation coefficients (R?). Calibrators are samples
used for linearity and/or the calibration curve when analyzing patient samples. These calibrators
were prepared in human drug free serum purchased from UTAK Laboratories Inc, (Valencia, CA,
USA).

AED Calibrator Concentration (pg/mL) R?
6 5 4 3 2 1
Levetiracetam 60 30 15 7.5 3.8 19 >0.985
Zonisamide 60 30 15 7.5 3.8 1.9 >0.985
Topiramate 60 30 15 7.5 3.8 1.9 >0.985
Lamotrigine 60 30 15 7.5 3.8 195 >0.985
MHD 60 30 15 7.5 3.8 1.9 >0.985
Ethosuximide 200 100 50 25 12.5 6.3 >0.985
Gabapentin 60 30 15 7.5 3.8 19 >0.985
Pregabalin 60 30 15 7.5 3.8 1.9 >0.985
Primidone 60 30 15 7.5 3.8 1.9 >0.985
PEMA 60 30 15 7.5 3.8 1.9 >0.985
Carbamazepine 60 30 15 7.5 3.8 19 >0.985
CBZ epoxy 60 30 15 7.5 3.8 1.9 >0.985
Oxcarbazepine 60 30 15 7.5 3.8 1.9 >0.985
Phenytoin 60 30 15 7.5 3.8 1.9 >0.985
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Table C.4. The developed and validated RPLC-UV method was compared to VUMC’s pre-
existing RPLC-UV method by parallel analysis of samples. The (-) indicates that the sample was
not analyzed for the given AED.

AED Parallel Samples AED Expected LC-UV LC - MS/MS LC-UV LC - MS/MS
Sample # (png/mL) (pg/mL) (png/mL) (%bias) (%bias)
Pregabalin 3.00 - 2.50 - -17%
Parallel 1
Gabapentin 1.00 - 1.18 - 18%
Zonisamide 11.0 0.00 11.0 -100% 0%
Parallel 2 Lamotrigine 2.00 2.40 2.30 20% 15%
Levetiracetam 6.00 5.80 7.00 -3% 17%
Parallel 3 MHD 9.00 9.00 8.50 0% -6%
Pregabalin 11.0 - 11.2 - 2%
Parallel 4
Gabapentin 15.0 - 13.8 - -8%
Zonisamide 26.0 26.0 25.0 0% -4%
Parallel 5 Lamotrigine 11.0 11.0 11.0 0% 0%
Levetiracetam 22.0 22.8 25.2 1% 15%
Parallel 6 MHD 24.0 23.0 26.0 -4% 8%
Parallel 7 Pregabalin 30.0 - 29.6 - -1%
Gabapentin 22.0 - 21.9 - 0%
Zonisamide 50.0 50.2 52.7 0% 5%
Parallel 8 Lamotrigine 26.0 22.7 27.3 -13% 5%
Levetiracetam 40.0 37.1 42.0 -71% 5%
Parallel 9 MHD 45.0 45.0 50.0 0% 11%
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APPENDIX D
Supporting Information for Chapter 4
Multidimensional Separations of Intact Phase Il gteroid Metabolites Utilizing LC-lon Mobility-
M
Don E. Davis, Jr.}, Katrina L. Leaptrot!, David C. Koomen?, Jody C. May!, Gustavo de A.

Cavalcanti?, Monica C. Padilha?, Henrique M.G. Pereira?, and John A. McLean*

!Department of Chemistry, Center for Innovative Technology, Institute of Chemical Biology,
Institute for Integrative Biosystems Research and Education, Vanderbilt-Ingram Cancer
Center, Vanderbilt University, Nashville, Tennessee, United States

?Brazilian Doping Control Laboratory— LBCD — Chemistry Institute — Federal University of Rio
de Janeiro — UFRJ, Rio de Janeiro, RJ, Brazil

Comments on LC-IMS-MS instrument settings, data, and ion multiplexing data presented in
this work

In this supporting information, we provide tables for RPLC settings, source settings,
DTIMS settings, figures for the novel/synthesized AAS investigated in human urine, LC-IMS-MS

ion multiplexing, and conformational space analysis.
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Table D.1. LC-IMS-MS parameters used to collect the steroid data in our work. Source settings
for the Agilent Jet Stream ESI and chromatographic conditions were optimized specifically for this
study using Agilent 1290 I (LC) and 6560 (DTIMS-MS) instruments.

RPLC Settings RPLC Settings
Parameter Value Units

Column Waters ACQUITY BEH C18 2.1 x 75 mm (1.7 pm) 0 45

Temperature 45 Celsius 1 45

Injection Volume 10 pl 9.5 70

Flow Rate 0.400 mL/min 10.5 100

i 1 mM ammonium formate/ 12 100

Mobile Ph A H,0

obile Phase (A) 2 0.1% formic acid 13 45

i 1 mM ammonium formate/ 15 45
Mobile Phase (B) MeOH 0.1% formic acid

Source Settings RPLC Settings
Parameter VELT
Gas Temp 300

Celsius 0 50

Drying Gas 12 L/min
Nebulizer 20 psi L 20
Sheath Gas Temp 300 Celsius 5.5 100
Sheath Gas Flow 12 L/min 7 100
Capillary Voltage (VCap) 2000 vV 8 50
Nozzle Voltage 500 v 10 50

DTIMS-MS Single Pulse Settings

Parameter Units
Mass Range 50-1700 m/z
Trap Fill Time 20000 ps
Trap Release Time 180 us
Frame Rate 0.9 Frames/sec
IM Transient Rate 14 IM Transients/Frame
Max Drift Time 60 ms
TOF Transient Rate 600 Transients/IM Transients
Drift Tube Entrance -1474 v
Drift Tube Exit -224 Vv
Rear Funnel Entrance -217.5 \'
Rear Funnel Exit -45 \

DTIMS-MS lon multiplexing Settings

Parameter Units
Mass Range 50-1700 m/z
Trap Fill Time 3900 Hs
Trap Release Time 180 us
Frame Rate 0.9 Frames/sec
IM Transient Rate 18 IM Transients/Frame
Max Drift Time 60 ms
TOF Transient Rate 600 Transients/IM Transients
Drift Tube Entrance -1474 \'
Drift Tube Exit -224 \'
Rear Funnel Entrance -217.5 v
Rear Funnel Exit -45 \
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Figure D.1. Anabolic androgenic steroid investigated in human urine (top table). A calibration
curve (left) showing the lower dynamic range from 0.5 ppb to 10 ppb with the gold dashed lines
representing the 95% confidence interval. Standard error bars (n = 3 intraday technical replicates)
were used to demonstrate variation in both peak area and concentration. A table is provided to the
right of the calibration curve to provide expected concentrations, normalized peak areas, standard
deviations, calculated concentrations, and analytical figures of merit (e.g., precision by %CV,
accuracy by %bias, and LOQ). Also, a residual error versus concentration plot was provided to
evaluate the validity of the linear regression model.
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Figure D.2. Conformational space analysis showing CCS values for the phase II steroids
investigated using LC-IMS-MS with neat standards. Included is a blue dashed trendline, fit to a
power function, representing the best fit line of the sulfated data and the orange trendline represents
glucuronide data. Also shown are red dashed lines representing +10% deviation from the best fit
line for sulfated data and green dashed lines representing £10% deviation from the best fit line for
glucuronide data. Measured phase II steroids were within £10% of the best fit line. Error bars
represent standard errors and are for most values within the scale of the marker (» = 3 technical
replicates over 3 different days at 5 pg/mL). The gray data points represent ~5000-9000 entries
from blank human urine.
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