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ABSTRACT

Mass spectrometry has become the premium chemical identification method. The next
advancement for mass spectrometry is the widespread use of mass spectrometers for on-site
chemical/biological identification. lon trap mass spectrometers have emerged as powerful on-site
analytical platforms, in spite of limited mass resolution, due to their compatibility with ambient
ionization methods and ready implementation of tandem mass spectrometry (MS/MS). However,
conventionally operated ion traps are inefficient in accessing the entire tandem mass spectrometry
dataspace. By operating the ion trap at a constant trapping voltage, more efficient tandem mass
spectrometry scan modes are accessible. The most efficient is to acquire the entire tandem mass
spectrometry data space and this work demonstrates three different methods of acquiring this data
domain. These methods acquire the data in under a second and the best performing method was
implemented in a miniature mass spectrometer without performance decrease. The impact of this
device is most powerful when analysis requires the entire ionized sample be considered to
determine the identity of the sample. This was shown to be useful for monitoring the lipid

metabolism in a model microorganism.
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CHAPTER 1. INTRODUCTION

1.1 Quadrupole lon Traps
1.1.1 Structure and lon Motion

The ability to store ions over a meaningful period of time was revolutionary tool for
physical chemists to study ion chemistry and Wolfgang Paul was awarded one-fourth of the 1989
Nobel Prize in Physics for the development of the quadrupole ion trap.! The use of ion traps as
analytical mass spectrometers wasn’t widespread until the invention of mass-selective axial
instability by George Stafford made commercialization of the quadrupole ion trap possible.? The
dual use of the quadrupole ion trap as an ion reaction vessel and analytical instrument makes it an
incredibly powerful device.

lons trapped in a quadrupole field are strongly focused because the restoring force increases
as the ion moves away from the center of the trap. There are many structural forms of the
quadrupole ion trap, but the two main variants of interest are the 3D (Paul) trap and the linear
quadrupole ion trap.® The 3D trap revolves the quadrupole field around a point whereas the linear
quadrupole ion trap extrudes the quadrupole field from a line. This results in the linear quadrupole
ion trap having considerably more ion storage capacity given the same quadrupole radius;
however, this results in no axial trapping force. This downside is negated by the application of
addition electric fields to trap the ions axially and nearly all modern quadrupole ion traps are linear
quadrupole ion traps due to the increased ion storage capacity.

Since either the trapping or ejection of ions depends on the stability of ions, it is important
to be able to mathematically describe the motion of ions in the quadrupole field. The stability of
ions in the quadrupole field can be mathematically described by the solution to the second-order
linear differential Mathieu equation.* This stability can be expressed as a force where the physical
parameters such as the frequencies and voltages of applied potentials can be related to this stability
by the Laplace condition.

Starting with the commonly accepted form of the Mathieu equation

d?u

azz + (ay, — 2qyc0528)u =0 (1.1)
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where u represents the coordinate axis. The parameters a and ¢ are dimensionless trapping
parameters. & is a dimensionless parameter but if chosen to be equal to Qt/2 where Q is a frequency

and t is time we can obtain the following

d _déd _nd
afarag 2ag (1.2)
and

d> _dé d d _ 0? d?

TEAR TR (1.3)
where the result from (1.3) can be substituted into (1.1) so that the following is obtained

d’>u _ -mn? 1.4
—7 =, (@ — 2qycos0t)u (1.4)

The resultant equation relates force, left-hand side, to parameters which describe the ion’s stability,
a and . Now the force imposed on an ion in quadrupole field must be determined. To begin, the
quadrupole potential, ¢ , is described as

_ %o

¢ = ro—z()Lx2 + oy? + yz?) (1.5)

where A, o, and y are the weight constants for the three coordinate axes. The Laplace condition
requires that the field in every coordinate axis is linear. This requires that the second differential
of the potential is zero meaning that the sum of the weighing constants be equal to zero. This
results in many different solutions but importantly for the 3D quadrupole ion traps the solution is

A= o = 1,y = —2 where substitution into ((1.5) yields

¢
Pz = ro—‘;<x2 + y? — 222) (1.6)

whereby operating in cylindrical coordinates, where x = rcosf ,y = rsinf, z = z, and making

using of the trigonometric identity, cos? + sin? = 1, the following equation is obtained.

Gern = ;’Z—‘;(ﬂ— 227) (L7)
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The electric potential, ¢, can be either constant (DC) or time changing (RF) where U and V

represent the constant and time changing electric potential, respectively.

¢o = U + VcosNt (1.8)
0P _ 2y 4 veosnt (1.9)
ax = T'OZ cosS .

Now the equation for the force acting on an ion can be related through the equation

_ _ d’x 03¢
FX—ma—mﬁ— e— (1.10)

Equation ((1.4) and ((1.9) can now be equated allowing for an ion’s stability to be described by

the applied electric field. The familiar form of the Mathieu equation is obtained.

8eVir
=" 1.11
T = 2z (L)
_ 16eUDC (1 12)

= 20z

It should be noted that the “8” and “16” in equation (1.11) and(1.12) are reduced to “4”
and “8” when operating in linear quadrupole traps. Additionally, ion traps are operated with no
quadrupolar DC resulting in the a parameter being zero.

Equations (1.11) and (1.12) only describe the ion’s stability in the x-coordinate. For linear
quadrupole ion traps, the electric potentials in x and y, A and o, are opposite in sign. Now, its
important to introduce a new trapping parameter, , which is a complex function relating both a
and qg. There is no analytical representation of § but various approximations exist with one of the

simpler approximations being for when q < 0.4,

8 ~ /a +‘72_2 (1.13)

Importantly, B, describes and ion’s stability where the integers of B are boundaries of stabilities.
More specifically, when an ion’s ax and gx results in Bx being between 0 and 1 the ion is stable in

the x dimension and when it is between 1 and 2 it is unstable. This periodic stability is common
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feature of quadrupoles. Since ion’s are independently stable in either x and y the overlap of Bx and
By results in trapped ions. Figure 1.1 shows the regions of stability in x and y resulting in overlapped

regions of simultaneous stability in both dimensions.

Figure 1.1 Regions where ion motion is simultaneously stable in the x and y directions,
expressed in terms of axand gx. The first three are labelled I, Il and I1l. Reproduced from Du, Z.,
Douglas, D.J., Konenkov, N., (1999). Journal of Analytical Atomic Spectrometry. 14, 1111
1119.

Although an ion’s stability is essential for a quadrupole ion trap to be used as an ion storage device,
the use of a quadrupole ion trap as an mass spectrometer did not become widespread until Stafford

demonstrated a method to make ion mass selectively unstable.’

1.1.2 Resonant Ejection Techniques in Quadrupole lon Traps

Stafford’s method relied on a fundamental process described in the original patent® where
ions can be perturbed when an external perturbing field frequency, wac, matches the ion’s
fundamental frequency of motion,wion. The fundamental frequency, commonly referred to as the

secular frequency, can be determined by the equation

jond2
Wion = £ 10"2 R (1.14)
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For ions trapped in the first stability region in Figure 1.1 with no quadrupolar DC applied
(a = 0), application of a supplemental frequency at half the trapping RF frequency would
resonantly excite at § = 1. The determination of what m/z value this corresponds to requires solving
approximations for the g-value at 3 = 1. Incidentally, the g-value at g =1 is 0.908 and is commonly
known in the quadrupole ion trap; however, other B to g-value relationships are less recognized.
The method Stafford demonstrated applied a single frequency, resulting in a perturbation at a fixed
B near the = 1 boundary (also known as the low mass cut off as ions of lower m/z are unstable at
B> 1). In order to obtain a mass spectrum, the voltage of the trapping RF voltage was increased
resulting in the ion’s g-value being increased proportionally (equation (1.11)). This RF voltage
ramp brought ions of various m/z values into the perturbation proportionally to their m/z. The ions
would be resonantly excited until their oscillations exceeded the trapping field and would be
ejected through slits in the trapping electrodes into an electron multiplier. This method’s
performance was aided by the addition of helium to dampen the oscillation of non-resonant motion.

Other methods of mass selectively ejecting ions have been demonstrated including
variation in trap radii’, scanning the quadrupolar DC2° and scanning the supplemental
frequency.'®!! The latter requiring determining the relationship between all B to q-value which,
although computationally intensive by historical standards, can be calculated easily. The
relationship between m/z and g-values is inversely proportional meaning that in order to eject ions
of increasing m/z linearly the g-value needs to be scanned inversely. This method’s main advantage
over the other methods is that the activation of an ion at a specific m/z value will not affect ions at
other m/z values as the supplemental doesn’t affect the main trapping potential. This advantage is
the basis of activating two or more m/z values independently and simultaneously allowing greater

flexibility in experimental design.

1.2 Tandem Mass Spectrometry (MS/MS)

The quadrupole ion trap is a device which can be described as a “electric field test tube”
where various chemical operations can be performed on the stored ion population. The advantage
of interrogating charged molecules without the effects of solvent was the fundamental force
driving early adoption of these devices. One of the simplest chemical reactions that can be
monitored is the unimolecular disassociation which can be readily observed when an ion is heated

in the absence of solvent by promoting collisions of neutral gas molecules to the ion through
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resonant excitation. This resonant excitation is exactly the same procedure used to activate ions
for ejection where an applied frequency matches the ion’s secular frequency resulting in an
increase in oscillation amplitude is increased. The increased oscillation amplitude promotes more
collisions with neutral molecules increasing the internal energy of the ion until the ion dissociates
or is ejected from the trap. The amplitude of the applied voltage when fragmentation is preferred
is significantly smaller than that for ejection.

Tandem mass spectrometry (MS/MS) measures the intact precursor ion which is
fragmented to generate multiple charged product ions which are also measured. The requirement
for each n stage of MS/MS (or MS") is that independent measurements of precursor and product
ion m/z values are made and that they correlated.'? The advantages of MS/MS are immense. Mass
spectrometry is fundamentally a physical measurement (m/z) whereas the difference in mass
between the precursor and product ion provides chemical information about the structure of the
precursor ion and thus about the neutral analyte. This structural information can be used to identify
previously unknown analytes. For a mixture analysis by mass spectrometry, where many
unknowns are ionized and detected in the full scan mass spectrum, it would be ideal to be able to
access as much structural information as possible for every ionized compound. However,
conventionally operated quadrupole ion traps are inefficient at accessing the structural information

(MS/MS information) compared to triple quadrupole mass spectrometers.

1.2.1 Scan Modes

For triple quadrupole mass spectrometers, tandem mass spectrometry is accomplished by
two independent mass analyzers.*® The first and second mass analyzer can be scanned or fixed on
a specific m/z value to obtain various structural (MS/MS) information. Since there are two mass
analyzers which can be independently fixed or scanned, the result is that there are four common
tandem mass spectrometry experiments.'* For mixture analysis, compounds belonging to the same
chemical class should contain some similar fragments. If the similar product is charged, then
monitoring the m/z of the charged product as various precursors are individually allowed to
fragment would yield a spectrum where peaks correspond to species containing that functionality.
This is the basis for a precursor ion scan. The same experiment can be done for when the shared

fragment is neutral. The appropriately named neutral loss scan fixes the mass offset between the
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two mass analyzers and scans them together. The individual MS/MS experiments commonly
referred to as scan modes are shown in Figure 1.2.

It should be noted that the use of tandem mass spectrometry scans predated the triple
quadrupole mass spectrometer and computer-controlled instrumentation. If a mass scan is obtained
by varying some instrument parameter and recording the signal output, a tandem mass scan should
be obtained similarly. The difficulty in a tandem mass scan is that the instrument parameter
requires the combination of the two mass analyzers operating in parallel. For electromagnetic two-
sector instruments, the linking between mass analyzers is not trivial.™®> For all electromagnetic
tandem mass spectrometers besides the BE geometry® (MIKES, magnetic sector followed by an
electric sector), both mass analyzers must be varied simultaneously. The growth of computer-
controlled instrumentation,!’ spurred by Enke, was important to the growth of triple quadrupole
mass spectrometers. Another advantage of a triple quadrupole mass spectrometer is that the two
mass analyzers where the stability parameters of one do not affect the other. The combination of
easily accessible tandem mass spectrometry scan modes with low-energy collision induced
dissociation,'® driven by Yost and Enke, thrusted the triple quadrupole mass spectrometer to

become the standard analytical instrument for mass spectrometry based-mixture analysis.
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Figure 1.2. The four common scan modes in tandem mass spectrometry

In order to understand how these various scans probe the chemical information (MS/MS)
data space, the common scan modes are overlain on the potential two-dimensional mass domain,
a plane of data representing all of the possible fragment (product) ions for the various precursor
ions (Figure 1.3). Importantly, the data collected in a MS/MS experiment commonly fall on
vertical, horizontal, and diagonal lines representing the product ion, precursor ion, and neutral loss
scans. These lines represent shared structural relationships between ions. The tandem mass
spectrometry scan modes shown in Figure 1.2 probes only a single shared relationship between
precursor and product ions. For example, the product ion scan probes the fragment ions produced
by a single precursor ion species while the precursor ion scan probes a single product ion m/z from

the ionized precursors.
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Figure 1.3. The 2D MS/MS data domain with the four common scan modes shown. The
shorthand notation for the common scan modes is discussed in Schwartz, J. C., Wade, A. P.,
Enke, C. G., & Cooks, R. G. (1990). Systematic delineation of scan modes in multidimensional
mass spectrometry. Analytical Chemistry, 62(17), 1809-1818.

For most quadrupole ion traps, ion isolation is needed before dissociation. This is because
the dissociation product ions generated from a fragmented precursor ion would be
indistinguishable from unfragmented precursor ions that happen to have the same m/z value of the
product ions. However, when isolating a precursor ion all other precursor ion with different m/z
values are removed and provide no information. A new ion population needs to be injected in order
to obtain information for those precursor ions. This makes conventionally operated quadrupole ion
traps inefficient at acquiring the precursor and neutral loss scan information. Johnson and Yost*®
demonstrated that precursor ion scans could be obtained by keeping the trapping voltage constant

thereby allowing a frequency sweep to fragment precursor ions while simultaneously applying a
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fixed frequency corresponding the secular frequency of the desired product ion m/z (calculated in
equation (1.14)). This methodology was overlooked for many years. Instead, data-dependent
acquisition (DDA) methods where a full scan is first performed to determine what are the most
intense m/z values and those m/z values are probed using product ion scans. The DDA methodology
was preferred, presumably because the instrumentation has already been well established. Another
reason DDA methods have become common is that most mass spectrometers are connected to
chromatography. Pre-separation of neutrals before ionization means the number of unique
precursor ions introduced to the mass spectrometer is limited thereby devaluing precursor and
neutral loss scans. Methods which ionize neutrals without pre-separation are most advantaged by
utilizing the precursor and neutral loss scans. This is the case for ambient ionization methods where

the sample is ionized as-is.

1.3 Miniature Mass Spectrometers
1.3.1 History

The most impactful place a chemical analysis can be performed is where productive actions
from the result can be made; however, this is rarely where the measurements are made. As mass
spectrometry started becoming routine for clinical and forensic analysis, the desire for miniature
mass spectrometers has grown. The development of miniature mass spectrometers can be broken
into three stages of research. The 1990s focused on miniaturizing the mass analyzer solely. The
2000s aimed ate miniaturization of the entire mass spectrometer including the vacuum system and
sample introduction. The 2010s had a significant growth of ambient ionization methods and
embedded data analysis methods in combination with miniature instruments.

Nearly all mass analyzers have been miniaturized in some fashion. The two notable early
miniature mass spectrometers were the time-of-flight mass spectrometer (tiny-TOF) developed at
Johns Hopkins? and the quadrupole ion traps developed at Purdue University (Figure 1.4).%* The
expectation when making any instrument more compact is that the performance is decreased. One
example is that smaller mass analyzers result in lower ion storage capacity resulting in lower
sensitivity. A reduction in mass resolution is also common in miniature mass spectrometers. With

miniature instrumentation it is important to move away from constant comparisons to benchtop
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instruments. Portable mass spectrometers only need to be adequate at performing the desired task

and nothing more.

RF Amplifier

Control Board

High Voltage Board

e < . Signal Amplifier
b ) . '

Diaphragm Pump

Figure 1.4. Exploded view of Mini 11 mass spectrometer and its components.

The expected performance for miniature mass spectrometers is to obtain near unit mass
resolution up to m/z 500. This is readily accomplished for most mass analyzer even with reduced
size. The most common mass analyzer for miniature mass spectrometer is the quadrupole ion trap
due to its ability to perform MS/MS while requiring moderate vacuum conditions. Much of the
development of miniature mass spectrometers has been centered about Purdue University where
there have been three significant contributions. The first being the simplification of ion trap
geometry. Early research in quadrupole ion traps demonstrated that by cutting slits in the
hyperbolic surfaces for ion ejection for detection non-ideal fields were introduced to the trapping
field. The field was corrected by stretching the predicted “ideal” geometry to correct for the
aberrations.?? The rectilinear ion trap utilized easily machinable flat plates with slits cut for ion
ejection. Simulations were performed to determine the optimal spacing in order to approximate
the “ideal” quadrupole field from a non-ideal geometry.?®> The second contribution was the
invention of a discontinuous atmospheric pressure interface where the inlet of the mass

spectrometer is only open for sample introduction resulting in a significant reduction in vacuum

32



requirements.?* The third contribution was their part in developing ambient ionization methods.
These include methods such as desorption electrospray ionization?, paperspray ionization?®, and
low-temperature plasma.?’ The ability to sample ions generated from the sample without
preparation means that measurements can be obtained quickly and performed by untrained

personnel.

1.3.2 Introducing lons

It is important to note that gas-chromatography-mass spectrometry (GC-MS) has been a
standard analytical method in forensic chemical identification. GC-MS is easily miniaturized, and
the electron ionization data can be readily compared to the NIST spectral library to confidently
identify unknowns. The downside of GC-MS is that it is slow, and the potential chemical space is
limited by the GC. Chemicals which are non-volatile, polar, or decompose at high temperature
cannot be detected without derivatization. Unfortunately, without the chromatography the
identification of unknowns becomes impossible as the fragment ions produce a convoluted
spectrum of all analytes. The quadrupole ion trap utilizing MS/MS does not necessarily require
chromatography as long as the analytes of interest can be ionized from the sample. The first stage
of mass spectrometry effectively replaces the GC thereby providing separation for each product
ion spectrum allowing for the identification of unknowns.

The selection of ion sources becomes more flexible when chromatography is avoided. For
surface analysis, desorption electrospray ionization (DESI)?® or direct analysis in real time
(DART)?® allows for the analysis of polar or non-polar analysis respectively. Paperspray ionization
allows for analytes present in liquids such as plasma or urine to be ionized. Importantly, these
methods generate directly introduce many precursor ions to the mass analyzer where the
chromatograph produces only a few precursor ions at a time. If a product ion scan of each detected
precursor ion is needed, the analysis time can be quite lengthy (although still shorter than the GC
timescale). This is especially true for miniature mass spectrometers utilizing a discontinuous
atmospheric pressure interface (DAPI) as the re-introduction of sample is significantly longer
(~500 ms) than for continuous interfaces. The diversity of precursor ions introduced miniature
mass spectrometers necessitate methods which can efficiently access MS/MS information in order

to shorten analysis time.
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1.4 Introduction to This Work

The objective of this work is to increase the efficiency in which quadrupole ion traps
acquire MS/MS data. The work was initially attempting to improve the methods which were newly
developed which allowed quadrupole ion traps to perform the precursor ion and neutral loss scan
modes.?>* These methods were most impactful when coupled to miniature mass spectrometers
utilizing an ambient ionization source and a discontinuous atmospheric pressure interface. The
first task was to combine multiple scan modes. The combination of these scan modes provided the
motivation to differentiate the combined scans. Incidentally a method of identifying resonantly
ejected ions was discovered while trying to identify artifactual peaks present in a different
experiment. This method allowed for the combined scans to be compared where the resulting
spectrum is the logical output of the combined scans.

The new method was tested to its limit where all product ions for a single precursor ion
were ejected simultaneously, and the detected signal could be converted into a product ion
spectrum. The result was a two-dimensional mass spectrum, two intensities of mass and one of
intensity, represented as the gray plane in Figure 1.3. The two-dimensional (2D MS/MS) mass
scan was initially proposed by Fred McLafferty in the early 1980’s (Figure 1.5). However, the first
experimental results were obtained by Pfandler using an FT-ICR.3! The demonstration of the two-
dimensional mass scan in a linear quadrupole ion trap was remarkable, even more remarkable was

that the data was acquired in under a second.

Figure 1.5. Proposed MS/MS instrument with simultaneous display of the primary spectrum and
all secondary spectra. Reproduced from McLafferty, F. W. (1983). Tandem mass spectrometry.
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The goal was to refine this two-dimensional mass scan to be analytically useful. A new
method was developed which avoided taking a Fourier transform of the product ion signal (Chapter
6) resulting in higher mass range and improved resolution. This method was applied using a
miniature mass spectrometer without a significant decrease in performance. The application of this

method was demonstrated for the identification of lipids within bacteria.
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CHAPTER 2. SIMULTANEOUS AND SEQUENTIAL MS/MS SCAN
COMBINATIONS AND PERMUTATIONS IN A LINEAR QUADRUPOLE
ION TRAP

Portions of this work have been published in the journal Analytical Chemistry as the article: Snyder,
D.T., LJ. Szalwinski, and R.G. Cooks. (2017). Simultaneous and Sequential MS/MS Scan
Combinations and Permutations in a Linear Quadrupole lon Trap. Anal. Chem, 89(20), 11053-
11060.

2.1 Introduction

The drive to miniaturize mass spectrometers has encouraged the development of a wealth
of unconventional ionization sources, atmospheric pressure interfaces, vacuum systems, and mass
analyzer combinations.!? Both continuous®* and discontinuous®® atmospheric pressure interfaces
have been developed, allowing the coupling of ambient spray and plasma ionization methods with
portable systems.”2° The standard analyzer geometry has evolved from the 3D quadrupole ion trap
(Paul trap)** to cylindrical,*? rectilinear,*® linear,***° toroidal, 628 and halo traps,'®%° as well as ion
trap arrays,?"?* two-plate linear ion traps,?® wire ion traps,?®?’ and other unusual devices.

By contrast, the fundamental way in which mass analysis is performed in quadrupole ion
traps has varied very little. Mass-selective instability,?® usually with resonance ejection!?!* either
radially'* or axially,*>?° has remained the dominant form of mass analysis in both 2D and 3D ion
traps.2%-32 Improvements in resolution, sensitivity, and space-charge tolerance can be made through
nonlinear resonance ejection®*3* and orthogonal excitation during the ejection process.® lon
ejection can furthermore be made unidirectional through careful selection of multipole
components,®*3* rf/ac phase relationship,3* and ac signal components.®

Despite the minimal variation in ion trap mass analysis over the past three decades, three
unconventional mass scanning methodologies have appeared in the ion trap literature: digital ion
trap frequency scanning,® sinusoidal rf frequency scanning,®” and ac frequency scanning.®® Digital
technology is promising, especially with regard to high spectral resolution, mass range, and scan
speed, but it requires a complete overhaul of existing instrumentation and has a higher power
consumption than for conventional methods. Rf frequency scanning can similarly improve

resolution and mass range. The ac frequency scanning technique, in contrast, is not particularly
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high performance yet it offers increased instrument versatility while requiring virtually no
instrument modifications.*

Among the unique capabilities made accessible by ac frequency scanning (also known as
secular frequency scanning) are data-independent single analyzer precursor ion scans and neutral
loss scans.*?#! These simple scans, of which the precursor variant was demonstrated on a 3D ion
trap some 25 years ago,*? require simultaneous orthogonal excitation of precursor and product
ions for fragmentation of a particular precursor ion in concert with the ejection and detection of a
particular product ion. In the case of the precursor ion scan, the product ion m/z, and hence secular
frequency under constant rf conditions is fixed, whereas in the neutral loss scan the difference
between precursor ion and product ion m/z is fixed, and with an added “artifact rejection” scan (to
neutralize unfragmented precursor ions), this requires a triple frequency scan for implementation.
In comparison, previous implementations of precursor and neutral loss “scans” have largely been
data-dependent sequences*>** of resonance excitation®® and resonance ejection and hence are not
actually “scans”, but rather are sequences of scans from which precursor and neutral loss spectra
can be reconstructed.

Both the precursor ion scan and the more difficult neutral loss scan that we demonstrated*
show relatively low conversion of precursor ions to detected product ions using conventional scan
rates (thousands of Th per second). For example, in cases where each precursor ion is given ~3
ms to fragment, typical estimated conversions are 5-10%, which implies that perhaps 90% of the
precursor ions are left in the ion trap after a precursor ion scan. For the neutral loss scan, this is
not the case because the precursor ions must be cleared from the ion trap during the scan to prevent
artifact peaks. Nonetheless, the inefficiency in fragmentation in the precursor scan allows certain
MS/MS permutations to be performed. These are ordered combinations of the three main MS/MS
scan types: precursor ion scans, product ion scans, and neutral loss scans. The zero-dimensional
multiple reaction monitoring experiment is not a scan and is not considered further because if
isolation is performed strictly, no ions will remain after this experiment, which can only be the end
point of an experimental sequence. By performing multiple scans on the same ion population, the
information obtained from those ions can be maximized, a particularly useful characteristic for
resource-constrained ion traps with relatively low duty cycles and when sample size and/or access
is highly limited. The allowed combinations of scans are multiple precursor ion scans, precursor

ion scans followed by a neutral loss scan, precursor ion scans followed by product ion scans, and
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segmented neutral loss scans, as well as simultaneous precursor and neutral loss scans, all of which

are demonstrated here for simple mixtures of illicit drugs.

2.2 Experimental Section
2.2.1 Chemicals

Amphetamine (m/z 136), methamphetamine (m/z 150), 3,4-methylenedioxyamphetamine
(m/z 180), 3,4-methylenedioxymethamphetamine (m/z 194), 3,4-
methylenedioxyethylamphetamine (m/z 208), cocaine (m/z 304), noroxycodone (m/z 302),
oxycodone (m/z 316), buphedrone HCI (m/z 178), N-ethylcathinone (m/z 178), morphine (m/z
286), codeine (m/z 300), and 6-monoacetylmorphine (m/z 328) were purchased from Cerilliant
(Round Rock, TX, U.S.A.). HPLC grade methanol was purchased from Fisher Scientific
(Hampton, NH, U.S.A.). All analytes were detected in the protonated form in the positive ion
mode. Oral fluid samples were spiked with amphetamine standards and subsequently diluted 10-

fold in 95:4.9:0.1 acetonitrile/water/formic acid.

2.2.2 lonization

Nanoelectrospray ionization using a 1.5 kV potential was utilized for all experiments.
Borosilicate glass capillaries (1.5 mm O.D., 0.86 mm I.D.) from Sutter Instrument Co. (Novato,
CA, U.S.A.) were pulled to 2 pum tip diameters using a Flaming/Brown micropipette puller (model
P-97, Sutter Instrument Co.). The nanospray electrode holder (glass size 1.5 mm) was purchased
from Warner Instruments (Hamden, CT, U.S.A.) and was fitted with 0.127 mm diameter silver
wire, part number 00303 (Alfa Aesar, Ward Hill, MA), as the electrode.

2.2.3 Instrumentation

All scans were performed using a Finnigan LTQ linear ion trap mass spectrometer (San
Jose, CA, U.S.A)) modified previously to perform orthogonal excitation. The ion trap has
dimensions x0 = 4.75 mm, yO = 4 mm, and three axial sections of lengths 12, 37, and 12 mm. The
rf frequency was tuned to 1.166 MHz. The rf amplitude was held constant throughout ionization,
ion cooling, and mass scan segments by substituting the rf modulation signal between the rf

detector board and rf amplifier with a low voltage DC pulse (~190 mV, ~700 ms period, 90%
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duty cycle) from an external function generator. All ac waveforms were generated by using two
Keysight 33612A (Chicago, IL, U.S.A.) arbitrary waveform generators. Inverse Mathieu g scans
were calculated in Matlab, exported as .csv files, and imported to the waveform generators. The
inverse Mathieu g scan is a nonlinear sweep of the low voltage ac frequency (performed at constant
rf voltage) that linearizes the mass scale in contrast to the result of linear frequency sweeping. Scan
rates were in the range 200-500 Th/s and the lower-mass cutoff was usually set at 90 Th.

Precursor ion scans were performed by applying to the y electrodes of the linear ion trap a
low voltage (~200 mVpp) swept frequency (an inverse Mathieu g scan) for precursor ion
excitation while simultaneously applying a higher voltage (~600 mVpp) fixed frequency to the x
electrodes at a particular product ion’s secular frequency.

Similarly, neutral loss scans required three identical inverse Mathieu q scans with
appropriate trigger delays. (55) A first frequency scan (~200 mVpp) was used for precursor ion
excitation, a second frequency scan (~600 mVpp) with trigger delay was applied to reject into the
y electrodes remaining precursor ions subsequent to their excitation, and finally, a third frequency
sweep (~600 mVpp) with a trigger delay larger than the artifact delay was used for product ion
ejection. The fixed neutral loss selected was directly proportional to the time delay between the
excitation and ejection sweeps. Each scan was calibrated separately using a linear fit of m/z vs
time.

Permutation scans were performed by applying the appropriate waveforms back-to-back
or simultaneously. For sequential precursor ion scans, the excitation frequency sweep was applied
twice in sequence. During the first sweep a first product ion ejection frequency was applied to
target a first product ion, and during the second sweep a different frequency was applied to target
a different product ion m/z. For the double (simultaneous) precursor ion scan, a single inverse
Mathieu g scan was applied to the y electrodes for ion excitation while a dual frequency sine wave
was applied to the x electrodes to target two product ions for ejection. To perform a precursor scan
and neutral loss scan sequentially, an inverse Mathieu g scan was applied twice in sequence for
ion excitation. During the first sweep a single frequency was applied to the x electrodes to target
ions of a fixed m/z for ejection, and during the second sweep two trigger-delayed frequency sweeps
(artifact rejection and product ion ejection) were applied to complete the neutral loss scan. For
simultaneous precursor and neutral loss scans the waveforms required for each scan were summed

and applied to the appropriate electrodes simultaneously. Hence, an excitation scan and artifact
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rejection scan were applied to the y electrodes while a fixed frequency and time-delayed frequency
scan were summed and applied to the x electrodes. For the precursor ion scan followed by the
product ion scan, a precursor ion scan was performed first, after which a selected precursor ion
(not isolated) was excited at its secular frequency. A full ac frequency sweep then gave the product
ion mass spectrum. Segmented neutral loss scans were simply back-to-back neutral loss scans
(targeting different neutral losses) at different rf amplitudes. Simultaneous neutral loss scans were
performed by using two single frequency sweeps on the y electrodes for ion excitation and artifact
rejection while simultaneously applying two frequency sweeps on the x electrodes, one for each
neutral loss. Only one ion injection event was used for each permutation, and automatic gain
control was turned off. Injection time was varied from 5 to 25 ms, depending on sample
concentration (generally 1-10 ppm, viz. g/L). Each mass spectrum shown here is the average of
10 scans.

2.3 Results and Discussion

Precursor ion scans and neutral loss scans are possible in single quadrupole ion traps using
double resonance excitation, that is, by simultaneously exciting a precursor ion and ejecting a
particular product ion so that the detection of that product ion occurs at the unique time during
which its precursor fragments. Unlike CID in beam-type instruments (e.g., sectors and triple
quadrupoles), CID in ion traps requires a relatively long time to increase internal energies because
(1) helium is usually used as the collision partner and (2) collision energies are quite small. Hence,
many collisions, and thus more time, are required for fragmentation in ion traps. For the precursor
scans and neutral loss scans, the low fragmentation efficiency translates into relatively low
sensitivity for conventional scan rates. However, precursor ion scans, if performed under low ac
amplitude conditions, do not clear the ion trap completely, and thus, if only a small fraction of the
precursor ions are converted to product ions, then the rest of the ions are left in the trap for re-
examination. This characteristic makes available permutations of MS/MS scan modes.

The full range of allowed MS/MS permutations is shown in Table 2.1. Multiple precursor
ion scans can be performed on the same ion population so long as the precursor ions are not ejected
and fully fragmented. Precursor ion scans can also be followed by a single neutral loss scan.
Because the neutral loss scan clears the ion trap with an “artifact rejection” frequency sweep, no

subsequent scans are possible using a single ion injection event. Any number of product ion scans
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can succeed precursor ion scans as well. Finally, although two neutral loss scans cannot interrogate
the same mass range (for a single ion injection event), one ion packet can be used for a segmented
neutral loss scan wherein different neutral loss scans are performed over different mass ranges.
Simultaneous scans are also allowed. Multiple precursor ion scans may be performed concurrently
as well as precursor scans with neutral loss scans and finally multiple simultaneous neutral loss

scans. In each of the scans the AC amplitudes are optimized while constant RF amplitude is used.
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Table 2.1 MS/MS permutations available to the linear ion trap

MS/MS
permutation

advantages over single
stage MS/MS

example

experimental
scan rate
(Th/s)

experimental
LMCO (Th)

Pre"

broad coverage of molecular
functionality; increased
coverage of a set of related
analytes (e.g., amphetamines)

Figure 2.1

469

93

Pre"-NL

coverage of several classes of
compounds; increasing
information  yield  from
particularly ~ uninformative
MS/MS experiments (e.g., NL
of water)

Figure 2.2

475

99

Pre"-Pro"

MS/MS domain
confirmation of
ion identity, esp.

extensive
mapping;
precursor
isobars

Figure 2.3

226

85

NL" (segment
ed)

ability to work with several
classes of compounds that
generally lie in
different m/z ranges

Figure 2.4

230, 415

91, 165

simultaneous
Pre"

broader analyte coverage in a
single mass scan, although
presents more ambiguity than
discrete scans

Figure 2.5b

240

93

simultaneous
Pre"-NL

broader analyte coverage in a
single mass scan, although
presents more ambiguity than
discrete scans

Figure 2.5d

342

128

simultaneous
NL"

monitor multiple classes of
compounds in a single scan,
though there is ambiguity in
precursor — product
relationships

Figure 2.5f

214

83

Pre = precursor ion scan; NL = neutral loss scan; Pro = product ion scan. n = a positive integer. Product ion scans
can also be performed earlier in the sequence provided the masses of the fragments do not fall into ranges of

interest in the other scan types. Multiple reaction monitoring (MRM) experiments can also be done at the end of any
permutation, but they are not considered further as they are not scans.
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2.3.1 Multiple Precursor lon Scans in Sequence

Multiple precursor ion scans are allowed because each precursor ion scan (at scan rates of
hundreds of Th per second) converts a small fraction of precursor ions to product ions.
Permutations of precursor ion scans could be useful for scanning an analyte population for
different molecular functionalities and for monitoring more than one class of molecules. An
example of a double sequential precursor ion scan is shown in Figure 2.5 (compare to full scan in
panel a). In this example, amphetamines are monitored using a precursor ion scan of m/z 163 and
cocaine is monitored using a precursor ion scan of m/z 182. All three amphetamines in this simple
mixture could be detected at ~1 ppm with no artifact peaks and about 8% conversion of precursor
ions to product ions at a scan rate of ~450 Da/s. Note that MDEA was detected with S/N ~ 10 but
is hard to see without an expanded intensity axis. The same precursor ion scan could, in principle,
be performed multiple times, allowing for signal averaging or signal accumulation, somewhat

mitigating the relatively low sensitivity of the method.
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Figure 2.1. Permutations of precursor ion scans: (a) full ac scan mass spectrum of 3,4-
methylenedioxyamphetamine (mda), 3,4-methylenedioxymethamphetamine (mdma), 3,4-
methylenedioxyethylamphetamine (mdea), and cocaine, and (b) precursor ion scan of m/z 163
followed by precursor ion scan of m/z 182 using the same ion population.

2.3.2 Precursor lon Scans Followed by a Neutral Loss Scan

Precursor ion scans can be followed by a single neutral loss scan. Because the neutral loss
scan clears the trap of ions, no other scans are possible subsequently. Nonetheless, like
permutations of precursor ion scans, precursor ion scans followed by a neutral loss scan may be
useful for examining an ion population for different functional groups. Figure 2.2 (full scan in
panel a) shows a precursor ion scan of m/z 182 (the most abundant product ion of cocaine)
followed by a neutral loss scan of 18 Da, which targets opioids oxycodone and noroxycodone. In
the case of the neutral loss scan, unit resolution is observed at a scan rate of 470 Da/s and at most

17% of the precursor ions are converted to detected product ions. In principle, multiple precursor
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ion scans could be followed by a single neutral loss scan; however, the electronic constraints of

our system limited the number of sequential scans we could perform.
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Figure 2.2. Permutation of precursor ion scans and neutral loss scans: (a) full ac scan mass
spectrum of cocaine, noroxycodone, and oxycodone, and (b) precursor ion scan of m/z 182
followed by neutral loss scan of 18 Da.

2.3.3 Precursor lon Scans Followed by Product lon Scans

Product ion scans may follow precursor ion scans as well. A useful example of the utility
of this scan mode is shown in Figure 2.3, where isobaric buphedrone and N-ethylcathinone were
detected in the full scan in panel a, from a mixture with methamphetamine, and also in a precursor
ion scan of m/z 160 (panel b, blue). A product ion scan of m/z 178 (panel b, orange) then confirms
that both isobars are present since m/z 91 and 147 are unique to buphedrone and m/z 133 is unique
to N-ethylcathinone. Note that no isolation was performed prior to the product ion scan (and hence
methamphetamine was also detected in the final mass scan) although, in principle, it would usually

precede the product ion scan.
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Figure 2.3. Permutation of precursor ion scan and product ion scan: (a) full rf scan mass
spectrum of buphedrone, N-ethylcathinone, and methamphetamine, and (b) precursor ion scan of
m/z 160 followed by product ion scan of isobars at m/z 178, confirming that both buphedrone
and N-ethylcathinone are present. Note that m/z 178 was not isolated before the product ion
scan, and hence, m/z 160 is present (though not fragmented) in (b).

2.3.4 Segmented Neutral Loss Scans

Because neutral loss scans clear the precursor ions from the ion trap via the “artifact
rejection” frequency sweep, no other scan modes may follow them. Hence, although neutral loss
scans may not be repeated in the same mass range, segmented neutral loss scans are still allowed.
These are similar to segmented full mass scans documented previously wherein different mass
ranges are interrogated at dissimilar rf amplitudes to improve resolution and mass accuracy across
a portion of the mass range. Neutral loss scans can also be “segmented” so that different mass
ranges can be analyzed for different neutral losses. Segmenting the neutral loss scan allows better
mass spectral resolution to be obtained for higher mass ions, which have lower secular frequency
dispersions compared to lower mass ions. Moreover, often different classes of molecules will
occupy different mass ranges so that multiple classes of molecules could be monitored with a

single ion injection event (e.g., fatty acids and complex phospholipids in tissue). Figure 2.4b shows
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a segmented neutral loss scan of a mixture of methamphetamine, mdma, noroxycodone, and
oxycodone (all of which were detected in the full scan in panel a). A first neutral loss scan of 31
Da was initiated at a low mass cutoff of ~91 Th, and a second neutral loss scan of 18 Da was
carried out at a low mass cutoff of ~165 Th (i.e., using a higher rf amplitude). Both spectra exhibit
unit resolution at a scan rate of 230 (first scan) and 415 Da/s (second scan) and with approximately

4% conversion of precursor ions to detected product ions.
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Figure 2.4. Segmented neutral loss scan: (a) full rf ramp resonance ejection mass spectrum of
methamphetamine (map), 3,4-methylenedioxymethamphetamine (mdma), noroxycodone, and
oxycodone, and (b) segmented neutral loss of 31 Da (at a LMCO of 91 Da) and, subsequently, 18
Da (at a LMCO of 165 Da) using a single ion injection. No signal was observed with the
precursor ion excitation signal off.

49



2.3.5 Simultaneous Scans

One of the disadvantages of performing multiple discrete MS/MS scans in sequence is that
an insufficient number of ions may remain after the first scan for several reasons. It is possible that
most of the precursor ions are fragmented in the first scan, or if enough collision energy is imparted
to the precursors then they may collide with the orthogonal electrodes (y direction, in our case)
and, hence, be lost before any other scans take place. In this case, it is possible to perform
simultaneous MS/MS scans. That is, one may perform multiple simultaneous precursor ion scans,
simultaneous precursor and neutral loss scans, and simultaneous neutral loss scans.

Figure 2.5 gives examples of all three cases. In Figure 2.5a, a full ac frequency scan of
methamphetamine, mdma, and mdea is shown. Methamphetamine fragments to m/z 119 and the
latter two drug fragments to m/z 163. Hence, all three amphetamines can be targeted (Figure 2.5b)
by doing a simultaneous precursor ion scan of both product ion m/z values, which is accomplished
by using a dual frequency waveform (332 and 227 kHz) for product ion ejection. An important
characteristic of these spectra is the resolution observed. Although unit resolution was not
observed in the full scan due to space charge effects (i.e., the trap was purposely overloaded with
ions), unit resolution was observed in the MS/MS scan. The cause of the resolution increase is
likely the orthogonal excitation that causes the product ions to circle the bulk of the ion cloud just
before ejection, and hence, better resolution is observed compared to the full scan mode, wherein
the precursor ions were only excited in one dimension. This effect has been previously documented

in the study of “rhombic” ion excitation.
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Figure 2.5. Simultaneous MS/MS scans: (a) full ac frequency scan of protonated
methamphetamine, 3,4-methylenedioxymethamphetamine, and 3,4-
methylenedioxyethylamphetamine, (b) simultaneous double precursor ion scan of m/z 119 and
m/z 163, (c) single neutral loss scan of 85 Da of a mixture of morphine, codeine, and 6-
monoacetylmorphine, (d) simultaneous precursor ion scan of m/z 286 and neutral loss scan of 85
Da, (e) separate neutral loss scans of 17 Da (blue) and 31 Da (red) performed on amphetamine,
methamphetamine, 3,4-methylenedioxyamphetamine, and 3,4-
methylenedioxymethamphetamine, and (f) simultaneous neutral loss scan of 17 and 31 Da
performed on the four amphetamines.
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A simultaneous precursor and neutral loss scan can similarly be performed by applying the
following waveforms simultaneously: (1) a frequency scan in y for precursor ion activation, (2) a
fixed frequency sine wave in x for product ion ejection (precursor scan), (3) a frequency scan iny
for precursor ion rejection (artifact rejection) after activation, and (4) a frequency scan in X, with
fixed mass offset from the excitation frequency scan, for neutral loss product ion ejection into the
detectors. Figure 2.5¢ shows a single neutral loss scan of 85 Da on a simple solution of morphine,
codeine, and 6-monoacetylmorphine, which detects the transitions m/z 286 — 201 and m/z 300 —
215. By simultaneously performing a precursor ion scan of m/z 286 (a product ion of 6-mam), 6-
mam also appears in the MS/MS spectrum. Note that the ejection frequency for m/z 286 was
switched on after morphine was excited to prevent ejection of the morphine precursors prior to
their excitation. Of course, whether each ion is ejected by the precursor scan, or the neutral loss
scan is ambiguous. Nonetheless, a simultaneous scan would still be useful, for example, in
providing broad coverage of the amphetamines, which fragment either to m/z 163 or m/z 119. In
this case, it is not critical to know which fragment is produced by an unknown amphetamine, but
a subsequent product ion scan would make the assignment clear.

Finally, an example of a simultaneous neutral loss scan performed on a mixture of
amphetamine, methamphetamine, 3,4-methylenedioxyamphetamine, and 3,4-
methylenedioxymethamphetamine is shown in Figure 2.5f. The individual neutral loss scans
(shown in Figure 2.5e) are loss of 17 Da and loss of 31 Da. Because each of these scans detects
two of the amphetamines, all four of the amphetamines can be targeted by simultaneous neutral
loss scans of 17 and 31 Da. This experiment required the following waveforms: (1) precursor ion
excitation frequency sweep on the y electrodes, (2) artifact rejection sweep to eject unfragmented
precursor ions into the y electrodes, (3) product ion ejection frequency sweep on the x electrodes
for the 17 Da loss, and (4) product ion ejection frequency sweep on the x electrodes for the 31 Da

loss.

2.3.6 Performance of MS/MS Scans on Oral Fluid

The final experiment performed in this work was utilization of the MS/MS scan modes in
the case of a complex mixture. Oral fluid was chosen as an appropriate sample, as it has previously
been examined for illicit drugs by swab touch spray tandem mass spectrometry.“® In this work,

amphetamine standards were spiked into the oral fluid at concentrations ranging from 1 to 100
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ppm and subsequently the sample was diluted 10-fold in 50:4.9:0.1 acetonitrile/water/formic acid
to improve nanospray performance. A full scan of the nanosprayed solution containing the drugs
at 100 ppb final concentration (each is 1 ppm in oral fluid) is shown in Figure 2.6a. The four
amphetamine peaks are buried in the mass spectrum. A simultaneous double precursor ion scan,
Figure 2.6b, of m/z 119 and m/z 163 reveals all four amphetamines, although clearly the scan was
performed near the limit of detection. The same scan with 5x higher concentration of

amphetamines is shown in panel c. Both spectra are remarkably clean and free from artifacts.
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Figure 2.6. Simultaneous double precursor ion scan of oral fluid spiked with amphetamines: (a)

full scan of 10% oral fluid with final concentration 100 ppb amp, map, mda, and mdma (1 ppm

in oral fluid), (b) simultaneous double precursor ion scan of m/z 119 and 163, and (c) the same
experiment at 500 ppb final concentration of amphetamines.
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2.3.7 Duty Cycle and Sensitivity

The scans demonstrated here on a commercial benchtop instrument are quite slow (102
Th/s) compared to data-dependent scans (104 Th/s for each scan in the sequence). However, when
translated to miniature instruments that use discontinuous interfaces, these data-independent scans
will be more practical. For example, the Mini 12*' takes ~700 ms to pump down after ion injection
(when the DAPI valve is opened briefly) and uses an approximately 300 ms mass scan in the
resonance ejection mode. Operating this system in a data-dependent mode would hence require
several ion injection and cooling events, thereby using tens of seconds of instrument runtime, not
including signal averaging. In comparison, a sequential or simultaneous MS/MS permutation scan
would require ~1 s total and would therefore be faster than the data-dependent mode while still
retaining selectivity and increase in signal-to-noise from MS/MS transitions. Lastly, in comparison
to the product ion scan mode, precursor and neutral loss scans in ion traps are considerably less
sensitive, perhaps 2 orders of magnitude. Some of the loss of sensitivity may be compensated for
by using air as cooling and collision gas, which is common on miniature instruments. Work is
currently underway to implement the full MS/MS suite on a miniature system and will be the

subject of a future report.

2.4 Conclusion

Permutations of MS/MS scan modes have been demonstrated on a single linear ion trap.
Using one ion injection event, the information obtained from the injected ions can be maximized
by performing particular ordered combinations of precursor ion scans, product ion scans, and
neutral loss scans. Simultaneous precursor ion scans or precursor and neutral loss scans are also
possible, expanding the range of analytes that can be detected with a single MS/MS scan. These
scan modes are particularly important for resource-constrained instruments with limited
instrument volume, power, or samples such as those examined using an ion trap for Mars origin

of life studies or a portable instrument for forensic analyses in the field.
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CHAPTER 3. TRIPLE RESONANCE METHODS TO IMPROVE
PERFORMANCE OF ION TRAP PRECURSOR AND NEUTRAL LOSS
SCANS

Portions of this work have been published in the Journal of the American Society for Mass
Spectrometry as the article: Szalwinski, L. J., Snyder, D. T., Wells, J. M., & Cooks, R. G. (2020).
Triple Resonance Methods to Improve Performance of lon Trap Precursor and Neutral Loss Scans.
Journal of the American Society for Mass Spectrometry, 31(5), 1123-1131.

3.1 Introduction

Data independent scan modes, such as the precursor and neutral loss scans, enable the user
to quickly identify compounds containing particular functional groups. However, precursor ions
do not always fragment directly to product ions that are diagnostic of the chosen functionality.! In
such cases, further fragmentation of the primary product ion might yield the desired diagnostic
information. This is a motivation for using high energy photons to increase the possible product
ions generated.>3® Such techniques typically require significant activation time for sufficient
fragmentation, making them difficult to couple to data independent scan modes.* The combination
of improved fragmentation methods coupled to data independent analysis is highly desirable as
data independent scan modes decrease the number of scans required to answer questions in
chemical analysis. However, the structural analysis performed is completely dependent on the
degree and efficiency of fragmentation. The capability to conduct data-independent analysis
would be particularly valuable in miniature mass spectrometers where a discontinuous atmospheric
pressure interface (DAPI) decreases instrument size at the cost of reduced duty cycle®.
Improvements in MS/MS capabilities would then mirror recent improvements in mass range®,
instrument size and power’, and resolution® which have made miniature ion trap mass
spectrometers attractive as on-site chemical sensors.

Precursor ions can sometimes fragment to product ions with the same m/z value as the
diagnostic product ion, but with a different structure. In this case, the isobaric product ions can be
fragmented again, and a diagnostic secondary product ion can be detected to confirm the primary
product ion’s structure. This can readily be accomplished by performing another stage of mass
analysis (MS®).° However, triple quadrupole mass spectrometers, which are the most common

mass spectrometers that allow data independent analysis, do not have the capability of performing
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a third stage of mass analysis. lon traps can easily obtain MS® product ion information by using
multiple stages of isolation/fragmentation in time.° However, ion isolation restricts the capability
to perform data independent scan modes.!! During isolation, all other precursor ions are removed
from the trapped ion population. The ion trap must be repopulated to interrogate another precursor
ion. If one mass selectively activates but does not remove precursor ions, one can avoid isolation
thereby allowing data independent scan modes.

In previous work, we implemented MS? scans using a single quadrupole ion trap
instrument.!23 In particular, we showed that it was possible to implement precursor and neutral
loss scans by using a fixed trapping rf and applying orthogonal double resonance frequencies for
ion excitation and ejection. These individual MS? scans could then be combined sequentially or
simultaneously to perform experiments in which more MS/MS data is acquired per injected ion
population.’* In the present study, ions are resonantly excited at their secular frequency using a
swept ac signal while a frequency in resonance with that of a single first-generation product ion is
constantly applied so that a set of precursor ions and a first-generation product ion are both excited
simultaneously, for dissociation and ejection, respectively. In other words, a double resonance
condition is met by simultaneously and orthogonally exciting precursor and first-generation
product ions. A fixed third frequency can also be applied to eject a particular second-generation
fragment ion. This experiment is termed a sequential precursor ion scan in the original
nomenclature for MS" spectra’®2®; in the ion trap case it represents a triple resonance experiment
because a precursor ion and two generations of product ions are irradiated simultaneously. The
output of this particular MS® experiment has one dimension of mass plus a dimension of intensity.
In the nomenclature of MS" scans, showing variable (O) and fixed (®) mass/charge values, the
scan is written O—> @ - @ ; as such it is clear that it is a more selective version of a precursor ion
scan O—> @. Another feature of the experiment is that the third frequency can be used to create a
beat frequency in the ejection waveform, modulating the trajectories of resonantly ejected ions but
not the trajectories of product ions whose working points fall outside the stable region of the
Mathieu stability diagram. The consequence of the beat frequency is that artifact peaks in precursor
and neutral loss spectra are readily identified by peak shape.
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3.2 Experimental
3.2.1 Chemicals

All amphetamines, pheniramines, and phosphonates were purchased from Sigma-Aldrich
(St. Louis, MO,U.S.A.). These compounds were diluted in 50:50 methanol/water with 0.1%
formic acid to a concentration of 1 ppm. HPLC grade methanol was purchased from Fisher
Scientific (Hampton, NH, U.S.A.).

3.2.2 Instrumentation

All experiments were performed using a Finnigan LTQ linear ion trap mass spectrometer
(San Jose, CA, U.S.A.) previously modified to perform orthogonal excitation using low voltage ac
waveforms supplied by external function generators.”> A constant amplitude rf voltage was
maintained by supplying a DC pulse (160 mV, 700 ms period, 90% duty cycle) to the rf detector
board. This signal is substituted for the instrument’s original rf modulation signal so that the rf
voltage can be controlled externally. One consequence of this implementation is that the rf voltage
drifts slightly from scan to scan, which slightly degrades mass accuracy and resolution but
otherwise has minimal effects on the spectra. The linear ion trap has dimensions Xo = 4.75 mm,
yo= 4 mm, and three axial sections of lengths 12, 37, and 12 mm. The rf frequency was kept at
1.166 MHz. Nitrogen (ion gauge reading 1.4 x 107 torr) was used as bath gas instead of helium to
improve sensitivity.

AC waveforms were supplied by two Keysight 33612A arbitrary waveform generators
(Newark element14, Chicago, IL, USA). An inverse Mathieu ¢ scan was calculated in Matlab in
a manner which allowed the mass scale to be linearized with time.1” A linear relationship between
m/z and time is obtained from the linear relationship between 1/q and m/z. The frequencies were
calculated from the g-values in order to obtain the final waveform. All inverse Mathieu g scans
were 600 ms in length from Mathieu g = 0.908 to g = 0.15 and had a constant peak voltage. For
ion excitation, 150 mVyp signals were used, whereas 500 mVyp signals were used for ejection. The
low mass cut off (LMCO) in these experiments was set at 80 Th. Once the LMCO is calibrated
by varying the external rf modulation voltage, all resonant frequencies can then be predicted from
the Mathieu equation. The components of the secular frequency in the x and y directions are

assumed to be equal for a given ion.
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Precursor ion scans were performed using an inverse Mathieu ¢ scan to excite ions in the
y-dimension while simultaneously applying a single frequency matching the secular frequency of
a particular product ion in the x-dimension for ejection. Triple resonance excitation was conducted
by supplying a third frequency in the x- dimension corresponding to the secular frequency of a
particular MS? product ion. Note that in the case of the triple resonance scan, the product ion
ejection signal, applied on the x electrodes, targets an MS?® ion rather than an MS? ion. The
frequency sweep waveform used to fragment precursor ions and the static frequency to fragment
MS? product ions were summed within the waveform generator before being inductively coupled
to the y-rod pair. Neutral loss scans were performed by applying two inverse Mathieu q scans on
orthogonal electrodes (fragmentation of precursors in y, ejection of product ions in x). One scan
had a fixed time offset from the other which was proportional to the neutral loss mass 3. A third
inverse Mathieu q scan applied to the y electrodes was used for ejection of unfragmented precursor
ions to prevent their ejection (and detection) by the product ion ejection frequency sweep.

Beat frequencies were generated for precursor ion scans by summing two sine waves with
a small (~1 kHz) frequency difference and applying this dipolar ejection signal to the x electrodes.
A first sine wave matched the product ion’s secular frequency and a second was offset from the
first in order to generate the beat frequency. These two sine waveforms were summed within the
waveform generator. The amplitudes of the sine waves were identical. In the neutral loss scan
mode, beat frequencies were generated by summing two inverse Mathieu q scans with one of the
scans having a constant frequency offset from the other, corresponding to the desired beat
frequency. The two inverse Mathieu q scans were summed after each was calculated in Matlab

and the summed output waveform was then imported into the arbitrary waveform generator.

3.3 Results and Discussion
3.3.1 Triple Resonance Excitation

Triple resonance excitation is a term covering several MS? experiments of which just one
is discussed in this chapter. These experiments require application of a third ac frequency to an
existing ion trap equipped with two frequency generators. The experiment discussed here increases
the selectivity and sensitivity of the ion trap precursor ion scan performed by double resonance.

The existing double resonance ion trap precursor scan uses two frequencies to excite and eject ions.
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The first waveform is swept non-linearly in frequency so that all precursor ions are excited and
fragmented in order of increasing m/z (Figure 3.1). A second ac signal of constant frequency is
applied and corresponds to a product ion of particular m/z so that a specific molecular functionality
can be monitored in the second-generation fragment ions. This allows species that generate
product ions with the same m/z, but not the same functional structure, to be discriminated through
a second stage of fragmentation. To achieve this, a third resonance is applied so that specific

second-generation product ions are ejected and detected.
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Figure 3.1. Scan methodology for the various experiments. a.) Illustration of a triple resonance
precursor ion scan in which two frequencies are applied to the y-electrodes, one of which scans
across the frequency range to fragment precursor ions while a second fixed frequency held on a
constant product ion secular frequency (an MS? ion). A third frequency can be applied to the x-
electrodes at a frequency chosen to eject the desired MS? product ion into the detector. Voltages

of each of the frequencies are shown as well. b.) Example of how beat frequencies were
generated. The two waveforms (orange and blue, 300 and 301 kHz) have a small frequency
difference between them. If these two frequencies are summed the resultant (dark blue)
waveform has characteristics of the beat frequency (1 kHz) and the original frequencies (300 and
301 kHz).
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Experimentally, triple resonance excitation is accomplished by applying the sum of two

sinusoidal waveforms on the y-electrodes, one of which is a non-linear frequency sweep used to
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excite precursor ions and the other which is a fixed frequency associated with fragmentation of a
selected MS? product ion (Figure 3.1). This combination of waveforms allows for detection of
product ions not normally very abundant — or absent altogether - in an MS? experiment, but
detectable in an MS? experiment. The excitation of precursor ions and first-generation product
ions, as well as the ejection of the second-generation product ions, occurs simultaneously to
preserve the m/z of the precursor ions, which is proportional to time. Such a scan can be used to

improve 1) sensitivity, 2) selectivity, and 3) molecular coverage in the cases presented.

3.3.2 Triple Resonance Excitation for Increased Sensitivity

Increased sensitivity in ion trap precursor ion scans using triple resonance excitation can
be observed if there are shared products between MS? and MS? spectra, that is, if first generation
product ions fragment further to give other ions observed in MS? scans. For example, increased
sensitivity can be observed when performing a precursor ion scan of chemical warfare agent
simulants cyclohexyl methylphosphonate and pinacolyl methylphosphonate, m/z 177 and 179
respectively, both (M - H)™ (Figure 3.2a). When performing an individual precursor scan for either
(Figure 3.2a, brown) m/z 95 (methylphosphonate) or (Figure 3.2a, orange) m/z 79, the signal
intensity is less than when a triple resonance precursor scan is performed to simultaneously excite
in the y dimension precursor ions along with MS? ion m/z 95 (using a fixed frequency sine wave)
and to eject the MS? ->MS2 ion m/z 79 in the x dimension using a second fixed frequency sine
wave. Increased sensitivity in the triple resonance scan is observed (Figure 3.2b) because m/z 95
fragments to m/z 79 so that simultaneous fragmentation of the precursors m/z 177 and 179 as well
as MS? ion m/z 95 collapses the product ions into a single channel (m/z 79), therefore resulting in
higher ion abundance at the detector. It should be noted that in the triple resonance method there
is a loss in selectivity for either m/z 95 or 79 product ion compared to each individual double
resonance scan as the product ions cannot be differentiated in the triple resonance scan, but the
selectivity for the precursor ions containing methylphosphonate is increased by including both

product ions.
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Figure 3.2. Triple resonance for increased sensitivity in the precursor ion scan mode. Analytes
were chemical warfare agent simulants examined in negative ion mode (cyclohexyl
methylphosphonate and pinacolyl methylphosphonate, (M - H)", m/z 177 and 179, respectively)
and amphetamines in positive ion mode (amphetamine and methamphetamine (M+H)" m/z 136
and 150, respectively). (a) Overlaid mass spectra of precursor ion scan of m/z 95 (brown),
precursor ion scan of m/z 79 (orange), and triple resonance precursor scan of m/z 79 with a y-
dimension resonance at the frequency corresponding to m/z 95 (red) and an x-dimension
resonance at m/z 79, b) showing integrated signal intensities of m/z 177 and 179 in each case, (c)
overlaid mass spectra of precursor ion scan of m/z 91 (brown), precursor ion scan of m/z 119
(orange), and triple resonance precursor scan of m/z 91 with a second resonance at the frequency
corresponding to m/z 119 (red), and (d) integrated signal intensity of m/z 136 and 150 in each
case.

A second case of increased sensitivity is shown in Figure 3.2c for two structurally similar
central nervous system stimulants, amphetamine (m/z 136, [M+H]") and methamphetamine (m/z
150, [M+H]"). The signal intensity of the precursor ion scan of m/z 91 increases when an additional
frequency corresponding to m/z 119 is applied to the y-electrode. This increased sensitivity can be
attributed to the reduction in available states the product ions could reside in, that is, MS? ion m/z
91 is conveniently an MS? product ion of m/z 119. Of course, the triple resonance experiment can
result in additional peaks in the mass spectrum because it occurs concurrently with the
corresponding double resonance scan (i.e. the triple resonance scan for m/z 91 occurs concurrently

with the double resonance scan of m/z 91), and it is ambiguous which peaks and how much signal
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intensity result from the double resonance scan compared to the triple resonance scan. It could be
anticipated that the signal of the triple resonance scan would be the summation of the two
individual double resonance scans (the combination of individual precursor ion scans of m/z 119
and 91 is equal to the sequential precursor ion scan of 119 to 91). However, the difference could
be attributed to different fragmentation pathways. Specifically, the secondary product ion
distribution from the primary product ion, m/z 119, is different when it is resonantly activated for
fragmentation than when the fragmentation is caused by residual energy from the first
fragmentation event. In either case, the percentage of precursor ions that are successfully
converted to detected product ions can be quite low (< 1% on the LTQ) on an ion trap operated in
the precursor scan mode (see ‘detection efficiency’)*®, so any increase in signal intensity can be
beneficial so long as selectivity is not compromised. This sensitivity improvement is dependent on
the fragmentation pathway of the particular functional group being interrogated. It is expected that

for small molecules fragmentation is often sequential and limited to a few product ions.

3.3.3 Triple Resonance Excitation for Increased Selectivity

A challenge with ion trap precursor and neutral loss scans is obtaining unit resolution for
both precursor ions and product ions. As currently implemented, precursor ions and product ions
all reside at different Mathieu g values and hence have different secular frequency dispersions as
a function of m/z. The higher in Mathieu q position at which an ion resides, the better the mass
selectivity that is obtained because the frequency dispersion is greater. One method of increasing
selectivity in ion trap precursor and neutral loss scans is by using triple resonance excitation.
Higher selectivity will necessarily be obtained because the detected ions must satisfy both the MS*-
>MS? relationship as well as the targeted MS2->MS? relationship. Furthermore, the MS? product
ions and precursor ions must be labile enough to fragment successively in the short time available
in the ion trap scan. Moreover, the MS? ion will reside at a higher Mathieu q value than its MS?
precursor, which is also beneficial for mass resolution.

To demonstrate this, a five-component mixture with analytes that produce fragments within
6 Th of m/z 182 was subjected to a precursor ion scan of m/z 182 (Figure 3.3, red). As shown, not
only is cocaine detected (m/z 304->m/z 182->m/z 150), but so too are hydromorphone (m/z 286-
>m/z 185->m/z 157), cocaine-d3 (m/z 307->m/z 185->m/z 153, 151), acetyl fentanyl (m/z 323->m/z
188->m/z 146, 105), and butyryl fentanyl (m/z 351->m/z 188->m/z 146, 105) because their MS?
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ions have secular frequencies within 10 kHz of m/z 182. A triple resonance precursor ion scan of
m/z 150 (Figure 3.3, blue) was then used to improve the selectivity of the scan for cocaine
compared to the double resonance case. This was accomplished by applying a fixed frequency
corresponding to m/z 182 to the y-electrodes during a precursor ion scan of m/z 150. In this case
the decrease in relative intensity of the fentanyls relative to cocaine can be attributed to a stable
MS? product ion (m/z 188) which further fragments largely to m/z 105 (m/z 146 is a minor product),
but not on the short time scale (a few ms) of the excitation and detection in this scan. Deuterated
cocaine and hydromorphone are still present because their MS? ions are more labile. Both
deuterated cocaine and hydromorphone produce secondary product ions (m/z 153 and 157,
respectively) within the resonant bandwidth of the ejection mass, m/z 150, thus both product ions
are detected in the triple resonance scan. However, the decrease in signal of deuterated cocaine is
greater because the primary fragment ion, m/z 185, fragments to many other product ions besides
153 whereas the primary product ion from hydromorphone, also m/z 185, primarily produces m/z
157. One would also expect increased mass selectivity by targeting a particular MS? ion (m/z 150,
g = 0.463) that resides at a higher Mathieu q value than the MS? ions (m/z 182, q = 0.381). This
is because the m/z window affected by the 10 kHz activation/ejection window is smaller with
decreasing mass. For example, a 10 kHz bandwidth centered at m/z 90, 150, and 210 correlate
with 1.2, 6.5, and 13.5 Th bandwidths, respectively. While the presence of hydromorphone and
cocaine-d3 are evident even at g = 0.463, the mass selectivity is not close to unit (which we will
show later). Although selectivity is increased, signal intensity decreased from 174 counts in the
double resonance scan to 35 counts in the triple resonance scan, so clearly an increase in selectivity
is accompanied by a decrease in sensitivity. Note that this MS® experiment is the sequential

precursor ion scan, viz. 0> @ = @, per the original MS" nomenclature *°.
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Figure 3.3. Increased selectivity in the detection of various opioids using triple resonance
excitation. Hydromorphone (m/z 286, MS2 m/z 185, MS® m/z 157), cocaine (m/z 304, MS? m/z
182, MS® m/z 150), cocaine-d3 (m/z 307, MS? m/z 185, MS® m/z 153, 151), acetyl fentanyl (m/z
323, MS? m/z 188, MS® m/z 146, 105)), and butyryl fentanyl (m/z 351, MS? m/z 188, MS® m/z

146, 105)) were subjected to both precursor ion scan of m/z 182 (red) and triple resonance

precursor ion scan of m/z 150 in which m/z 182 (blue) was fragmented in the y dimension during
the scan. Each percentage describes the ratio of relative intensity of the triple resonance scan
compared to the double resonance scan.

3.3.4 Triple Resonance Excitation for Increased Molecular Coverage

Per-scan molecular coverage can be increased using triple resonance precursor ion scans
because this reduces the number of individual scans required to detect the same number of targets
of a molecular class. Specifically, even precursor ions that have similar molecular structures may
not all fragment to the same MS? products, but they may share product ions if we are also able to
access MS? ions. This reduction of scans is demonstrated with pheniramines, which are

antihistamines that produce three different major product ions but share ions between the MS? and
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MS? data spaces. Figure 3.4, red, shows a precursor ion scan of m/z 196 used to detect pheniramine,
Figure 3.4, purple, shows a precursor ion scan of m/z 167 used to detect diphenhydramine, and
Figure 3.4, blue, shows a precursor ion scan of m/z 246, the dominant product ion of
chlorpheniramine. Conveniently, when m/z 196 and m/z 246 are fragmented they generate product
ions at m/z 167 and m/z 168. A double triple resonance precursor ion scan, i.e. fragmenting the
precursor ions and simultaneously fragmenting m/z 196 and m/z 246 while ejecting m/z 167/168,
is then shown in green. This experiment detects all three pheniramines in a single scan. Note that
the LMCO in this experiment was 120 Th, compared to 80 Th in the other triple resonance

experiments.
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Figure 3.4. Increased molecular coverage using triple resonance excitation. Overlaid spectra of
various precursor ion scans of a mixture containing pheniramine (m/z 241), diphenhydramine
(m/z 256), and chlorpheniramine (m/z 275), all [M+H]*. Precursor ion scans of m/z 196, 167,
and 246 are shown as red, purple, and blue traces, respectively. A triple resonance precursor ion
scan shown in green applies two fixed frequencies corresponding to m/z 196 and 246 for further
fragmentation in the y dimension while a fixed frequency associated with m/z 167 is used to eject
product ions of m/z 167/168 in the x dimension. The LMCO in this experiment was 120 Th.

3.3.5 Frequency Tagging for Identification of Artifact Peaks in Precursor and Neutral Loss
Scans

A shortcoming of using a single quadrupole ion trap for simultaneous fragmentation and
detection is that product ions generated from trapped precursor ions whose trajectories are unstable
(g > 0.908) will be immediately ejected from the trap. This presents a challenge because product
ions whose m/z values are below the low mass cutoff are detected in the same manner as resonantly
ejected ions, which creates ‘artifact’ peaks in the mass spectrum, i.e. false positives. These artifact

peaks have similar profiles as the resonantly ejected peaks due to the detected peak shapes being
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determined by the precursor fragmentation profile. The ejection of product ions, whether it be due
to instability or resonant ejection, will happen much faster (10s to 100s of microseconds) than the
time required for precursor ions of a single m/z to be fragmented (1 — 3 milliseconds). The
intensity of these boundary peaks is much lower than the resonant peaks due to their ejection being
unspecific to radial dimension. This is demonstrated in Figure 3.5a and 5b where the difference
between the two spectra is the result of the addition of a resonant frequency to eject product ions.
Avrtifact peaks can be considered background and can be subtracted from the precursor or neutral
loss scan spectra after recording an ‘artifact scan’, that is by scanning without the ejection
waveform and determining which peaks remain. These peaks are produced solely by ejection of
unstable product ions. This solution, however, is not ideal because the background artifact scan
must be obtained for each sample, thereby doubling analysis time and instrument power consumed,
which for portable ion traps (where precursor and neutral loss scans are particularly useful) is
especially inconvenient 8,

An alternative solution that does not require additional scans is to detect the secular
frequency of the ions at the detector. lons which are excited at their secular frequency will
oscillate with that same frequency (and related higher-order frequencies) and will be ejected in
‘packets’. The rate of observation of those packets at the detector will correspond approximately
to the ion secular frequency. The packets are not observed in conventional ion trap mass spectra
because the detector typically has a much lower frequency bandwidth 103-10* Hz compared to the
ions’ secular frequency, typically between 10-550 kHz for a 1.1 MHz trapping field. This produces
spectra with a deceptively (and erroneously) continuous ion current °. This solution is not
demonstrated here, but a third alternative which is compatible with slower detection electronics is

proposed.
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Figure 3.5. Frequency tagging for discrimination of artifact peaks in ion trap precursor scans. (a)
‘Artifact scan’ of five amphetamines (m/z 136, 150, 180, 194, and 208) at a LMCO of 92 Th, (b)

FFTs of peaks at m/z 150 and 119 (both artifacts), (c) precursor ion scan of m/z 163 without
using frequency tagging, (d) FFTs of peaks at m/z 180 and 150 (resonance ejection peaks) and
119 (an artifact, magnified by 10), (e) precursor ion scan of m/z 163 using a beat frequency of
1,000 Hz, (f) FFTs of peaks at m/z 180 and m/z 119 (the artifact), (g) same as (e) but with beat

frequency 1,200 Hz, and (g) resulting FFTs. Green peaks are from resonance ejection, blue peaks
are from frequency tagging resonance ejection, and red peaks are solely artifacts from boundary
ejection of unstable product ions.
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The third solution is to mass-selectively ‘tag’ resonantly ejected ions with a secondary
frequency that can be observed at the detector. This ‘frequency tagging’ method can be
accomplished by creating a ‘beat’ in the ac frequency used to manipulate (either excite or eject)
the ions. As we have shown before 202!, gjecting ions with the sum of two closely spaced
frequencies, one which corresponds to the ion’s secular frequency and one which is used to
produce a particular beat frequency, shapes mass spectral peaks according to the beat frequency.
For example, the summation of two sine waves with a frequency of 250 kHz and 251 kHz would
produce a beat of 1 kHz, and as we will show here the mass spectral peaks corresponding to this
resonance frequency are modulated by this beat.

Figure 3.5 and 6 demonstrate frequency tagging for identifying artifact peaks. Five
amphetamines were trapped in the LTQ at a LMCO of 92 Th. Amphetamine and
methamphetamine produce a fragment ion (m/z 91) below this LMCO, even when no ejection
frequency is applied and hence show up as artifacts in both precursor ion scans and neutral loss
scans (Figure 3.5a, artifact scan). Here we mark all artifacts with red stars for convenience. A fast
Fourier transform (FFT) of one of these peaks generates a frequency spectrum in which a single
peak below 400 Hz is observed (Figure 3.5b). This low frequency signal can be attributed to the
width of the mass peak, viz. it depends on the mass spectral resolution. When an ejection frequency
is then applied to eject product ions, m/z 163 in this case, with a known secular frequency (Figure
3.5¢), multiple higher intensity peaks appear. As before, the peaks marked in red are solely artifacts,
whereas peaks marked with green stars are due to resonance ejection of m/z 163. A FFT of each
of these peaks generates 3 indistinguishable spectra with a single peak below 400 Hz (Figure 3.5d).
That is, boundary (red) and resonance ejection (green) peaks cannot be differentiated in this scan,
resulting in false positives.

However, when the product ion’s secular frequency is applied with a beat frequency, either
1 kHz or 1.2 kHz, this beat is observed in the mass spectrum (Figure 3.5e and g) only for the
resonantly ejected ions, not for the boundary ejected ions (m/z 119, inset). The peak shape changes
drastically (frequency tagged ions are marked with blue stars) and performing an FFT of the mass
spectral peaks allows for the beat frequency to be recovered (Figure 3.5f and h). The FFT results
in a peak with a frequency slightly greater than the applied beat frequency because there are not
very many points in the mass spectral peaks and hence few points in the FFTs (giving low

frequency resolution). Harmonics can also be seen in the FFT, though we will not comment on
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them further. As shown in the insets in Figure 3.5, which display m/z 119 (an artifact in all spectra),
artifacts are not modulated according to the applied beat frequency, thus allowing their
identification.

As mentioned previously, frequency tagging is not unique to precursor ion scans. Neutral
loss scans, in which the product ion is a constant m/z lower than the precursor ion m/z, can also be
recorded when applying a beat frequency by summing two frequency sweeps with a constant
frequency offset and using the combined waveform for ejection in the x dimension. This resultant
waveform is applied with a time offset from the excitation frequency sweep to realize a constant
mass offset throughout the scan. Figure 3.6 shows two neutral loss spectra for amphetamine ions.
Figure 3.6a presents a case in which the ejection for a particular ion is not wholly attributed to one
method. Fragmentation of m/z 150 creates product ions (m/z 91) below the LMCO (92 Th) and a
product ion m/z 119, a neutral loss of 31 Da. The peak at m/z 150 is hence marked with a purple
star to indicate that it has contributions from frequency tagging (resonance ejection) and boundary
ejection. As shown in the FFT of m/z 150 in Figure 3.6b, even though the peak is in part artifactual,
it is clear that m/z 150 also generates a neutral loss of 31 Da, indicated by the peak at ~1 kHz. A
neutral loss scan of 17 Da performed on the same analytes (Figure 3.6¢) will identify both ions
that lose 17 Da as well as ions that generate product ions below the LMCO (e.g. m/z 150). In this
case, m/z 150 is clearly only an artifact because its frequency spectrum does not have a peak at 1

kHz, whereas m/z 136 and 180 are both frequency tagged.
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Figure 3.6. Frequency tagging for discrimination of artifact peaks in neutral loss scans.
Amphetamine analytes were used for this experiment. (a) Neutral loss scan of 31 Da at constant
beat frequency of 1,000 Hz and (b) peak FFTs, and (c,d) the same for a neutral loss scan of 17
Da. In (a) m/z 150 is part artifactual and so is modulated by the beat frequency but in (c) it is
entirely an artifact and hence not modulated. Blue peaks are from resonance ejection using
frequency tagging, red peaks are solely artifacts from boundary ejection of unstable product ions,
and purple peaks have contributions from frequency tagging resonance ejection and boundary
ejection (i.e. they are only part artifactual).

The selection of which frequency to “tag” to discriminate artifact peaks from boundary
ejected peaks is dependent on a few parameters. The low frequency limit is determined by the
time required to fragment a single precursor m/z. This period corresponds to the frequency
detected below 1 kHz in Figure 3.5 and 6. This period is fairly consistent across the precursor
mass range, so for 1 kHz tag there will always be three to five ejection events, which is sufficient
to separate the tag from the lower frequency peak. It would be expected that higher resolution
would be obtained by using a higher frequency tag as you would measure more ejection events in
a given time. However, creating a high beat frequency by this method would require separating
the frequencies further. This causes a decrease in product ion selection as the applied waveform
covers a wider range of frequencies. If this decrease in selectivity were acceptable, the next
limitation would be based on the detection circuitry bandwidth, which for most commercial ion
trap systems is about 10* Hz. Product ion selectivity was prioritized in these experiments since the

detection of any frequency above 1 kHz indicates at least partial resonance ejection. If a higher
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frequency resolution is required, possibly to differentiate between different resonance ejection
events, then higher harmonics could be utilized to improve frequency resolution. The ideal
frequency to measure to differentiate between resonant ejection processes is the ion’s secular
frequency. However, this requires sensitivity in detection circuitry with high frequency bandwidth
not typically found in commercial ion trap systems.

One of the motivations for identifying artifacts peaks in the same MS/MS scan is that it
allows for the trapping rf voltage to be increased during the scan, thus placing ions at higher q
values to obtain higher mass selectivity but also producing more artifacts because the LMCO is
higher. However, if artifacts can easily be identified, then they are less problematic. For example,
a precursor ion scan for m/z 163 was used to identify the m/z range of the ejected product ions as
a function of the LMCO (Figure 3.7), which we have previously defined as the product ion
selection window 8. All ions within the selection window will be ejected even if they are excited
off-resonance. Clearly the selection window and hence mass selectivity for the product ion is
greater at high g, giving selection windows of approximately 2 Th when the LMCO is 153 Th and
159 Th, respectively, a notable improvement over the ~7 Th window when the LMCO is 77 Th.
Interestingly, points where the product ion m/z 163 had its working point on a non-linear resonance
line were observed in the data and can be identified as B = 2/3 and p = 0.586 2224, On these lines

a decrease in mass selectivity was observed.
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Figure 3.7. Product ion selection window (full width at half maximum) of the precursor ion scan
of m/z 163 as a function of LMCO (proportional to the rf voltage). Labels correspond to scans in
which m/z 163’s working point was on or near a nonlinear resonance line.

3.4 Conclusions

Triple resonance precursor ion scans provide increased sensitivity for cases where a
precursor ion fragments to two product ions, one of which fragments to the other in a second
MS/MS stage. They can also be used to increase selectivity and to increase molecular coverage by
fragmenting various structurally similar precursor ions to shared MS? and MS® ions. A ‘frequency
tagging’ method can also be applied to determine how the product ion was ejected. Because
frequency tagging can encode product ion m/z values in a secondary induced frequency, it may be
useful for MS/MS multiplexing, which will be the subject of a future report.
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CHAPTER 4. LOGICAL MS/MS SCANS: ANEW SET OF
OPERATIONS FOR TANDEM MASS SPECTROMETRY

Portions of this work have been published in the journal Analyst as the article: Snyder, D. T.,
Szalwinski, L. J., Wells, J. M., & Cooks, R. G.. (2018). Logical MS/MS scans: a new set of
operations for tandem mass spectrometry. Analyst, 143(22), 5438-5452.

4.1 Introduction

Wolfgang Paul and colleagues obtained a patent for the first quadrupole devices, the mass
filter and the 3D ion trap (QIT), in the early 1950s.1"® Paul shared the Nobel Prize in Physics in
1989 with Hans Dehmelt, who was the first to trap a subatomic particle (an electron).®” Fulford
and March first demonstrated that ions could be mass-selectively stored in what was then called
the QUadrupole lon STORage (QUISTOR) device operated in mass-selective stability (rf/dc)
mode,® and nearly three decades after the invention of the ion trap, Stafford et al. introduced the
more convenient mass-selective instability scan, a linear ramp of the trapping radiofrequency (rf)
signal which is used to eject ions in order of their mass-to-charge ratio (m/z).° Resonance ejection
was subsequently developed and is now the predominant technique for mass analysis in both 2D
and 3D traps,'®® with the notable advantages of increased resolution,**® sensitivity, and mass
range.1”18 Resonance ejection is methodologically similar to mass-selective instability but ejects
ions at any specified Mathieu q value by matching the ions’ secular frequencies with a
supplemental low-voltage ac frequency, usually at high Mathieu g, while ramping the rf voltage.
Other less-used, but still notable, modes of mass analysis include rf frequency scanningis 2o
(including in the digital ion trap),2:2* dc voltage scanning,? and ac frequency scanning.?6-32

A remarkable feature of the quadrupole ion trap is the capacity to perform various tandem
mass spectrometry (MS/MS or MS") operations in a single device,® a capability that usually
requires multiple mass analyzers and a separate collision cell (e.g. in hybrid instruments or in a
triple quadrupole®¥). In a QIT, an ion can be excited with a low voltage ac waveform with
frequency component(s) matching the ion's secular frequency or other related frequency, causing
dissociation. A subsequent scan out then yields a product ion mass spectrum.*33 Performing
multiple fragmentation steps tandem-in-time can yield higher order MS" spectra as well,*®

increasing analytical selectivity while also improving signal-to-noise.
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Although not widely used as such, ion traps can also conduct precursor ion scans*’~° and
neutral loss scans,***! modes that usually depend on multiple mass analyzers for simultaneous
mass selection of precursor and product ions. To implement these capabilities, multiple
simultaneous resonance frequencies are used to mass-select (and fragment) a precursor ion while
also ejecting one or more selected product ions with a second ac frequency, which can correspond
to a fixed product m/z or a fixed neutral loss. The more common scanning methodology is to
acquire sets of data-dependent product ion scans from which precursor or neutral loss spectra can
be reconstructed,*? a method which takes advantage of the increasingly rapid scanning capabilities
of modern ion trap systems* but also acquires superfluous data.

The beginnings of tandem mass spectrometry as an analytical technique date back to the
first mass-analyzed ion Kinetic energy spectrometer (MIKES) developed by Beynon and Cooks at
Purdue University.*** Since then, MS/MS techniques have been developed for hybrid
instruments* 4 and Fourier transform ion cyclotron resonance traps,sotime-of-flight instruments,
and quadrupole ion traps. In almost every MS/MS scan developed to date,>! either the precursor
ion m/z is fixed and the product ion m/z is varied (closed circle with arrow pointing to open circle),
the product ion m/z is fixed while the precursor m/z is scanned (open circle with arrow pointing to
closed circle), or a selected neutral loss relationship is fixed (two open circles with a bold arrow
between them).®* The neutral loss scan is a subset of the functional relationship scans, in which
there is a specified mathematical relationship between precursor ions and product ions.*? In a plot
of precursor m/z vs. product m/z, the product ion scan is illustrated by a horizontal line, the
precursor ion scan is a vertical line, and the neutral loss scan is a diagonal. Higher order MS? scans
expand the working space to three dimensions, and so on.

Multiplexed versions of the full scan and of the MS/MS scans also exist on various
analyzers. Two examples of multiplexed full scan experiments take the form of the compressive
mass analysis scan on quadrupole ion traps® and Hadamard time-of-flight mass spectrometry.545°
A popular recent development in MS/MS capabilities on gTOF systems is SWATH, 5" wherein
product ion scans are collected sequentially on wide (~25 Da width) mass windows, i.e. sequential
multiplexed product ion scans. In this case, precursors and products can be correlated through the
precursor neutral retention time on the chromatography column. Wilson and Vachet®® performed
multiplexed MS/MS using the QIT's low-mass cutoff to encode the relationship between

simultaneously isolated precursor ions (up to 5 was demonstrated) and their simultaneously
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generated product ions, thus multiplexing product ion scans. Two-dimensional MS/MS is possible
in FT-ICR mass spectrometers, as first demonstrated by Pfandler et al.>>®° and more recently
advanced by O'Connor's group.®-% This technique allows the correlation of precursor and product
ions without precursor isolation but also requires lengthy analysis times. So far, no such method
has been published for the quadrupole ion trap, although recent simulations have indicated that
this 2D MS/MS technique can equally be applied to a linear quadrupole ion trap.®’

In this work we describe a set of multiplexed scan modes for quadrupole ion trap tandem
mass spectrometry — termed ‘logical MS/MS scans’ —which are complementary to the existing set
of three main MS/MS scan modes (namely product ion scans, precursor ion scans, and neutral loss
scans). Logical MS/MS scans use logical operations to categorize compounds in mixtures based
on characteristic structural features as revealed by MS/MS behavior along multiple fragmentation
pathways. An example is a NOT operation, which detects precursor ions that do not fragment to a
selected product m/z (or, alternatively, do not undergo a selected neutral loss). The NOT operation
is exactly complementary to either a precursor ion scan or neutral loss scan. These scans can be
considered multiplexed versions of the three main MS/MS experiments, and many are two-
dimensional (although one dimension is sparse) and utilize double resonance techniques originally
developed for ICR instruments.®® Here we demonstrate the implementation of logical MS/MS
operations on a linear ion trap. The operations explicitly demonstrated here include TRUE/FALSE,
OR, XOR, AND, NOT, and NOR.

4.2 Experimental
4.2.1 Chemicals

Amphetamine (MW 135 Da), methamphetamine (MW 149 Da), 3/4-
methylenedioxyamphetamine (MW 179 Da), 3,4-methylenedioxymethamphetamine (MW 193
Da), 3,4-methylenedioxyethylamphetamine (MW 207 Da), fentanyl (MW 336 Da), acetyl fentanyl
(MW 322 Da), butyryl fentanyl (MW 350 Da), furanyl fentanyl (MW 374 Da), cis-3-
methylfentanyl (MW 350 Da) hydrochloride, acryl fentanyl (MW 334 Da) hydrochloride,
carfentanil (MW 394 Da) oxalate, norcarfentanil (MW 290 Da), remifentanil (MW 376 Da)
hydrochloride, sufentanil (MW 386 Da) citrate, and alfentanil (MW 416 Da) hydrochloride were
purchased from Cerilliant (Round Rock, TX, USA). Samples were diluted to total concentrations
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between 1 and 10 pg/mL™ (mixtures with more components had lower concentrations of
individual components) in 50:50 methanol/water with 0.1% formic acid added to improve
ionization. All analytes were detected in the protonated form in the positive ion mode. HPLC grade
methanol was purchased from Fisher Scientific (Hampton, NH, USA). Product ion m/z values for
all compounds used in this study are shown in Table 4.1 for reference, and chemical structures

with color-coded fragments are given in Scheme 4.1.
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Scheme 4.1. Structures (above) and experimentally observed masses of product ions (below, left)
and neutral fragments (below, right) for compounds used in this study.
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Table 4.1 Fragmentation data for each compound used in this study. Helium was used as
collision gas on a Thermo LTQ linear ion trap. Parameters were g = 0.25, normalized collision
energy = 35, 30 ms activation time.

MW NL
Name (amu) | m/z (IM + H]Y) | MS? m/z (RA) | (Da)
Amphetamine 135.1 | 136.17 119.08 (100) |17
91.08 (1) 45
Methamphetamine 149.1 | 150.17 119.08 (100) |31
91.08 (9) 59
3,4-Methylenedioxyamphetamine 179.1 | 180.17 163.08 (100) |17
3,4-Methylenedioxymethamphetamine 193.1 | 194.17 163.08 (100) |31
137.08 (0.3) 57
3,4-Methylenedioxyethamphetamine 207.1 | 208.17 163.08 (100) |45
135.08 (0.3) 73
72.08 (3) 136
Acetyl norfentanyl 218.3 | 219.3 202.18 (12) 17
177.18 (6) 42
136.09 (8) 83
84.09 (100) 135
Acetyl fentanyl 322.4 | 323.4 202.18 (4) 121
188.27 (100) | 135
Butyryl fentanyl 350.5 | 351.4 282.36 (11) 69
231.18 (4) 120
230.18 (3) 121
189.18 (100) | 162
188.18 (76) 163
Furanyl fentanyl 3745 | 3755 198.18 (100) | 177
188.18 (85) 187
Fentanyl 336.5 | 337.36 281.27 (8) 56
216.18 (10) 121
188.18 (100) | 149
Isobutyryl fentanyl 350.5 | 351.4 281.27 (5) 70
230.18 (5) 121
188.18 (100) | 163
Valeryl fentanyl 364.3 | 365.4 281.27 (9) 84
244.27 (4) 121
188.18 (100) | 177
Acryl fentanyl 334.5 | 335.27 214.18 (10) 121
188.18 (100) | 147
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Table 4.1 continued

146.18 (3) 189
105.09 (10) 230
p-Fluorofentanyl 3545 | 355.3 299.27 (5) 56
234.18 (14) 121
188.18 (100) | 167
150.18 (4) 205
146.18 (4) 209
4-Fluoroisobutyryl fentanyl 368.5 | 369.3 299.25 (5) 70
248.17 (4) 121
188.17 (100) | 181
cis-3-Methylfentanyl 350.5 | 351.4 295.27 (5) 56
230.27 (11) 121
202.27 (100) | 149
Sufentanil 386.6 | 387.4 356.36 (74) 31
239.18 (100) | 148
238.18 (68) 149
Alfentanil 416.5 | 417.4 386.45 (95) 31
269.27 (100) | 148
268.27 (68) 149
237.27 (1) 180
236.27 (1) 181
198.18 (7) 219
197.18 (8) 220
171.18 (1) 246
170.18 (3) 247
Remifentanil 376.5 | 377.36 345.27 (100) 32
317.27 (26) 60
285.27 (8) 92
228.18 (2) 149
Carfentanil 394.5 | 395.36 363.27 (100) |32
335.36 (40) 60
246.27 (2) 149
Norcarfentanil 290.4 | 291.3 259.27 (100) 32
231.27 (4) 60
186.18 (2) 105
142.09 (2) 149
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4.2.2 lonization

All analytes were ionized in the positive ion mode by nanoelectrospray ionization. Briefly,
1.5 kV was applied to a nanospray electrode emitter (glass size 1.5 mm), which was purchased
from Warner Instruments (Hamden, CT, USA) and fitted with 0.127 mm diameter silver wire, part
number 00303 (Alfa Aesar, Ward Hill, MA), as the electrode. Borosilicate glass capillaries (1.5
mm O.D., 0.86 mm 1.D.) from Sutter Instrument Co. (Novato, CA, USA) were pulled to 2 um tip
diameters using a Flaming/Brown micropipette puller (model P-97, Sutter Instrument Co.).

4.2.3 Instrumentation

A Finnigan LTQ linear ion trap (San Jose, CA, USA) was used for all experiments.10 The
internal dimensions of the three-section trap are as follows: xo = 4.75 mm, yo =4 mm, axial sections
of length 12, 37, and 12 mm. The rf frequency was tuned to 1.166 MHz and the rf amplitude was
held constant throughout the ionization, cooling, and mass scan periods by substituting the rf
modulation signal usually supplied by the instrument with a ~600 ms DC pulse (90% duty cycle)
of amplitude between 160 mV and 280 mV (corresponding to approximate low-mass cutoffs of 76
Th and 159 Th, respectively, scaling linearly with the DC pulse amplitude) supplied from an
external function generator. Nitrogen was used as bath gas at an ion gauge reading of 1.3 x 10
Torr. Helium was not used because it yielded poor fragmentation efficiency in the LTQ in the scan
modes demonstrated here. Note, though, that the data in Table 4.1 was collected using helium since
it is the standard bath gas in the LTQ.

The LTQ rf coil was modified as described previously®®-#! to allow low voltage ac signals
from external function generators to be coupled onto the main rf on the x and y rods. The rf is
applied in a quadrupolar fashion while each pair of ac signals is dipolar. Low voltage ac waveforms
were applied by two Keysight 33612A (Newark element14, Chicago, IL, USA) function generators
with 64 megasample memory upgrades for each channel. All waveforms (aside from single
frequencies) were calculated in Matlab (Mathworks, Natick, MA) and imported to the function
generators as .csv column vectors. For ion excitation, the ac amplitude was between 100 mVp, and
200 mVyp for single frequencies and ~2 Vpp for broadband (multi-frequency) waveforms. For ion
ejection or artifact rejection, the ac amplitude was 500 mVy,, for single frequency waveforms and

3.8 Vpp for broadband waveforms. lon excitation waveforms and artifact rejection waveforms
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were always applied to the y electrodes, while product ion ejection waveforms were always applied
to the x electrodes for ejection of mass-selected ions into the detectors. Function generators were
triggered during the ionization step using triggers in the LTQ Tune ‘Diagnostics’ menu, and their
outputs were delayed so they applied waveforms during the mass scan segment, during which the
data acquisition rate was approximately 28.7 kHz (the ‘normal’ scan mode with ‘high’ mass range

chosen in the ‘LTQ Tune’ software).

4.2.4 \Waveform calculation

Inverse Mathieu q scans were calculated via a program in Matlab as described previously.*
The inverse Mathieu g scan is a nonlinear ac frequency sweep with approximately linear mass
scale.31'%° The starting frequency always corresponded to Mathieu g = 0.908, the end frequency
corresponded to g = 0.15, and the scan time was set at 600 ms. Broadband ac waveforms were also
calculated in Matlab and had general characteristics of a 5 MHz sampling rate, 1 kHz frequency
spacing, and phases distributed quadratically with frequency in order to obtain a flat amplitude
profile with respect to time. Broadband waveforms contained zero, one, or two notches, with each
notch being 10 kHz wide. For broadband waveforms whose frequency components did not vary
with time (e.g. in TRUE/FALSE scans), the waveform spanned 300 kHz (g = 0.654) to 50 kHz (q
=0.12) to prevent selected product ions from being ejected while precursors were excited. In cases
where the inverse Mathieu q scan was used for ion excitation, the frequencies present in the
broadband ejection waveform were varied with time so that at any given point in the broadband
waveform the lower bound of the frequencies included in the waveform was 10 kHz higher than
the corresponding frequency being applied in the inverse Mathieu g scan at the same point in time.
This ensures that precursor ions are not ejected by the broadband waveform before they are excited
by the inverse Mathieu g scan. For example, if the inverse Mathieu g scan was exciting an ion with
secular frequency 300 kHz, then at that time point only frequencies above 310 kHz were

represented in the sum of sines broadband waveform.
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4.3 Results and discussion
4.3.1 Whatis a logical MS/MS operation?

Logical MS/MS is an extension of tandem mass spectrometry in which interrogation of the
data domain is performed by simultaneous implementation of the precursor and neutral loss scans
(or complementary NOT/NOR scans), conceptually illustrated as moving through the 2D MS/MS
data domain along multiple scan lines simultaneously. This allows experiments which explore the
2D data domain of MS/MS to be couched in terms of logical operations, AND, NAND, OR, XOR,
NOT, etc. We emphasize that such logical operations are a means to connect the MS/MS data to
the structural properties of the set of constituent molecules. Logical operations are efficient ways
of connecting the data to particular structural properties of interest, e.g. which of the compounds
in the mixture is a fentanyl?

For the case of two selected product ions (or two selected neutral fragments, viz. neutral
losses), there are sixteen possible logical operations which include: (1) FALSE, (2) AND, (3) BUT
NOT, (4) LEFT PROJECTION, (5) NOT...BUT, (6) RIGHT PROJECTION, (7) XOR (exclusive
OR), (8) OR (inclusive), (9) NEITHER...NOR (NOR for short), (10) IFF (if and only if), (11)
RIGHT COMPLEMENTATION (which we refer to as NOT), (12) IF, (13) LEFT
COMPLEMENTATION (also NOT), (14) IF...THEN, (15) NAND, and (16) TRUE. Precursor
ions can be grouped on a Venn diagram (Figure 4.1a) according to whether they share one product
ion (region 2 or 3), two product ions (region 4), or none (region 1). Precursor ions residing in the
same region of the Venn diagram thus also occupy the same scan lines on the 2D MS/MS domain
(Figure 4.1b). An AND (example AND neutral loss shown) scan, for example, would thus traverse

two scan lines simultaneously and detect ions residing on both lines.
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Figure 4.1. (a) Venn diagram representation of ion populations with respect to logical MS/MS
experiments. Precursor ions may fragment to just two product ions and corresponding neutrals in
the cases considered here. (b) 2D MS/MS domain with (i) single product ion scan, (ii) neutral
loss scan of 31 Da AND 60 Da, and (iii) precursor ion scan of m/z 188 OR m/z 202.

In each of the following sections we describe the interpretation of each logical operation

with respect to precursor and product ion relationships, using the symbolism shown in Table 4.2,

and we also describe implementation of these scans using a linear quadrupole ion trap (Table 4.3).

All ion trap implementations assume the rf voltage is constant during the scan events, which

simplifies the experiments because the ions’ secular frequencies remain constant throughout the

scan. It is possible to perform these scans using the more common ion trap operation with varying

rf voltage, but this implementation is much more difficult and is not recommended.
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Table 4.2. Proposed logical MS/MS operations, terminology, symbolism, and interpretation. For
logical operations, generally only the precursor ion symbolism is shown. For the neutral loss
variants, closed circle product ions are replaced with open circles, the arrows are bolded, and any
‘not’ black bars are shown above the fixed neutral loss mass (as shown for NOT) instead of
above the product ion circle (for fixed mass charged species)

Region in
Operation Symbol Figure 4.1 | Interpretation
Existing | Product ion scan @ miz 188 Detects product ions of a mass-
operations 1 N/A" | selected precursor ion
-
Precursor ion scan 2or3 Detects precursor ions of a mass-
| or selected product ion
. miz 188
Neutral loss scan Detects precursor ions that
Q fragment to product ions with a
{ 185 Oa 20r3 selected (fixed) mass offset from
O the precursor ions; a subset of
the functional relationship scans
Functional Detects precursor ions whose
relationship scan product ions satisfy a given
O mathematical relationship with
| N/A respect to the
Q precursors, e.g. product ions
whose m/z is half the precursor
ion m/z
Single/multiple Detects ions that satisfy the
. @ mizamr . ey .
reaction specified transition from a fixed
- | N/A .
monitoring @ miziea precursor m/z to a fixed
product m/z
New TRUE/FALSE 2, 4 or 3, 4 | Detects whether any ion in the
logical O (TRUE) | mass analyzer fragments to a
operations | mass-selected product ion;
§ w1 None .
precursor ion m/z values are not
(FALSE) )
obtained
AND Detects precursor ions that
LN 4 fragment to both of two mass-
mriinill A Bmen .
selected product ions
BUT NOT 2 (BUT | Detects precursor ions that
NOT) fragment exclusively to one of
NOT...BUT ol A Do 3 two mass-selected product ions
wR A E (NOT...B | but not the other
UT)
LEFT/RIGHT See 2,4 A precursor ion scan
PROJECTION . (LEFT)
Precursor 34
Ton Scan (RIGHT)
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Table 4.2 continued

XOR (exclusive
OR)

P

Detects precursor ions that
fragment to either of two mass-

mz 1@ V. @mir e 23| selected product ions but not
both
OR (inclusive) e Detects precursor ions that
7N 2,3, 4 | fragment to either of two mass-
WENIE W (wetes selected product ions or both
NOT (also called O 13 Detects precursor ions that do
LEFT/RIGHT l (LéFT) not fragment to a particular
COMPLEMENT ) mEist product ion
ATION for binary L 1,2
systems) § 1#0a (RIGH
O T)
NOR o) Detects precursor ions that do
N 1 not fragment to either of two
mEAL 1 azh selected product ions
IFF (if and only . Detects precursor ions that
if) ‘, \ 14 fragment to both of two mass-
miz 115 &= @m a1 ’ selected products ions or that
fragment to neither
IF 1,2,4 | Detects precursor ions that do
a (IF) | not fragment to one of two
IF...THEN N 1, 3,4 | particular product ions or that
wens@ v @mest | (g T | fragment to one of those ions
HEN)
NAND e Detects precursor ions that do
N 1, 2,3 | not fragment to both of two
AL ) s particular product ions
lon trap Frequency tagging Resonance ejection of ions
scans . modulated at a particular beat
T’w e frequency, foeat; Uses two closely
spaced frequencies to form the
e N/A | beat frequency; useful for

31 ual,{m.; 1000 Hz

—
L)

distinguishing resonantly ejected
ions from boundary ejected ions
and for distinguishing different
resonance ejection processes
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Table 4.3 Proposed implementation of logical MS/MS on linear quadrupole ion traps

Operation lon trap implementation
Existing Product ion scan | Resonance excitation followed by a full mass scan
operations
Precursor ion Resonance excitation of precursors with simultaneous
scan ejection of a selected product ion with a fixed ac frequency
Neutral loss scan | Three simultaneous frequency sweeps with constant mass
(time) offset
Functional Three simultaneous frequency scans with variable mass
relationship scan | offset
New logical | TRUE/FALSE (Pre) Broadband excitation of precursors followed by
operations ejection of fixed m/z via single frequency; (NL) none,
unless precursor ion m/z values are known beforehand
AND Double precursor ion scan or double neutral loss scan using
two different beat frequencies; peaks must correspond to
both beats
NOT...BUT, Double precursor ion scan or neutral loss scan using two
BUT NOT different beat frequencies; peaks must correspond to one
beat but not the other
LEFT/RIGHT See ‘Precursor Ion Scan’ above
PROJECTION

XOR (exclusive
OR)

Double precursor ion scan or neutral loss scan using two
different beat frequencies; peaks must correspond to either
beat but not both

OR (inclusive)

Double precursor ion or neutral loss scan; no beat frequency
required although can be used to differentiate regions 2,3,4

NOT

(Pre) Single frequency sweep for precursor ion excitation
with singly notched broadband waveform for product ion
ejection; (NL) no notch in broadband waveform; reject NL
products into y electrodes with frequency sweep
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Table 4.3 continued

NOR (Pre) Single frequency sweep for precursor ion excitation with
doubly notched broadband waveform for product ion ejection

(NL) Single frequency sweep for precursor ion excitation;
broadband waveform for product ion ejection; two additional
frequency sweeps for neutralization of neutral loss product ions

ony rods
IFF (ifand | Not currently known; cannot differentiate regions 2,3,4
only if)
IF, Not currently known; cannot differentiate regions 2,3,4
IF...THEN
NAND Not currently known; cannot differentiate regions 2,3,4

Note: These implementations assume rf voltage is constant throughout the scan

4.3.2 TRUE/FALSE operation

TRUE/FALSE operation determines whether any precursor ions of unknown mass-to-
charge fragment to a selected product ion m/z. This scan is not a precursor ion scan or a neutral
loss scan because the m/z values of the precursor ions are not obtained during the scan. Instead,
only a true or false result is obtained. That is, either the sample contains ions of a particular
molecular class associated with a product ion m/z or neutral mass (TRUE) or it does not (FALSE).
The symbol for this scan is similar to the precursor scan symbolism except that the open circle
used for the scanned precursor m/z is substituted with an open square. It is our interpretation that
an open circle corresponds to a varied (but known, i.e. scanned) mass-to-charge value®* whereas
the newly proposed open square corresponds to a range of mass-to-charge values that is excited
simultaneously. Because no instrumental parameter is scanned, the m/z values of the precursors
are not obtained.

Using a linear ion trap system, a TRUE/FALSE scan can be performed by first ejecting
precursor ions whose m/z values match the selected product ion m/z, subsequently exciting a range
of precursor ions using a broadband ac waveform, and finally applying a single frequency ac
waveform to eject the targeted product ion m/z. The broadband waveform used here has frequency
representation from q = 0.654 to q = 0.12 (1 kHz frequency spacing) in order to excite precursor
ions but not eject the targeted product ions, which are purposely placed at working points above g
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= 0.654 so they are retained in the trap. Precursor ions with m/z matching the product ion were
rejected using a single frequency applied for 10 ms, the broadband waveform was applied for 50
ms to fragment the precursor ions simultaneously, and finally the product ion's secular frequency
was applied for 10 ms to eject and detect it.

We applied a TRUE/FALSE scan to a set of eight fentanyl analogues: acetyl fentanyl, acryl
fentanyl, fentanyl, butyryl fentanyl, cis-3-methylfentanyl, furanyl fentanyl, sufentanil, and
alfentanil. As shown in Table 1 and Scheme 1, five of these analogues (the fentanyls) share a
product ion at m/z 188, the single methylated analogue has a product ion at m/z 202, and the two
fentanils share a neutral loss of 148/149 Da. A TRUE/FALSE scan of m/z 188 (Figure 4.2a) gives
the expected ‘true’ as an answer, whereas the corresponding scan for m/z 185 gives ‘false” (Figure
4.2b), showing mass selectivity. A TRUE/FALSE scan of m/z 202 (Figure 4.2c) also gives ‘true’

because of cis-3-methylfentanyl.
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Figure 4.2. Logical TRUE/FALSE scans: (a) TRUE/FALSE scan performed on a set of eight
fentanyl analogues (acetyl fentanyl, acryl fentanyl, fentanyl, butyryl fentanyl, cis-3-
methylfentanyl, furanyl fentanyl, sufentanil, and alfentanil) wherein m/z 188 precursors were
ejected for 10 ms, precursor ions were then excited with a broadband sum of sines for 50 ms, and
finally m/z 188 product ions were ejected using a single frequency sine wave, resulting in TRUE,
(b) the same set sequence but targeting m/z 185, resulting in FALSE, (c) the same sequence
targeting m/z 202 for a result of TRUE (cis-3-methylfentanyl), and (d) optimized sequential
TRUE/FALSE scans showing that precursor ions fragmenting to m/z 202 and/or m/z 188 are
present in the sample (though their m/z values are not measured in this scan).
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A TRUE/FALSE scan is useful because multiple ‘scans’ can be performed in rapid
succession to target several different product ions. We performed two in succession (for product
ions m/z 188 and m/z 202) in ~5 ms (Figure 4.2d), which is 240 times faster than the corresponding
slow ion trap precursor scan which spans 600 ms for a single scan in our implementation. A
TRUE/FALSE scan, in which no precursor m/z information is obtained, hence can be used to
improve the efficiency of sample analysis so that a conventional precursor ion scan (which does
retrieve the precursor ion m/z values) is only run when a value of ‘true’ is returned from a

TRUE/FALSE scan, which should result in fewer wasted MS/MS survey scans.

4.3.3 OR operation

An inclusive OR operation determines which precursor ions either fragment to one of two
selected product ions or fragment via one of two neutral losses without distinguishing the ions
which fall on the particular scan lines. lons thus can fall into either region 2, 3, or 4 in the Venn
diagram. On the 2D MS/MS plot, an OR operation involves traversing two precursor ion (or neutral
loss) scan lines simultaneously. Symbolically, we propose modifying the symbolism for a double
precursor or neutral loss scan previously proposed in ref. 41 to include the downward facing carrot
between the two product ion circles to represent logical ‘or’.

Performing an inclusive OR operation on a linear ion trap simply requires excitation of
precursor ions in one dimension (here the y dimension) via an ac frequency sweep with
simultaneous ejection of two selected product ions in the x direction. For the precursor ion scan,
two dipolar ac frequencies are used to eject two different product ions,3*4! whereas for a double
neutral loss scan, two swept ac frequencies are used to access the two different neutral losses (see
ref. 40). Figure 4.3a shows a double precursor ion scan of m/z 119 and m/z 163 on a set of five
amphetamines. The two lower molecular weight amphetamines fragment to m/z 119 and the other
three fragment to m/z 163. As shown in the fast Fourier transforms of the peaks at m/z 150 and
m/z 180 in Figure 4.3b, the two peaks are indistinguishable (despite resulting from resonance
ejection of different m/z product ions), and hence it is ambiguous as to whether each peak is due
to the ejection of m/z 119, m/z 163, or both. In the case of the inclusive OR operation, it does not
matter because they need not be distinguished. For an exclusive or (XOR), described next,
methodology is needed to differentiate product ions of different m/z observed at the detector.
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Figure 4.3. Logical OR/XOR/AND precursor ion scans: (a) conventional double precursor ion
scan (OR scan) of m/z 119 and m/z 163 applied to a solution of five amphetamines, (c) XOR
scan using two different beat frequencies for resonance ejection of m/z 119 and m/z 163, and (e)
AND scan using two different beat frequencies for ejection of m/z 119 and m/z 91. No difference
between the two resonance ejection processes is apparent in the fast Fourier transform (FFT) of
the peaks in (a) in plot (b), but when using frequency tagging it becomes apparent in (d) that m/z
180 fragments to m/z 163 and m/z 150 fragments to m/z 119, and in (f) it is readily observed in
the peak FFTs that m/z 136 and m/z 150 from plot (e) fragment to both targeted product ions and

are thus AND peaks.

XOR operation

An XOR (exclusive or) operation, symbolically a downward-facing carrot with a bar

underneath, determines the precursor ions that fragment exclusively to one of two mass-selected
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product ions. That is, the ions must fall into region 2 or 3 of the Venn diagram but not into 4. Like
the inclusive OR operation, an XOR operation traverses multiple precursor or neutral loss scan
lines simultaneously, but in the XOR case we need a method of distinguishing different resonance
ejection processes, assuming only a single scan is performed. (Otherwise one could perform two
sequential scans targeting the two selected product ions.)

We recently developed frequency tagging as a method for distinguishing resonantly ejected
product ions from those ejected due to boundary instability (‘artifacts’) in ion trap precursor and
neutral loss scans (Snyder, Szalwinski, Cooks, te-be-published). In this method, two closely spaced
frequencies are used to resonantly eject product ions. The peak shapes of resonantly ejected ions
are modulated according to the difference between the two frequencies (the beat frequency). For
example, if an ion has a secular frequency at 200 kHz and a dual frequency waveform containing
200 kHz and 201 kHz is applied for resonance ejection, then the peak will have beats (maxima and
minima) with frequency of 1 kHz. This method can also be used to distinguish resonantly ejected
ions with different m/z values if two different beat frequencies are used for two different product
ions, thus allowing us to distinguish peaks from regions 2, 3, and 4 of the Venn diagram. A fast
Fourier transform of the peak in the mass spectrum can recover the beat frequency and thus
determine on which of multiple simultaneously traversed scan lines a precursor/product ion pair
resides. Note that ions in region 4 will have contributions from both beat frequencies whereas ions
from regions 2 or 3 will have a single beat frequency.

Figure 4.3c shows an XOR precursor ion scan for a mixture of five amphetamines wherein
product ions of m/z 119 were resonantly ejected with a beat frequency of 1 kHz while product ions
of m/z 163 were ejected with a beat frequency of 2 kHz, all in a single scan. As shown in the peak
FFTs in Figure 4.3d, m/z 150 (which fragments to m/z 119) and m/z 180 (which fragments to m/z
163) are now clearly distinct, with peak modulation frequencies that correspond to the appropriate
beat frequency. Note that harmonics (e.g. twice the frequency tag) are also observed in the FFT
spectrum, likely because the peak shapes are not perfectly sinusoidal.

A similar experiment can be performed with neutral losses as shown in Figure 4.4. The
spectrum in (a) shows a full scan of a mixture of five fentanils whereas (b—d) show the results of
single neutral losses of 31/32 Da (indistinguishable because of limited resolution in the ion trap
neutral loss scan), 60 Da, and 148 Da using beat frequencies of 1 kHz, 1.5 kHz, and 1 kHz,
respectively. An XOR neutral loss of 148 Da or 60 Da is shown in panel (e), and the peak shapes
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and FFTs in panel (g) show unambiguously that sufentanil almost exclusively displays a neutral

fragment of 148 Da (i.e. its peak has a beat frequency of 1 kHz as shown in panel g) while

carfentanil has a neutral fragment of 60 Da (i.e. its peak has a beat frequency of 1.5 kHz in panel

9).
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Figure 4.4. Logical XOR/AND neutral loss scans: (a) full scan of five fentanils, (b) neutral loss
scan of 31/32 Da using a beat frequency of 1 kHz, (c) neutral loss scan of 60 Da using a beat
frequency of 1.5 kHz, (d) neutral loss scan of 148 Da with beat frequency 1 kHz, () XOR
neutral loss scan of 148 Da (1 kHz beat) or 60 Da (1.5 kHz beat), (f) AND neutral loss scan of 31
Da (1 kHz beat) and 60 Da (1.5 kHz beat), (g) peak shapes and FFTs for two peaks in (), and (h)
peak shapes and FFTs for two peaks in (f).
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In what cases would an XOR operation be useful? The XOR scan allows precursor and
neutral loss scans to be multiplexed via frequency tagging. Not only can two precursor or two
neutral loss scans be performed simultaneously (while also differentiating the peaks from each
scan line), but precursor and neutral loss scans can be performed together as a ‘simultaneous
combination’.** The capability to multiplex precursor and neutral loss scans therefore improves

ion trap scan efficiency in terms of time, sample consumption, and instrument power.

4.3.5 AND operation

An AND operation detects ions that fragment to both of two selected product ions or to
both of two neutral fragments (region 4). The upward carrot is used as a logical ‘and’ symbol. On
the 2D MS/MS diagram, we must traverse two scan lines simultaneously and be able to determine
which precursor ions lie on both lines. To accomplish the latter, frequency tagging is implemented
once again.

Figure 4.3e gives an example of an AND scan using amphetamine ions. In a first
experiment, a precursor ion scan of m/z 119 using a 1 kHz frequency tag yielded a peak at m/z 136
whose FFT yielded the medium blue curve in panel (f). Only a peak at 1 kHz is observed. Next, a
precursor scan of m/z 91 using a 2.5 kHz frequency tag yielded a peak with FFT given by the light
blue curve in panel (f). Again, only a 2.5 kHz frequency is observed. An AND scan combines both
frequency tags on the x electrodes of the linear trap while simultaneously exciting the precursors
in y using a frequency sweep. Note the presence of only one beat in the individual scans but both
beats in the combined AND scan (panel (g), darkest blue), thus making it clear with a single scan
that m/z 136 fragments to both m/z 119 and m/z 91. Note that m/z 150 also lies on both scan lines
(FFT not shown to avoid congestion).

Figure 4.4f gives an example of a neutral loss AND operation, again using frequency
tagging on the set of five fentanils. The AND scan in panel (f) can detect those ions which lose
31/32 Da and 60 Da. Peaks which lie on both scan lines will have beats corresponding to both 1
kHz and 1.5 kHz. Panel (h) clearly shows that sufentanil only has the neutral loss of 31 Da (1 kHz
beat), whereas carfentanil has a neutral loss of both 32 Da (1 kHz) and 60 Da (1.5 kHz).

In what cases could an AND scan be useful? An AND scan clearly increases the selectivity
of precursor and neutral loss scans. In Figure 4.4f and h, while the neutral loss scan of 31/32 Da

could not differentiate the neutral fragments of sufentanil and carfentanil despite the neutral loss
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originating from different molecular functionalities (see Scheme 4.1), the AND neutral loss of
31/32 Da and 60 Da does differentiate them because it targets a second neutral loss from the ester
side chain of carfentanil. In contrast, sufentanil has a methoxy group that gives the neutral loss of

31 Da but does not yield other notable neutral losses.

4.3.6 NOT operation

A NOT operation detects precursor ions that do not produce a particular fragment ion or
fragment neutral. The NOT operation is therefore the exact complement of the precursor or neutral
loss scan. On the 2D MS/MS diagram, instead of traversing a single scan line or two scans lines,
we must traverse an infinite number of scan lines but also exclude ions from one selected line. The
NOR operation is an extension of this but excludes ions from more than one selected scan line.

NOT operations are denoted by horizontal bars either over the product ion circle (precursor
scan) or over the neutral loss mass (neutral loss scan). When considering two circles in a Venn
diagram, a NOT operation would detect ions which fall within regions 1 or 2 (NOT 3), or 1 or 3
(NOT 2). A simpler interpretation is a single-circle diagram. In this case a NOT operation would
detect ions outside the circle, i.e. precursor ions which do not produce a selected product ion.

In the ion trap, a NOT precursor ion scan can be performed by sweeping an excitation
frequency through precursor ion secular frequencies (to fragment the precursors) while
simultaneously ejecting all product ions except the selected product m/z using a notched broadband
waveform. Because we do not want to eject the precursor ions with the broadband waveform and
because the product ion mass range varies with the excited precursor m/z, we constructed a
specialized broadband sum of sines waveform whose frequency components are always higher
than the excitation frequency. To keep the selected product ion in the trap (the NOT ion), a static
notch is also implemented into the waveform. In our implementation, the notch is 10 kHz wide,
and the lowest frequency at any given time in the broadband waveform is 10 kHz higher than the
corresponding frequency of the excitation frequency sweep (again, this is to prevent the ejection
of precursors before they are fragmented).

Figure 4.5a shows the full scan of the 8-component fentanyl mixture used in Figure 4.2. A
precursor ion scan of m/z 188 (Figure 4.5b), the most abundant product ion of most of the fentanyl
analogues, detects the fentanyls but not the methylated analogue and not the fentanils. The

fentanils have a quaternary carbon which changes the primary route of fragmentation to a neutral
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loss of either 31, 32, 60, or 148 Da, depending on the substituents. The complementary NOT scan
of m/z 188, shown in panel (c), detects the remaining three fentanyl analogues. The other five
fentanyls are still detected — but with significantly diminished intensity — because they have
product ions other than m/z 188, although they are almost all <10% in abundance. Clearly the NOT
scan is only useful for molecular classes which have a single high abundance product ion, or it
should be used in comparison to a full scan mass spectrum. Without the full scan, it would be
unclear which ion intensities were diminished by excluding particular product ions. For cases
where molecular classes have two high abundance product ions, then the NOR operation may be

useful.
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Figure 4.5. Logical NOT/NOR precursor ion scans: (a) full scan mass spectrum of eight fentanyl
analogues (acetyl fentanyl, acryl fentanyl, fentanyl, butyryl fentanyl, cis-3-methylfentanyl,
furanyl fentanyl, sufentanil, and alfentanil), (b) precursor ion scan of m/z 188, (c) NOT scan of
m/z 188, showing ions that do not fragment to m/z 188, and (d) NOR scan of m/z 188 and m/z
269 showing ions that do not fragment to either selected product ion.

The neutral loss NOT scan is similar but has important procedural differences. It is not
feasible to scan the notch in the broadband ejection waveform because as the notch is scanned, so
too will all the neutral loss products be scanned out even though they were in the notch at one point
during the scan, hence giving an artifact peak. That is, because the neutral loss product m/z is
varied, it cannot always be in the static notch. A better way to do the experiment is to instead eject
the neutral loss product ions into the y electrodes, preventing them from being ejected in x, where
the LTQ detectors are. A neutral loss NOT scan thus requires the following waveforms: (1) an
inverse Mathieu g scan for precursor ion excitation in the y dimension, (2) a broadband waveform
with no notch for product ion ejection in x, and (3) an inverse Mathieu q scan for rejection of the
selected neutral loss product ions into the y electrodes. Anecdotally, this neutralization
implementation also works for a NOT precursor scan, though waveform 3 is replaced by a single
frequency sine wave.

The spectrum in Figure 4.6a, which appears to be a full scan, is a NOT neutral loss scan
without waveform 3. That is, precursor ions are mass-selectively excited via an inverse Mathieu g

scan and all product ions of those precursor ions are ejected toward the detector via a broadband
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waveform that has no notch. In other words, the scan detects precursor ions that form any product
ion. Note that a square is once again used for the product ions because the product ion m/z is

neither fixed nor scanned, i.e. not known. All product ions are ejected simultaneously.
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Figure 4.6. Logical NOT/NOR neutral loss scans: (a) arbitrary neutral loss scan detecting all
precursor ions which fragment via any arbitrary neutral loss, (b) NOT neutral loss scan of 148
Da, detecting all precursor ions which give any neutral loss that is not 148 Da, (c) NOT neutral

loss scan of 177 Da, and (d) NOR neutral loss scan of 148 Da and 177 Da.

If product ions that satisfy a neutral loss of 148 Da are neutralized on the y rods using a
trigger-delayed inverse Mathieu g scan (recall that for the inverse Mathieu g scan, t < m/z, so that
the trigger delay is proportional to the neutral loss mass), then their detection can be prevented,
giving a NOT neutral loss scan as shown in Figure 4.6b. Again, it is worth noting that the
diminished peaks (acryl fentanyl, fentanyl, cis-3-methylfentanyl, sufentanil, and alfentanil) still
have some intensity because they have other neutral losses as well, but a neutral loss of 148 Da is

by far the most abundant fragmentation pathway for these ions. Similarly, a NOT neutral loss of
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177 Da (Figure 4.6¢) decreases the abundance of furanyl fentanyl since it is the only precursor ion
in the mixture that has such a loss. We again note that by themselves these scans are not easy to
interpret, but with comparison to a full scan mass spectrum, logical conclusions about the precursor

ions’ fragmentation pathways can be made.

4.3.7 NOR operation

The final logical MS/MS operation demonstrated here is the NOR scan. The NOR scan,
symbolically an upwards facing carrot with bars over both product ions (or neutral loss masses),
detects precursor ions that do not produce either of two selected product ions or product neutrals,
i.e. only ions in region 1 outside the circles. The NOR scan traverses an infinite number of scan
lines, as did the NOT scan, and can be thought of as two (or more) simultaneous NOT scans.

In the ion trap, this can be accomplished by modifying the singly notched broadband
waveform used in the NOT precursor scan to have two notches. For the NOR neutral loss scan,
yet another trigger-delayed inverse Mathieu g scan must be used to reject product ions that satisfy
the second selected neutral loss into the y electrodes, preventing their detection. Figure 4.5d shows
a NOR precursor ion scan of m/z 188 and m/z 269. The former rejects acetyl fentanyl, acryl
fentanyl, fentanyl, butyryl fentanyl, and furanyl fentanyl, and the latter rejects alfentanil, leaving
cis-3-methylfentanyl and sufentanil. Similarly, Figure 4.6d shows a NOR neutral loss of 148 Da
and 177 Da. The former largely rejects acryl fentanyl, fentanyl, sufentanil and alfentanil, and the
latter largely rejects furanyl fentanyl. As stated previously, this scan should be particularly useful
for classes of compounds which have two dominant product ions or product neutrals.

4.3.8 Other operations

Other logical MS/MS operations are proposed here but are not implemented. It may be
possible to do these operations on other instruments or on the ion trap in the future, but currently
the ion trap implementation is unknown. For example, a NAND scan would detect precursor ions
that do not fragment to one selected product ion or do not fragment to a second selected ion. If for
a NAND precursor ion scan two notches are implemented in the broadband ejection waveform,
then the result will be a NOR scan, not a NAND. It is thus not possible to only reject precursor
ions that fragment to both selected product ions without also rejecting those precursors which
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fragment only to one. That is, ions from regions 2, 3, and 4 cannot be differentiated if they are not
detected and frequency tagged. The IFF and IF/IF... THEN operations have similar complications
on the ion trap.

4.4 Conclusion

A new set of logical MS/MS operations was described and demonstrated on a linear ion
trap. Logical operations access, in a single scan, the logical connection between precursor ions and
one or more product ions and may be useful for certain applications where precursor ions of a
particular class share structural features that are expressed through common product ions or neutral
losses, or in cases where dominant ions of similar molecular class are not of interest and can be
excluded using a NOT or NOR operation. Additional selectivity and sensitivity as well as
multiplexed capabilities can be gained through simultaneous acquisition of multiple fragmentation
channels via frequency tagging. Although only the ion trap implementation was shown here,
implementations on other mass spectrometer types — particular trapped ion analyzers — may be

possible.
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CHAPTERS. TWO-DIMENSIONAL TANDEM MASS
SPECTROMETRY IN A SINGLE SCAN ON A LINEAR QUADRUPOLE
ION TRAP

Portions of this work have been published in the journal Analytical Chemistry as the article: Snyder,
D. T., Szalwinski, L. J., St. John, Z., & Cooks, R. G.. (2019). Two-Dimensional Tandem Mass
Spectrometry in a Single Scan on a Linear Quadrupole lon Trap. Analytical Chemistry, 91(21),
13752-13762.

5.1 Introduction

Two-dimensional mass spectrometry (2DMS) is a method for correlating precursor ions
and product ions without isolation of the former.>? Its origin can be traced to a 1987 paper by
Pfandler et al. in which it was proposed to be useful for studying ion/molecule collisions via a
series of rf pulses and delay/reaction times in a Fourier transform ion cyclotron resonance (FT-
ICR) cell.® Subsequently, Guan and Jones described the theory of 2DMS in ICRs* and Pfandler
provided the first experimental evidence correlating precursor and product ions without isolation.®
Experimentally, 2DMS in ICRs requires an excitation pulse (a frequency sweep), a time delay
which varies scan to scan, and an encoding pulse identical to the excitation pulse. This is followed
by a conventional detection pulse, after which the induction current is measured and ion frequency
(and hence m/z) obtained from the Fourier transform of the detected transient. As the time delay is
varied between pulse sequences (each requiring a new ion injection), the abundance of fragment
ions varies periodically according to the cyclotron frequency of the precursor ions because the
encoding pulse will have a different phase relationship with respect to each precursor ion m/z and
will thus excite some ions but de-excite others. This causes some precursor ions to fragment more
than others if a radius-dependent activation mode is used (IRMPD, for example). Because each
precursor ion m/z has a different cyclotron frequency, the periodicity of the product ion abundances
(with respect to the time delay) generated from different precursor ions will also be unique. The
product ion m/z values are obtained from fast Fourier transform (FFT) of the detected transients,
whereas the precursor ion m/z values are determined from FFT of product ion abundance vs. delay
time.

More recent 2D FT-ICR MS studies have investigated new pulse sequences using stored

waveform inverse Fourier transform (SWIFT)*? for ion radius modulation and denoising

110



algorithms for data analysis.®’ van Agthoven and coworkers have proposed an optimized pulse
sequence in which two encoding pulses with optimized voltage amplitudes are separated by a delay
time, and after the second pulse the ion signal is observed during the detection period.8 In addition,
others have demonstrated increased precursor ion resolution using nonuniform sampling.® Usually
infrared multiphoton dissociation is used for fragmentation®® but several implementations have
used electron capture dissociation.''? After decades of development and largely as a result of
increased computational power, 2D MS in FT-ICRs is being applied to a wide variety of cases, e.g.
for analysis of small molecule biologics (cholesterol),’® peptides and glycopeptides,%!4
proteins,t*>16 and polymers.t” Even so, 2D MS in ICRs still faces multiple challenges including
high instrument runtime, high sample consumption (one injection per time delay increment
because fragmentation is irreversible), and loss of resolution during collision-induced dissociation
in the ICR cell (hence, laser- and electron-based methods are prominent).®

To date, 2D MS has only been experimentally demonstrated on FT-ICR instruments; it has
yet to garner much theoretical or experimental interest in the similar quadrupole ion trap (QIT).
This is an odd omission given that many waveform methods (e.g. SWIFT, frequency ‘chirps’) that
originated on ICRs were successfully translated to rf traps.'®1° After all, both ICRs and QITs are
ion frequency analyzers with MS/MS capabilities, although the QIT is indirectly so (the ions’
frequencies are indirectly measured via resonance ejection at a fixed frequency, whereas in the
ICR the frequencies are measured directly via ion excitation and charge detection). Simulated
evidence that 2D MS is possible in a linear ion trap has been published by O’Connor’s group.?’ In
these simulations, SWIFT was used to radially excite ions as a laser pulse fragmented non-excited
ions at the center. According to the work, the intensities of product ions were modulated
corresponding to the secular frequency of the excited precursors, as is the case for the similar ICR
experiments. Despite this simulated evidence, no experimental data of 2DMS on linear ion traps
has emerged. Furthermore, the requirement of a laser for dissociation and a second mass analyzer
(the ICR) for determination of product ion m/z limits the overall applicability of this method.
Moreover, such a method would not be reasonable to implement on portable ion traps (because of
speed concerns) which are of interest to us and which would benefit most from the efficiency of
acquiring the entire 2D MS/MS domain with, in the most desirable case, a single scan.

Herein we propose two methods for 2D MS/MS (two-dimensional tandem mass

spectrometry) on quadrupole ion traps using collision-induced dissociation for precursor ion
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activation and show experimental evidence that the 2D MS/MS data domain can be obtained in a
single scan. In this work we use a nonlinear frequency sweep for time-dependent fragmentation of
precursor ions from low to high m/z in one dimension of the linear trap while simultaneously
ejecting all product ions of those precursor ions by using a broadband waveform applied in the
orthogonal dimension. In a first implementation (‘frequency tagging’), the broadband waveform
is encoded with beat frequencies proportional to the product ion secular frequencies, thus
modulating peak shapes according to those beat frequencies. By taking the FFT of each peak, the
beat frequencies of the ejected product ions — hence, the product ions’ secular frequencies — can
be recovered and correlated to every precursor ion without isolation. Product ion secular frequency
can then be converted to ion m/z using the Mathieu parameters, thereby yielding a product ion
mass spectrum for every precursor ion. The precursor m/z domain can be calibrated (correlated
with time) using known standards, and because product ion ejection occurs simultaneously with
precursor ion activation, precursor->product relations are also conserved in time. In a second
implementation, the frequency spacing in the broadband waveform is even and instead the product
ion micropackets are observed at the detector and Fourier transformed to recover the product ions’
secular frequencies and hence m/z values.

This work follows our recent experimental demonstration of precursor and neutral loss scans
on a single linear ion trap in which orthogonal double resonance was used for mass analysis.?*2*
The 2D MS/MS scan similarly utilizes orthogonal double resonance excitation and can be thought
of as conducting every possible precursor ion scan at once (or, correspondingly, every possible
neutral loss or product ion scan). The data collection efficiency in 2D MS/MS will be most useful
for miniature or portable instruments®25-2 with low acquisition rates (e.g. DAPI systems?®). On
such instruments data-dependent product ion scans are less favorable than on commercial benchtop
systems due to acquisition rate constraints. It thus may be important to be able to acquire as much

data as possible in each scan, i.e. utilize 2D MS/MS scans.

5.2 Experimental
5.2.1 Chemicals

All drug standards were purchased from Cerilliant (Round Rock, TX, USA) and were either
used as provided or diluted in 50:50 methanol/water with 0.1% formic acid. Typical concentrations

112



were 1 to 10 ppm (ug/mL). All other standards were purchased from Sigma (St. Louis, MO, USA)

and prepared similarly.

5.2.2 lonization

Nanoelectrospray ionization was used for all experiments herein. In order to generate ions,
1.5 kV was applied to a nanospray electrode holder (glass size 1.5 mm), which was purchased
from Warner Instruments (Hamden, CT, U.S.A.) and fitted with 0.127 mm diameter silver wire,
part number 00303 (Alfa Aesar, Ward Hill, MA). Borosilicate glass capillaries (1.5 mm O.D., 0.86
mm [.D.) from Sutter Instrument Co. (Novato, CA, U.S.A.) were pulled to 2 um tip diameters

using a Flaming/Brown micropipette puller (model P-97, Sutter Instrument Co.).

5.2.3 Instrumentation

All data was generated on a Thermo LTQ linear quadrupole ion trap (San Jose, CA, USA).
The LTQ ion trap has an rf frequency of 1.166 MHz and dimensions of Xo = 4.75 mm, yo =4 mm,
and three axial sections of length 12, 37, and 12 mm.* In these experiments, the rf amplitude was
constant throughout injection, cooling, and mass scan stages, as described previously.?? Because
the rf voltage was fixed, the ions’ secular frequencies do not vary during the scan. The LTQ used
in this work was previously modified to be able to apply low voltage auxiliary ac signals to both
the x and y rods. The helium normally used in the LTQ was substituted with nitrogen with an ion
gauge reading of 1.4 x 10 torr. Nitrogen was used because it increases fragmentation efficiency

(but also decreases resolution) compared to helium.!

5.2.4 \Waveform Generation

Two waveforms were used in these experiments; both were calculated in Matlab
(Mathworks, Natick, MA, USA), exported as .csv files and imported into one of two Keysight
33612A arbitrary waveform generators with 64 megasample memory upgrades (purchased from
Newark element14, Chicago, IL, USA). One generator supplied the waveform for precursor ion
excitation in the y dimension while the other supplied a broadband sum of sines for product ion

ejection in the x dimension (where there are two electron multiplier detectors).

113



5.25 2D MS/MS Scan Table

A general scan table for the 2D MS/MS experiment is shown in Figure 5.1. lons were first
injected and cooled to the center of the trap through collisions with background gas molecules.
The rf was set at a constant desired level for injection, cooling, and the 2D MS/MS scan because
of electronic constraints; however, in principle one would leave the rf voltage low during
injection/cooling and raise it for the 2D MS/MS scan as shown in Figure 5.1. After cooling, a
dipolar inverse Mathieu g scan was applied to the y rods of the linear ion trap to mass-selectively
fragment precursor ions such that m/z « t. The frequency sweep was an inverse Mathieu g scan32
(nonlinear frequency sweep with linear mass scale with respect to time) from Mathieu g = 0.908
to g = 0.15 over 600 ms. This excitation sweep had a peak-to-peak amplitude of approximately
350 mVpp. Simultaneously, in the x dimension of the trap (where there are slits in the electrodes
and two electron multiplier detectors) a broadband waveform was applied to eject all product ions
of each precursor ion as they were formed. There are two types of broadband waveforms that were

utilized, one for ‘frequency tagging’ 2D MS/MS and one for ‘micropacket detection’ 2D MS/MS.

Injection
& 2D MS/MS
Cooling
| |
RF Voltage
Precursor m/z oc t
ACg,.t Frequency
— Product ion
ACje: Frequency < ma_ss rar?ge .
Broadband varies with time

Time

Figure 5.1 Scan table for 2D MS/MS in a linear ion trap. The rf voltage is held constant during
the scan while a nonlinear ac frequency sweep, ACexcite, fragments precursor ions selectively as a
function of time in the y dimension of the ion trap. Simultaneously, a broadband ACegject
waveform is applied in the x dimension to eject product ions into the detectors.
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5.2.6 Frequency Tagging for 2D MS/MS

For frequency tagging 2D MS/MS (Figure 5.2), the broadband waveform (Figure 5.1,
ACqgject, ‘Broadband’), constructed using the program in Figure S4.1, was a sum of sines; the
product ions’ m/z values were encoded in the beats in the waveform such that beat frequency and
product ion secular frequency were directly proportional. A master array contained main
frequencies that were spaced every 10 kHz from Mathieu g = 0.908 to q = 0.15, with the lowest
frequency being 73 kHz. Beat frequencies were then encoded by adding a second frequency per
10 kHz, with a starting beat frequency of 500 Hz and subsequent spacings of 600 Hz, 700 Hz, 800
Hz, etc. The beat frequencies were therefore programmed to be proportional to ion secular
frequency. The following is an example of frequencies that were included: 73 kHz and 73.5 kHz,
83 kHz and 83.6 kHz, 93 kHz and 93.7 kHz, and so on until half the rf frequency was met. Phase
overmodulation using a quadratic function of phase vs. frequency®1°3 was used to maintain an

approximately constant voltage amplitude (6 Vpp) as a function of time.
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Figure 5.2. Frequency tagging mass spectrometry for 2D MS/MS. (a) Precursor ions are

fragmented from low to high m/z via a frequency sweep (‘Excitation Voltage’), forming product

ions. Each product ion is ‘tagged’ with a secondary frequency by resonance excitation with two
frequencies close to its secular frequency, the difference of which creates a beat frequency that

modulates the mass spectral peak shapes. When product ions are generated they are immediately
ejected and detected by a broadband sum of sines with encoded beat frequencies, but the ejection
process follows the programmed beat pattern and hence the mass spectral peaks also show beats.

(b) The beat frequencies, related linearly to product ion secular frequency, can be recovered by
taking the fast Fourier transform of each peak. The beats can be plotted against the experimental
secular frequencies for calibration. (c) Experimental vs. calibrated relationship between beat

frequency and product ion m/z. Note that for the micropacket technique there is no frequency tag

and instead the micropacket frequencies are observed and FFT’d.
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The ejection waveform was built point-by-point, and, critically, only frequencies at least
10 kHz above the precursor ion’s frequency were included in each point (hence, this waveform
implementation is only useful for singly charged ions). In other words, each time point in the
broadband waveform consisted of a different set of frequencies to coincide with a different product
ion mass range. The excited precursor ion’s frequency was known because it equaled the frequency
applied by the excitation waveform (the inverse Mathieu q scan). For example, if at time 0.1 s the
inverse Mathieu g scan was applying a frequency of 300 kHz to fragment a precursor ion, then at
that time point the sum of sines waveform only included frequencies above 310 kHz.

The data collection rate in the LTQ’s ‘normal’ scan rate mode with ‘high’ selected as the
mass range was 28.732 kHz, which is fixed by the LTQ data system and cannot be changed. All
mass and frequency spectra collected using frequency tagging are the result of an average of 10
scans. Fast Fourier transforms were calculated in Matlab using 301 points per peak and a sampling

rate of 28.732 kHz. Images were constructed using the ‘imagesc’ function in Matlab.

5.2.7 Micropacket Detection for 2D MS/MS

For ion micropacket detection, the broadband was constructed similarly, but the
frequencies of the waveform were equally spaced (1 kHz spacing) from 583 kHz to 62 kHz and
their phases were distributed quadratically with frequency.®® The broadband waveform was built
point-by-point so that the frequency components included in each point were always at least 10
kHz above the corresponding frequency in the accompanying inverse Mathieu g scan. No extra
beat frequencies were created for micropacket detection.

In order to observe the ion micropackets, data were obtained directly from the electron
multipliers of the LTQ using a combination of a fast transimpedance (current) amplifier and either
a Keysight MSOX3024T oscilloscope (Chicago, IL, USA) or a National Instruments USB-6343
DAQ device with BNC termination (Austin, TX, USA). The amplifier consisted of a current-to-
voltage conversion followed by a two-stage current feedback operational amplifier (CFA) circuit.
The CFAs allow the circuit to achieve a very high gain without the linear tradeoff in bandwidth,
as with traditional voltage feedback operational amplifiers. The total gain of the circuit was around
200,000,000 V/A with a bandwidth of 225MHz. The oscilloscope was operated with a sampling
rate between 50 and 100 MHz and acquired ~1.9 ms of data (but could only save 16,000 points of

data), whereas the DAQ device had a fixed sampling rate of 2 MHz and could acquire and save
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data over 600 ms (1.2 million points). FFTs of the oscilloscope data (16,000 points over 1.9 ms)
were conducted in Matlab, whereas built-in Labview functions were used to calculate FFTs of
DAQ data (using 10 ms windows containing 20,000 points each). All spectra acquired in this mode
were an average of 20 scans. In order to observe the ion micropackets it was necessary to change

the voltage on the electron multipliers from -1200 V to ~-2,000 V.

5.3 Results & Discussion

5.3.1 What s frequency tagging?

Frequency tagging®*% (Figure 5.2a) is a method of tagging ions resonantly ejected from a
quadrupole ion trap with a secondary frequency observable at the detector. The primary frequency
observed (if the detection electronics are fast and sensitive enough) is the ion’s excitation/ejection
frequency, which usually closely mirrors the ion’s secular frequency, especially at low excitation
amplitude.®® However, if the detection electronics do not permit observation of the ion’s so-called
‘micropackets’, then a secondary frequency tag may be used instead. Any ion in the trap can be
frequency tagged by applying a dual frequency sine wave that is the sum of the ion’s secular
frequency and a second frequency very close to the secular frequency (Figure 5.2a, Product lon
Frequency Tag). For example, an ion whose secular frequency is 300 kHz can be tagged with a 2
kHz frequency if a dual frequency sine wave containing 300 kHz and 302 kHz is used for
resonance excitation/ejection. The 2 kHz beat is observed in the mass spectral peak at the detector
(Figure 5.2a, peak shape). A fast Fourier transform of the mass spectral peak results in recovery
of the beat frequency, and if beat frequency and the secular frequency are related in some
predetermined or pre-programmed fashion, then this relationship can be used to relate beat
frequency to product ion m/z. In the work presented here, the beat frequency observed in the mass
spectral peaks is directly proportional to the product ions’ secular frequencies (Figure 5.2b). Note
that the FFT in the illustration is a simplification; in reality harmonics and combinations of beat

frequencies may be observed and can complicate spectral interpretation.

5.3.2 2D MS/MS Requisites

In this work we used frequency tagging to perform 2D MS/MS in a linear quadrupole ion

trap. There are three key pieces of information obtained in a 2D MS/MS experiment: (1) precursor
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ion m/z, (2) product ion m/z, and (3) the relationship between the precursor ions and the product
ions (i.e. from which precursor ion did each product ion originate?).

In our implementation of 2D MS/MS, these three pieces of information are obtained as
follows: (1) Precursor ion m/z is linearly related to time because the precursor ions are fragmented
from low to high m/z using an inverse Mathicu q scan (‘Excitation Voltage vs. Time’ in Figure
5.2a). (2) Simultaneously, a broadband sum of sines is used to eject the product ions as they are
being formed from fragmentation of the precursors. Product ion m/z is recovered from fast Fourier
transform of each mass spectral peak, where (for frequency tagging) beat frequency is linearly
related to product ion secular frequency or (for micropacket detection) the product ion secular
frequency is deduced from the micropackets. Figure 5.2b shows the experimentally observed
relationship between secular frequency and beat frequency using frequency tagging, and
converting secular frequency to m/z via Mathieu parameters gives the plot in Figure 5.2c. The
calibration is shown in blue and the experimentally observed values in red. (3) Lastly, product ions
are ejected from the ion trap within hundreds of microseconds of their respective precursor ions
being fragmented and hence their relationship is preserved in time, just as they were preserved in

our implementation of precursor and neutral loss scans.?12437

5.3.3 2D MS/MS using frequency tagging

A simple mixture of 5 amphetamines (amphetamine, m/z 136; methamphetamine, m/z 150;
3,4-methylenedioxyamphetamine (mda), m/z 180; 3,4-methylenedioxymethamphetamine (mdma),
m/z 194; and 3,4-methylenedioxyethylamphetamine (mdea), m/z 208; all protonated) was analyzed
using 2D MS/MS with nitrogen as the trap bath gas instead of the usual helium. The mass
calibrated 2D MS/MS spectrum in Figure 5.3a gives the m/z values of the precursor ions as a linear
function of time. Note the unique beats in each peak which can be used to recover product ion m/z.
It is also critical to remember that although the precursor ion m/z correlates with time, the vast
majority of the ions detected are product ions. Precursor ions are either ejected alongside their
respective product ions in the x dimension (and can be observed at low frequency in the FFTSs) or
they collide with the y rods, preventing them from being observed at the electron multipliers. It is
possible for unfragmented precursor ions to be observed as artifact peaks later in the scan, which
can complicate data interpretation. This can be prevented by increasing the amplitude of the y

dimension excitation so that unfragmented precursors are neutralized on the trap rods.
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Figure 5.3. (a) 2D MS/MS spectrum of five amphetamines using the frequency tagging technique
as observed at the detectors (precursor m/z values are labelled), (b) frequency spectrum of each
peak, and (c) 2D representation of the spectrum. Known product ion m/z values are marked in

(b).

Requirement #3, association between fragmented precursor ion m/z and generated product
ion m/z, is simply inferred from time. That is, because fragment ions are ejected exactly after they
are generated from fragmentation of their respective precursors (which are fragmented selectively),
their relationship to each other is preserved.

In order to obtain the product ion mass spectrum for a particular precursor ion (requisite
#2), we simply calculate the fast Fourier transform of each mass spectral peak and convert from

observed beat frequency to secular frequency (using Figure 5.2b) and then to m/z using the Mathieu
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parameters. Experimentally this can be done by taking FFTs of peaks of known standards and
correlating beat frequency with the known product ion m/z. Because in our case beat frequency
and secular frequency are directly proportional, we can calculate the calibrated relationship
between beat frequency and product ion m/z, as shown in Figure 5.2c and compare it to
experimental values, shown as red diamonds. This calibration can now be used to assign m/z values
in the frequency spectra.

Amphetamine and methamphetamine share product ions at m/z 91 and 119, and this is
evident in the FFTs (Figure 5.3b) of the peaks in the mass spectrum (Figure 5.3a). A peak at 3,400
Hz corresponds to m/z 91 and 2,400 Hz corresponds to m/z 119. Because beat frequency and
secular frequency are proportional in our implementation, lower m/z ions will have higher beat
frequencies. Similarly, mda, mdma, and mdea fragment to m/z 163 and m/z 135/133 at 1,500 Hz
and 2,000 Hz, respectively. Additional peaks in the frequency spectra correspond to harmonics
(i.e. two and three times the beat frequency) as well as other beats and combination frequencies.
Because of these additional peaks, frequency spectra are not converted into the mass domain in
this paper. However, these peaks do serve to provide a unique pattern for each precursor ion and
may be useful for distinguishing similar spectra. The complete 2D MS/MS domain can be
constructed by using a moving FFT across the spectrum in Figure 5.3a (here, 300 data points per
FFT spectrum), displayed as Figure 5.3c. The product ion spectra in panel (b) can be thought of as
being ‘extracted’ from the total data domain in panel (c). Note the remarkable similarities between
the structurally similar amphetamine and methamphetamine as well as mda, mdma, and mdea,
even for frequencies which are difficult to assign to product ions (e.g. > 6 kHz).

Note that the precursor ion resolution is independent of the bin width used to calculate
panel (c). The true precursor ion resolution is observed in the scan in panel (a). For reference, the
full width at half maximum peak width of m/z 150 in panel (a) is ~1.8 Da, so the m/Am is
approximately 83.

5.3.4 2D MS/MS for analysis of fentanyls

We next applied 2D MS/MS to analysis of opioids of the fentanyl class, which have become
a serious health risk due to their extreme potency and wide range of structurally diverse
analogues.®®* When subject to CID in the ion trap, many of these compounds fragment almost

exclusively to m/z 188 and so their frequency spectra (i.e. product ion spectra) should be
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markedly similar. A 2D MS/MS scan of a mixture of 16 fentanyl analogues is shown in Figure
5.4a. The precursor ion m/z values are directly proportional to time, allowing for the spectrum to
be mass calibrated. The beats in each peak are indicative of the product ion m/z values and be
recovered through FFTs. As shown in Figure 5.4b, 4-ANPP (a fentanyl precursor), acetyl fentanyl,
4-fluoroisobutyryl fentanyl, fentanyl, furanyl fentanyl, p-fluorofentanyl, isobutyryl fentanyl,
butyryl fentanyl, valeryl fentanyl, and acryl fentanyl all fragment to m/z 188 (2.1 kHz beat
frequency, indicated by the white arrow) and hence have almost identical frequency spectra. Cis-
3-methylfentanyl, m/z 351, has a prominent product ion at m/z 202 which is noticeably frequency
shifted (about 240 Hz) from m/z 188. Acetyl norfentanyl is a metabolite and hence fragments
differently as well. Extracted product ion scans for each of these precursors can be found in Figure

S4.2 and S4.3 of the supplemental information.
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Figure 5.4. 2D MS/MS of a mixture of 16 fentanyl analogues using the frequency tagging
technique. (a) Full scan mass spectrum of the mixture (note the beats in the spectra), (b) 2D
tandem mass spectrum, (c) comparison of frequency spectra of three isobaric fentanyls and three-
component mixture. Known product ions are marked in (c). The white arrow in (b) corresponds
to a common product ion, m/z 188.

Notably, butyryl, isobutyryl, and cis-3-methylfentanyl are isobaric (m/z 351) and so their
peaks overlap in the mass spectrum if they are in a mixture together. We tested whether we could
observe all three components in a 1:1:1 mixture. The frequency spectrum in the isobaric mix,
Figure 5.4c (bottom), indicates a primary product ion at m/z 188. Presumably, the peak at m/z 202
overlaps significantly and is not observed. However, the harmonic (1.86 kHz x 2 = 3.72 kHz) is
observed, and thus it is umambiguous that methylated fentanyl is in the spectrum. Butyryl and
isobutyryl fentanyl are nearly indistinguishable, though, since they almost exclusively fragment to
m/z 188.

Quaternary fentanils (emphasis on the ‘il’) share neutral fragments — e.g. 31 Da, 32 Da, 60
Da, 148 Da are examples - instead of product ions. In the frequency domain the similarities are not

obvious, which is a limitation of the current method. The frequency domain must be converted to
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the mass-to-charge domain and then to neutral losses to make any reasonable conclusions about
similarities between spectra. Figure S4.3 shows the frequency spectra of alfentanil and sufentanil
(which share neutral losses of 31 Da and 148/149 Da) and norcarfentanil, carfentanil, and
remifentanil (which share neutral losses of 32 Da, 60 Da, and 149 Da). Notable product ions are

marked.

5.3.5 2D MS/MS for analysis of other molecular classes

Frequency tagging spectra of other molecular classes — focusing on classes that share
product ions rather than neutral losses — are shown in Figure 4.4. Chemical warfare agent simulants
cyclohexyl  methylphosphonate,  isopropyl  methylphosphonate-d7, and  pinacolyl
methylphosphonate fragment exclusively to m/z 95 (m/z 96 for the deuterated analyte) in the
negative ion mode and thus have very similar frequency spectra (Figure S4.4, green), including
strong harmonics. Tetracyclic antidepressants amoxapine, loxapine, and clozapine share m/z 272
but otherwise have dissimilar spectra in both the mass and frequency domain (Figure S4.4, blue).
Antihistamines pheniramine, chlorpheniramine, brompheniramine, and diphenhydramine share
m/z 167 (or m/z 168), as noted on the spectra, but also have other dissimilar product ions (Figure
S4.4, red).

5.3.6 Analysis of isobaric cathinones

A challenge in mass spectrometry is differentiating isobars, particularly if those isobars
fragment similarly. Not only will their product ion spectra appear similar, but so will their 2D
MS/MS frequency spectra. As shown in Figure S4.5, isobaric cathinones buphedrone and N-
ethylcathinone (m/z 178) share product ions at m/z 160 and 132 and are nearly indistinguishable.
However, three other cathinone isobars, namely pentedrone, 3,4-dimethylmethcathinone, and 4-
methylethcathinone (m/z 192) are — remarkably — readily distinguished. Although they share water
loss (m/z 174), they also have unique MS?ions m/z 132, m/z 161, and m/z 147.

5.3.7 Limitations of Frequency Tagging

Because the measured frequencies using frequency tagging are <10 kHz and are only

measured for a few ms, the frequency resolution and hence mass resolution are limited. Next, we
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describe an alternative approach to obtaining 2D MS/MS spectra through double resonance
excitation combined with observation of micropacket frequencies which are on the order of 50-
500 kHz. This approach measures higher frequencies and therefore achieves higher frequency and
mass resolution for the product ions. Moreover, there is less spectral overlap from harmonics and

combination frequencies.

5.3.8 What is an lon Micropacket?

Ions can only be ejected from a quadrupole ion trap during certain ‘allowed’ periods when
operated in the resonance ejection mode.** This has been observed through both simulation®42
and experiment*® by several groups using a variety of ion trap configurations. As ions are
resonantly excited for ejection through application of an auxiliary frequency, they oscillate
coherently and are ejected such that the rate of appearance of the micropackets at the detector
corresponds to the excitation frequency (not the ion secular frequency). If detectors are placed on
both sides of the ion trap, then the micropackets are observed at a frequency corresponding to twice
the auxiliary frequency since the ions are ejected twice per secular frequency cycle.*** The
frequency of ejection can be determined through Fourier transform of each mass spectral peak,
assuming the detection electronics are fast and sensitive enough to observe the micropackets. In
the experiments performed here, the LTQ electrometer board could not observe the micropackets,
so we bypassed it and used a custom current amplifier and DAQ system operated at a 2 MHz

sampling rate.

5.3.9 2D MS/MS Using lon Micropackets

lon micropackets can be used for two-dimensional tandem mass spectrometry scans in a
quadrupole ion trap. Experimentally, this 2D MS/MS scan is identical to the frequency tagging 2D
MS/MS scan in that precursor ions are excited in the y dimension using an ac frequency sweep
(with constant rf voltage) while the product ions are ejected toward the detectors in the x dimension
through application of a broadband auxiliary waveform. For these micropacket experiments, the
frequency spacing of the waveform was a constant 1 kHz from low frequency 62 kHz to high

frequency 583 kHz.
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Figure 5.5a shows the two-dimensional tandem mass spectrum — using micropacket
detection - of the same set of five amphetamines as was described previously. As before, precursor
ion m/z and time are directly proportional. Note the beats in the peaks which are caused by the
broadband waveform frequency spacing. The ion micropackets are also present within these
patterns and can be determined via Fourier transform of the individual peaks (Figure 5.5b). Peak
widths of 5-10 ms containing 10,000-20,000 points were used for the FFTs. Amphetamine and
methamphetamine fragment to m/z 91 and m/z 119, and these peaks are noted. The shared product
ions of mda, mdma, and mdea are also labeled. All labeled peaks are the second harmonic of the
secular frequency. We can calibrate the secular frequency to m/z conversion through Mathieu
parameters using the known product ion m/z values and experimentally observed micropacket
frequencies. Based on these data, mass calibrated product ion spectra in Figure 5.5¢ were generated.
Clearly the resolution at low m/z (high Mathieu q) is best (approaching unit resolution for m/z 91),
which is expected and discussed later. The full 2D MS/MS data domain was calculated as
described for the frequency tagging technique and is shown in Figure 5.5c. Note the remarkable
similarities not only between spectra containing similar product ions (e.g. mda, mdma, and mdea),
but also between the frequency tagging technique (Figure 5.3) and this micropacket technique
(Figure 5.5). Mass errors for this experiment are as follows: (precursor ion domain) m/z 136, 0.09
Da; m/z 150, 0.21 Da; m/z 180, 0.03 Da; m/z 194, 0.09 Da; m/z 0.21 Da; (product ion domain) m/z
91, 0.26 Da; m/z 119, 0.51 Da; m/z 163, 0.22 Da. Given that every spectrum in this paper was
calibrated separately and that the rf voltage of the LTQ was operated without feedback (allowing
it to drift slightly from scan to scan and from experiment to experiment) due to electronic

limitations, these mass errors should be judged with a great deal of caution.
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Figure 5.5. (a) 2D MS/MS spectrum of five amphetamines using the micropacket technique as
observed at the detectors (precursor m/z values are labelled), (b) frequency spectrum of each
peak, (c) mass calibrated product ion spectra, and (d) 2D representation of the spectrum. Known
product ion m/z values are marked in (b) and (c).

Figure 5.6a is a 2D MS/MS spectrum of a set of 16 fentanyl analogues and metabolites,
and the 2D data domain is illustrated as an image in Figure 5.6b. The similarities between many
of the analytes are notable, with m/z 188 — the second harmonic of which is indicated by the white
arrow in panel (b) - being the primary fragment. Selected product ion spectra are shown in panel
(c) and indicate the structural similarities between 4-ANPP (a fentanyl precursor), acetyl fentanyl,
and acryl fentanyl. Product ion spectra in the frequency domain for all the other fentanyl analogues

are shown in Figure S4.6/S7 for reference.
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Figure 5.6. 2D MS/MS spectrum of fentanyl analogues using the micropacket technique. (a)
mass calibrated spectrum of sixteen fentanyl analogues as observed at the detector, (b) image
representing the 2D MS/MS domain reconstructed from (a), and (c) frequency spectra (i.e.
product ion spectra) of selected peaks. Known product ion m/z values are marked in (c). The
white arrow in (b) corresponds to the second harmonic of m/z 188’s ejection frequency.

5.3.10 Application to Planetary Exploration

So far, only forensic applications have been demonstrated. However, planetary science is
perhaps a more appropriate application of 2D MS/MS. A central objective of NASA’s Planetary
Sciences Division is to explore prebiotic chemistry on other worlds, that is, to elucidate possible
chemical origins of life and determine if other habitable bodies do contain (or have contained)
prebiotic molecules and the means to assemble those organics into more complex species. Within
this framework, worlds containing (or suspected to contain) subsurface lakes — notably Mars and
the icy moons of Saturn and Jupiter — are the most promising candidates for exploration and study.
Mass spectrometry has played a critical role in several corresponding missions (Mars Curiosity -
a quadrupole mass spectrometer;*“® Cassini-Huygens — time-of-flight and quadrupole mass
spectrometers;**->! ExoMars Mars Organic Molecule Analyzer, planned launch in 2020 — linear
ion trap®>5%), with quadrupole ion trap technologies recently taking center stage because of their
high sensitivity, MS/MS capabilities, and ease of miniaturization.?®

A key difference between the Mars missions and those targeting Enceladus, Titan, and
Europa is in the sampling methodology. Whereas Curiosity and ExoMars are rovers which drill

into the Martian surface for sampling and use laser desorption/ionization or thermal desorption
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electron impact ionization to produce gas-phase ions for mass spectrometric analysis, the icy moon
missions are notably different. For example, Cassini-Huygens was a flyby mission wherein high-
velocity (relative to the spacecraft) ice grains were collected and fragmented via impact with the
spacecraft’s rhodium sample collector and analyzed with a time-of-flight mass spectrometer. Other
small molecular ions or their impact fragments were analyzed by a quadrupole mass spectrometer.
Unfortunately, because MS/MS capabilities were not implemented, no structural information
could be garnered from this data, only molecular weight information. Moreover, in these missions
sampling opportunities and sample availability are extraordinarily limited, even more so than rover
missions. For this reason, it is imperative that the mass spectrometer collect as much m/z
information as possible in the least possible number of scans. This can be accomplished through
2D MS/MS.

Figure 5.7 shows the 2D MS/MS spectrum of four amino acids, serine, valine, isoleucine,
and methionine, using the frequency tagging technique and the micropacket technique,
respectively. Known product ions from conventional product ion scanning are noted in the table
in Figure 5.7 and are evident in the (b) frequency tagging product ion spectra as well as the (d)
micropacket product ion spectra. Again, it is remarkable that two different encoding schemes

returned almost identical product ion spectra.
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Figure 5.7. Two-dimensional tandem mass spectrometry of four amino acids on an LTQ linear
ion trap. (@) Two-dimensional tandem mass spectrum as recorded at the electron multiplier
detector using the ‘frequency tagging’ technique, (b) extracted product ion scans (in the
frequency domain) obtained through FFT of each peak in panel a, (c) two-dimensional tandem
mass spectrum recorded using the alternative micropacket technique, and (d) extracted product
ion scans from panel c. Expected precursor and product ions are indicated in the table. Note that
all spectra in panels (c) and (d) were normalized.

5.3.11 Improved Product lon Resolution

One of the primary motivations for measuring the ejection frequency of the product ions at
the detector is to improve the resolution of 2D MS/MS compared to the ‘frequency tagging’
method. In ‘frequency tagging’ low kHz beat frequencies were observed in the mass spectral peaks
at the detector, with mass resolutions (m/Am) of 15 and 13 for m/z 91 and m/z 119 of amphetamine
and 10 for m/z 163 of mdma (Figure 5.8). For m/z 91 and m/z 119 of amphetamine, much improved
mass resolutions of 120 and 48 were obtained for the micropacket method, and for mdma the

resolution of m/z 163 was increased to ~20. Because the product ions are distributed over a range
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of Mathieu q values, higher mass resolution will always be obtained for the lower m/z product ions

which have greater frequency dispersions in the ion trap than higher m/z ions.
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Figure 5.8. Product ion resolution comparison between 2D MS/MS using frequency tagging
(blue, 1st harmonic) and the ion micropacket method (red, 2nd harmonic).

5.3.12 Conclusion

We have demonstrated a method of performing two-dimensional tandem mass
spectrometry (2D MS/MS) in a linear quadrupole ion trap using orthogonal double resonance
excitation. One method utilizes beat frequencies to modulate mass spectral peaks while the other
utilizes the frequency information contained in the product ion micropackets to obtain product ion
spectra. The method should be especially promising for ion traps with low acquisition rates or for
cases where sample or instrument power is precious, as a single scan can be used to obtain a
remarkable amount of information. These scans can then be followed by targeted data-dependent
product ion scans to improve the resolution of the product ion spectra if needed.

Of course, improvements to this technology should be sought. These include minimizing the
contribution of harmonics (or mitigating them during data analysis), increasing product ion
resolution and mass accuracy, and seeking refinements to waveform construction, data acquisition,

and analysis.
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5.4 Supplementary Figures

Figure S5.1. Matlab program for building a frequency tagged broadband waveform for 2D
MS/MS.

% Program for building a frequency tagged broadband waveform for use with the %
corresponding inverse Mathieu g scan

% Define variables

scan_time = .6; % scan time in seconds
begin_qg = 0.908; % Starting Mathieu q value of the inverse q scan
end_qg =0.15; % Ending Mathieu q value of the inverse q scan

sampling_rate = 5000000; % sampling rate of waveform generator
rf_frequency = 1166000; % tuned rf frequency in Hz
num_points = ceil(sampling_rate * scan_time); % number of points in waveform
time = linspace(0, num_points-1, num_points)*scan_time/num_points;
% time variable
frequency_resolution = 10000; % spacing between main frequencies (Hz)
first_beat freq Hz =500; % smallest beat frequency
beat_freq_spacing_Hz = 100; % spacing between beat frequencies
distance_from_lower_bound = 10000; % space between lower frequency bound and
% lowest frequency in broadband signal
% (Hz)
phase_fudge factor = 0.0001; % used for phase overmodulation to keep
% amplitude of waveform
% approximately constant with time

% Calculate Mathieu g values as a function of time

% assume sweep according to g = k / (t-})

% The array ‘q_values’ tells us which precursor ion is being fragmented at
% any given time. We need to know this because the product ions of this
% precursor ion will always have frequencies higher than the precursor,

% assuming the ions are singly charged.

j =end_g*scan_time / (end_q - begin_q);

k = -begin_g*j;

g_values =k ./ (time - j);

% Calculate the frequency lower bound (i.e. the frequency of the excited

% precursor ions) as a function of time from Mathieu g

% values and rf frequency.

% We need the frequencies in the broadband waveform to always be above the
% lower bound because the product ion mass range — and thus frequency range —
% varies as a function of time (because the precursor ions are fragmented

% from low to high m/z) and thus the frequencies in the broadband

% waveform must also vary with time.

lower_bound_frequencies = zeros(num_points,1);
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betas = zeros(num_points,1);
for i = 1:num_points
betas(i) = beta_calculator(g_values(i));
lower_bound_frequencies(i) = betas(i)*rf_frequency/2;
end

% Build frequencies array
num_frequencies = floor(abs(rf_frequency/2-
lower_bound_frequencies(end))/frequency_resolution);

% total number of frequencies in waveform
main_frequencies = linspace(rf_frequency/2,rf_frequency/2-
num_frequencies*frequency_resolution+frequency_resolution,num_frequencies);
main_frequencies = fliplr(main_frequencies);

% Add in beat frequencies to encode product ion m/z
for i=1:num_frequencies
frequencies(2*i-1) = main_frequencies(i);
frequencies(2*i) = main_frequencies(i) + first_beat freq_Hz + (i-1)*beat_freq_spacing_Hz;
end
frequencies = fliplr(frequencies);

% Distribute phases so that master waveform has flat amplitude profile
phases = zeros(length(frequencies),1);
for i=1:length(frequencies)
phases(i) = (frequencies(i)-frequencies(1))*2*scan_time/(2*(frequencies(num_frequencies)-
frequencies(1))*phase_fudge factor);
end

% Build final waveform point by point, making sure to exclude frequencies
% below the precursor ion frequency
waveform = zeros(num_points,1);
for i=1:num_points
for n=1:length(frequencies)
if (frequencies(n) > lower_bound_frequencies(i) +
distance_from_lower_bound)
waveform(i) = waveform(i)+sin(2*pi*frequencies(n)*time(i)+phases(n));
else
break;
end
end
end

133



Intensity

Figure S5.2. Frequency tagging spectra of various fentanyls. Peak assignments are as follows:
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Figure S 5.3. Frequency tagging spectra of five fentanils. Peak assignments are as follows: m/z

146, 2.86 kHz; m/z 198, 2.01 kHz; m/z 231, 1.62 kHz; m/z 239, 1.53 kHz; m/z 269, 1.34 kHz;

m/z 279, 1.34 kHz; m/z 285, 1.24 kHz; m/z 317, 3.25 kHz (third harmonic); m/z 335, 1.05 kHz;
m/z 345, 2.96 kHz (third harmonic).
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Figure S5.4. Frequency tagging spectra for (top, green) three chemical warfare agent simulants,
(middle, dark blue) three tetracyclic antidepressants, and (bottom, red) four antihistamines. The
chemical warfare agent spectra were obtained at a LMCO of 65 Th; other data was obtained with
LMCO 100 Th. Peak assignments are as follows: m/z 95, 1.24 kHz; m/z 167 & 168, 2.39 kHz;
m/z 195 & 196, 2.01 kHz; m/z 247, 1.62 kHz; m/z 272 & 274, 1.34 kHz.
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CHAPTER 6. 2D MS/MS SPECTRA RECORDED IN THE TIME
DOMAIN USING REPETITIVE FREQUENCY SWEEPS IN LINEAR
QUADRUPOLE ION TRAPS

Portions of this work have been published in the journal Analytical Chemistry as the article:
Szalwinski, L. J., Holden, D. T., Morato, N. M., & Cooks, R. G.. (2020). 2D MS/MS Spectra
Recorded in the Time Domain Using Repetitive Frequency Sweeps in Linear Quadrupole lon
Traps. Analytical Chemistry, 92(14), 10016-10023.

6.1 Introduction

The use of tandem mass spectrometry (MS/MS) is often central to complex mixture
analysis, especially for in situ measurements where chromatographic separations are not
practicable.r® The ideal portable instrument for characterization of complex mixtures would have
a single mass analyzer and would use ambient ionization for little-to-no sample preparation.*®
Advances in ambient ionization methods are routinely transferred from benchtop instrument to
portable instruments.®’” By contrast, most advances in mass analyzers moved in the direction of
increased instrumental complexity towards devices that cannot be easily miniaturized.2® Two-
dimensional tandem mass spectrometry is an experiment that has been adapted for use in high
performance instruments but it is also transferable to smaller systems. Figure 6.1 summarizes the
three-dimensional data domain (two dimensions of mass/charge, one dimension of ion abundance)
of 2D MS/MS. It includes recording the entire 2D domain (green) as well as several common one-
dimensional m/z experiments (neutral loss, precursor and product ion scans) and the zero-
dimensional multiple ion monitoring (MRM) experiment. Acquisition of the full 2D MS/MS data
domain as opposed to its sub-parts, has the potential to provide comprehensive chemical

characterization of a sample in a single scan.
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Figure 6.1. Summary of MS/MS scan modes represented in the 2D MS/MS data domain. Open
circles indicate variable mass while closed circle represents fixed mass. Narrow arrow indicates
variable mass transition while block arrow indicates fixed or defined mass transition.

Two-dimensional tandem mass spectrometry was first demonstrated by Pféandler working
with an FT-ICR instrument and using a series of timed rf pulses to excite and de-excite ions to
achieve 2D FT ICR data.’® More recent FT-ICR-based improvements in 2D-MS/MS include
coupling radius dependent fragmentation methods,! phase correction of the signal output,'? and rf
pulse sequence optimization.*  Recently, our group demonstrated the experimental
implementation of two-dimensional tandem mass spectrometry (2D MS/MS) in a single scan of a
linear quadrupole ion trap.'**> The FT-ICR experiment provides high resolution on a wide range
of precursor ions; however, this method requires ultrahigh vacuum instrumentation, a
superconducting magnet, and lengthy acquisition times.'®%" By contrast, the quadrupole ion trap
method has modest vacuum requirements and short acquisition times, albeit with reduced mass
range and resolution; as such it should be best suited to implementation in the form of a miniature
mass spectrometer for on-site analysis.'®*°

The first experimental implementation of 2D MS/MS in a quadrupole ion trap used a non-
linear frequency (inverse q ) sweep® to dissociate precursor ions while a broadband signal was

used to eject all fragment ions.** The precursor ion m/z was determined from the time at which
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product ions were detected and the product ion m/z values were determined by analyzing the
frequencies present in the detected signal. The resulting signal showed distinct product ion peaks
with spacings corresponding to the secular period of motion of an individual product ion (Figure
6.2a). This motion,? termed- “micropacket?? or “micromotion”,? serves for mass analysis in
the micropacket method of 2D MS/MS. Taking short fast Fourier transforms of the signal, the
secular frequency of the ejected product ions can be determined and then translated to a
mass/charge ratio (m/z) through calculation of the Mathieu B value, hence the Mathieu g-value,
and so by solving the Mathieu equation, to the value of m/z.24%

Micropacket 2D MS/MS Beat Frequency 2D MS/MS Repeating Frequency Sweep
2D MS/MS
a b c
Frequency e rrrrrerrrrel I IO
(10°Hz) P =s | Frmemeeeeeee= —_— T - -
o of fragmenting m/z o of fragmenting m/z o of fragmenting m/z
time (ms) time (ms) time (ms)
. LJEMJJL— r time (ps
Intensity r time (us) [ H“ ()
.|||\|HI|. N
time (ms) time (ms) time (ms)
Intensity ‘
frequency (10°Hz) frequency (10° Hz)
Intensity | I l '
Product ion m/z Product ion m/z Product ion m/z

Figure 6.2. Comparison of the product ion ejection process for (a) micropacket, (b) beat
frequency, and (c) repetitive frequency sweep methods of 2D MS/MS in a linear quadrupole ion
trap. First row: waveform (red) and secular frequencies of product ions being analyzed (blue).
Second row: signal obtained at the detector. Third row: fast Fourier transform of the detected
signal. Fourth row: product ion spectra calibrated for m/z.

Most commercial ion trap detection circuits are too slow to detect ion micromotion, so a
second method, frequency tagging, was implemented (Figure 6.2b).* In this method, each secular
frequency was modulated by a unique low frequency beat. The detection circuitry was insensitive
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to the high frequency signal allowing only the detected beat frequency to be observed, converted
to secular frequency, and hence to m/z in the same fashion as in the micropacket method.

The performance of the initial micropacket method was far superior to that of the frequency
tagging method of 2D MS/MS because the frequencies being measured were much higher. The
measurement of higher frequencies over the same time period provided higher frequency
resolution, which in turn improved mass resolution. One major disadvantage of both these methods
is that the transients used for the Fourier transforms last only for hundreds of microseconds, thus
limiting frequency resolution. The trade-off between frequency and time resolution is well known.
This limitation can be circumvented by avoiding frequency-based methods and the associated
Fourier transforms when short analysis times are desired using micropacket techniques.?®
Furthermore, difficulties in discriminating frequency harmonics, as well as the non-linear
calibration, makes converting frequency to m/z challenging by this method. The new method
presented in Figure 6.2c, avoids the need to use Fourier transforms by ejecting product ions using
a non-linear frequency sweep during which the time of product ion detection is linearly correlated
to its m/z. This allows simple m/z calibration as well as improving product ion mass range and

resolution.

6.2 Experimental
6.2.1 Chemicals

All drugs of abuse were bought from Sigma Aldrich (St. Louis, MO) and diluted in 50:50
methanol/water containing 0.1% formic acid. The drug target mixture was diluted to 1000, 500,
400, 300, 200, 100, 50, and 25 ppb while the internal standard, methamphetamine-d5, was held at
300 ppb when determining limits of detection (LOD). Two peptides, Gly-His-Gly and Ala-Gly,
were purchased from Sigma Aldrich while all others were from Bachem (Torrance, CA). The
combined peptide mixture was diluted in acetonitrile to 5 ppm of each compound. The fentanyl

analog mixture was diluted in methanol to a concentration of 5 ppm for each compound.

6.2.2 lonization

Nanoelectrospray (nESI) was used for all experiments. Borosilicate glass capillaries

(2.5mm o.d., 0.86 mm i.d.) from Sutter Instruments (Novato, CA) were pulled to 5 um tip
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diameters using a Flaming/Brown micropipette puller (model P-97, Sutter Instrument Co.).
Solutions were pipetted into the capillary. An electrode holder (Warner Instruments, Hamden, CT)
was used to place the tip of the capillary within 2 cm of the mass spectrometer inlet. A 1.5 kV
potential was applied to generate the electrospray.

6.2.3 Instrumentation

A modified Thermo Finnigan LTQ mass spectrometer (San Jose, CA) was used for all
experiments. This instrument was previously modified so the rf trapping voltage could be
controlled externally.?” This allowed the rf voltage to be kept constant throughout the analytical
scan to maintain the motion of trapped ions at a constant secular frequency. Additional
modifications were made to apply externally controlled low voltage auxiliary waveforms
individually to both the x- and y-rod pairs.?® Nitrogen was used instead of helium as bath gas in
order to improve sensitivity.? An uncalibrated ion gauge reading of 1.5 x 10 torr was used in

the experiments.

6.2.4 \Waveform Generation

Two Keysight 33612A arbitrary waveform generators with 64 megasample memory
upgrades (Newark element14, Chicago, IL) were separately coupled to the x- and y-electrode pairs.
The waveforms were calculated in Matlab (MathWorks, Natick, MA), exported as .csv files and

imported into the waveform generator software.

6.2.5 Time-Domain 2D MS/MS Scan Methodology

The experiment is illustrated in Figure 6.3. Two simultaneous waveforms are applied
orthogonally to fragment precursor ions and eject product ions. The waveform applied to fragment
the precursor ions is swept non-linearly through the ion secular frequencies in order to linearize
the choice of m/z fragmented over time. The second waveform, applied to the x-rod pair to eject
product ions, is composed of repeating non-linear frequency sweeps. These repeated sweeps are
identical in their frequency components, but the amplitude is dropped to zero during times when
the applied frequency corresponds to m/z values higher than that of the ion being fragmented with

the assumption that only singly-charged ions are being interrogated. This modulation is used to
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avoid ejecting precursors before fragmentation occurs. The product ion scan rate is conserved
throughout the scan while maintaining the linear time vs. m/z correlation in the product ion
spectrum. The two-dimensional spectra are produced by splitting the signal output into segments
of the same length as the product ion sweep. The product ion m/z is determined by the signal
location within each of these segments while the precursor ion m/z is determined by the location

of that segment within the entire scan.
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Figure 6.3. Methodology for performing time domain 2D MS/MS in a quadrupole ion trap.
Precursor ions are fragmented by an auxiliary ac frequency applied to the rod pair used to create
the field in the y-coordinate. The orthogonal rod pair provides a field in the x-coordinate that
quickly sweeps ions into the detector as it passes through secular frequencies of the possible
product ions. Product ion ejection is repeated multiple times over a single precursor m/z value in
order to preserve precursor ion m/z information.

6.2.6 Scan and Trapping Experimental Parameters

The m/z range analyzed was the same for both precursor and product ions. However, the
LMCO was different for each experiment. The drugs of abuse, peptides, and fentanyl analogs had
LMCO values of 80, 85 and 120 Th (m/z units), respectively. In each experiment, ion injection
times were optimized to avoid space charging while providing adequate signal. The injection
times for all the above experiments were between 0.5 and 2 milliseconds and they were held
constant for each experiment. For the drug and peptide mixtures, the scan time was 900
milliseconds with the product ion ejection waveform being repeated every 1.5 milliseconds. The

fentanyl mixture scan time was 1200 milliseconds with the product ion ejection waveform also
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being repeated every 1.5 milliseconds. The scan time for tetraalkylammonium mixture was 600
milliseconds with a product ion ejection sweep occurring every 1 millisecond. The precursor ion
activation and product ion ejection time ranges were selected to provide a sufficient number of
data points across each peak in both precursor and product ion dimensions. It would be assumed
that slower scanning rates would improve both mass accuracy and resolution. However, both scan
rates are limited to the fragmentation time of the precursor ion population. Better analytical
performance would be expected if using fragmentation methods that fragments precursor ions
faster. Additional time, typically 10’s of milliseconds duration, was added between consecutive

2D MS/MS scans to avoid possible overlap of scans.

6.3 Results

This new repetitive frequency sweep version of 2D MS/MS was explored in three cases
involving complex mixture analysis and to which MS/MS has been applied previously. The first
two examples concern detection and identification of known analyte(s)in a complex mixture. In
one case there is an emphasis on detection of the analytes and in the other the emphasis is on
identification of the analytes, operating on the assumption that the requirements for detection are
less stringent than those for identification. In the context of MS/MS, detection of a compound
might be accomplished using one or two transitions (precursor to product ions) whereas compound
identification might require four or five such transitions. The first example consists in the
determination of 12 drugs of abuse in a single scan in which a single precursor/product ion
transition is used to go beyond detection and identification to quantification of the analyte at ppb
levels. The second example compares the 2D MS/MS data with data previously collected using
product ion scans to identify unknown peptides in a complex mixture. Lastly, fentanyl analogs are
interrogated in a single scan to identify fragmentation patterns that could be used to identify

unknown analogs for which no data are currently available.

6.3.1 Determination of 12 drugs of abuse

The ability to determine known drugs of abuse from a complex mixture is exemplified in
Figure 6.4. The drugs of interest were determined by monitoring the abundance of a single

precursor/product ion transition against a precursor/product ion transition for an internal standard.
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This represents the conventional method for quantitation of drugs of abuse, multiple reaction
monitoring (MRM, @=® ) in which two or more transitions are monitored.®*® A few
precursor/product ion transitions can be used to confirm the detected analyte while a single
transition is used as quantifier. This “scan” is rarely used in instruments other than triple
quadrupoles; however, pseudo-MRM methods have been implemented in other instruments where
the single transition of interest can be extracted from a product ion scan.®! The same method in
which single transitions are extracted out of a higher dimensional spectrum is also useful for
targeted drug quantification in 2D MS/MS. Acceptable quantitative performance was obtained for
most of the drugs of abuse analyzed using methamphetamine-d5 as internal standard. With the
single exception of 6-MAM, LOD’s were 50 ng/mL or less and correlation coefficients were 0.94

or better (see Figure S6.3 for additional detail).

# - Compound Quantifier LOD (ppb)
1 - Amphetamine  |136 — 91 [13.5+6.9
2 - Methamphetamine [150 — 91 | 15.8+4.5
3 - MDMA 194 - 163| 5.7+16
4 - MDEA 208 — 163| 5.7+ 1.6
5 - Acetyl Norfentanyl |219 — 84 |20.7 £ 25.0
6 - Amitriptyline 278 — 233|151+74
7 - Hydrocodone  [300 — 199(24.3+21.2 10
4 8 - Acetyl Fentanyl |323 — 188 4.1+14 8\
9 - 6-MAM 328 — 211[96.7 £54.3

10 - Fentanyl 337 — 188
11 - Isobutryl Fentanyl|351 — 188| 4.9+ 1.5
12 - Furanyl Fentanyl |375 — 188]30.7+12.0

Intensity

100 Pt

Figure 6.4. 2D MS/MS scan of 12 drugs of abuse quantified by a single internal standard,
methamphetamine-d5 (transition m/z 155 — 91). The signal intensity for each transition was
determined as the integrated volume of signal divided by integrated volume of the internal
standard signal. Limits of detection were estimated as the analyte concentrations that would
provide signal/noise ratios of 3. All samples and blanks were run in triplicate.
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Note that a single transition might be sufficient for detection, but several different
transitions are needed to confirm the identification of a particular analyte. Figure 6.5a shows the
extracted product ion scan for precursor m/z 278, amitriptyline, in the 2D MS/MS scan. The
similarity to the product ion scan obtained on a commercial ion trap instrument (Thermo LTQ,
Figure 6.5b) demonstrates how the same fragments can be used for confirmation in the 2D MS/MS
scan. The differences in relative abundances of the product ions are attributed to the use of nitrogen
as a bath gas which causes additional fragmentation of the primary product ion, m/z 233, and to
the instrumental differences that affect energy transfer and ion transmission.

Extracted Product lon Scan Product lon Scan
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Figure 6.5. (a) Product ion scan of amitriptyline (m/z 278) extracted from the 2D MS/MS scan
(b) authentic product ion scan of amitriptyline (m/z 278). Note the similarity in products but the
difference in resolution. The data in (b) were recorded in 0.1 s while the data in (a) were
extracted from a larger data set collected over a period of 1 second with several hundred other
product ion spectra being acquired at the same time.

6.3.2 2D MS/MS for identification of peptides

Although Figure 6.5a shows the potential for compound identification, the canonical
method for confirming the identity of an analyte is to compare the fragmentation data of the
unknown to that for an authentic sample. A simple example of the application of this methodology
using 2D MS/MS data is shown in Figure 6.6b where each peptide in a mixture was identified by
matching its fragmentation data (extracted product ion scan) to data obtained in directly recorded
product ion MS/MS scans after isolating the ionized peptide. In silico generation of fragment ion
data could become an alternative to annotate newly acquired mass spectra quickly.®? The
comparison can be done quickly regardless of whether the data were acquired in silico or in situ,
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so the main limitation is how quickly experimental MS/MS data can be obtained. Figure 6.6

demonstrates the quality of the information generated in a 2D MS/MS scan in less than a second.
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Figure 6.6. (a) 2D mass spectra of 10 small peptides showing precursor ion m/z plotted against
neutral loss (instead of the more usual product ion axis) by subtracting a given product ion by its
precursor ion m/z (b) comparison of the neutral losses calculated from a 2D MS/MS scan (blue)

with those derived from an authentic product ion scans (orange).

This figure shows data for a mixture of 10 peptides analyzed to determine how the extracted
information obtained in a 2D MS/MS scan compares to conventional ion trap product ion spectra.
Peptide identification typically is achieved by sequential fragmentation along the peptide backbone.
The charge is typically retained along the backbone, so identification of the amino acid sequence
can be based on neutral losses observed in the spectra. For this reason, it is sometimes more
convenient to observe the neutral losses for each precursor ion rather than the more usual direct
observation of product ions. This is readily accomplished by subtracting the product ion m/z from
the precursor ion m/z at every point in the precursor/product ion plane and replacing the normal
product ion axis with a neutral loss axis. It seen in Figure 6.6a, peptides with N-terminal glycine
all undergo a neutral loss of 75 Da (neutral glycine) and peptides with N-terminal alanine undergo
a neutral loss of 46 Da (CO + H2O). Furthermore, the extracted data from the 2D MS/MS scan
compare favorably with ion trap product ion scans, shown in Figure 6.6b. The notable differences
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being in the loss of water and the neutral loss of 160. The expected neutral loss of 160 gives a
product ion, m/z 86 for precursor ion m/z 246, which lies near the low mass cut off, while a loss of
water falls within the bandwidth of the frequency applied for fragmentation. This means the
primary product of dehydration will be further fragmented. Figure 6.6b demonstrates that the 2D
MS/MS scan captures the same depth of information obtained as the individual product ion scans.
The decrease in resolution also is clear, however it does not severely limit successful matching of
fragmentation patterns. This point is demonstrated in Figure S6.2 where all nine of the fragments
observed in the extracted product ion scans were found also in the 2D MS/MS data with an average
mass/charge error of 1.3 Th. An important point not yet considered is the efficiency with which
the 2D data can be collected. A single product ion scan (180 milliseconds) can be recorded faster
than the whole 2D MS/MS scan (900 milliseconds); however, the product ion scan acquisition
time scales directly with the number of mixture components of interest, while the 2D MS/MS
acquisition time is independent of that number. In the case shown in Fig S2, the 10-analyte mixture
requires more than twice the time to analyze even if only the specified ten analytes are targeted.
Furthermore, to generate the whole 2D MS/MS spectrum from product ion scans across the whole
precursor mass range, 250 product ion scans from precursors separated by 1 Th would take 45

seconds compared to the constant 900 milliseconds for the 2D MS/MS scan.

6.3.3 2D MS/MS for the untargeted detection of fentanyl analogs

The detection and subsequent identification of novel fentanyl analogs is representative of
a larger challenge in analytical chemistry where the desired list of identifiable compounds is
always larger than the known list of identifiable compounds. Data independent acquisition (DIA)
methods are well suited to identifying truly unknown analytes. Among these methods is SWATH-
MS on AB Sciex instruments where multiple precursor ion isolation windows allow for “shotgun
CID” in which the precursor ion is replaced by retention time and the product ion/retention time
relationship allows for improved detection coverage.>® These methods have seen widespread use
due to the ability to provide extensive amounts of fragmentation data for very complex samples.
There are two offsetting features to these “shotgun CID” methods of DIA. First, these methods
are used in practice to identify compounds already present in libraries, they do not expand the

library. Secondly, the requirement for LC is not amenable to portable instruments. A non-LC-
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based DIA method on a portable mass spectrometer would allow de novo on-site identification of
compounds in complex samples.

The strength of DIA using 2D MS/MS is demonstrated for the case of a complex mixture
of 16 fentanyl analogs (Figure 6.7). Those analogs with names ending in -yl have a conserved
phenylpiperidine moiety while those ending in -il have a conserved N-phenylpropanamide moiety.
These conserved moieties can be detected by monitoring the charged product, m/z 188, for -yls
and the neutral product, loss of 149 Da, in the -ils. The parent compound, fentanyl contains both
functionalities and thus lies on the intersection of the neutral loss and precursor ion scan lines is
this rapid class differentiation experiment. All other compounds are detected on either the neutral
loss or precursor ion scan line. It would be sufficient to detect either of these transitions to signal
a potential fentanyl analog but, by obtaining the full 2D data, further identification can be obtained
by simply extracting the product ion spectrum from the existing data. The coupling of a method of
detecting known transitions to the identification of unknown analytes is an attractive feature of 2D

MS/MS. Certainly this feature will facilitate library expansion and thus forensic analysis.
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Figure 6.7. (a) 2D MS/MS scan of 16 fentanyl analogs in a mixture with extracted scans overlaid
(b) extracted product ion scan of fentanyl (c) extracted neutral loss scan of 149 Da (d) extracted
precursor ion scan of m/z 188 (e) structural comparison of the -yl vs -il fentanyl analogs. White
stars indicate a known transition of each precursor ion analyzed. 3-Cis-methylfentanyl possesses

the same conserved structural feature as the -il variants. The neutral loss of 149 Da for
remifentanil is observed with a signal/noise ratio of 8 in the extracted product ion scan.
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6.3.4 Ildentification of non-linear precursor/product ion relationships

The two one-dimensional MS? scans in which the product, whether charged or neutral, is
conserved and these can be used to identify the corresponding precursors as belonging to a
particular chemical class. The precursor ion scan implies that the transition will produce common
charged product ions for precursors of the same or similar class. The neutral loss scan implies that
the transition will produce a common neutral product molecule for precursors of the same or
similar class. Both of these statements implicitly assume that addition or subtraction to the
precursor molecule will produce the same addition or subtraction even in the products. Additions
conserved on the charged product are expected to yield a common neutral loss while additions
conserved on the neutral product yield constant product ions. This will indeed produce a linear
relationship between increase of mass of the precursor and increase in mass of the product.
However, this analysis does not cover all possibilities. For example, if a precursor is modified in
more than one way (besides simple addition of a functional group), then the precursor would not
be seen in the 1D MS/MS scans. An example of a chemical system not able to be related through
a single 1D MS/MS scan is shown in Figure S6.4. The six tetraalkylammonium ions differ in the
lengths of the four alkyl chains attached to the nitrogen center. No conserved neutral losses or
product ions are observed; however, it can be seen that these analytes do share a common
functional relationship. The identification of these complex relationships in mixtures could prove
useful in situations where the chemical modifications are not limited to simple additions or

subtractions.

6.3.5 Frequency vs. Time Measurements for Product lon Analysis in 2D MS/MS

Previous 2D MS/MS experiments using a linear quadrupole ion trap were performed using
the same fragmentation waveform as done in this study but by ejecting the product ions using a
sum of sines broadband waveform.* The product ion information was determined from iterative
fast Fourier transforms across the mass spectrum. This produced a two-dimensional mass spectrum
where the product ion m/z was determined by the frequency components found in each FFT and
the precursor ion m/z was determined by the time at which the FFT was recorded. This previous
micropacket method* demonstrated the power of acquiring MS/MS data across a range of masses.

This was shown specifically by identifying fentanyls in a mixture.
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However, there are two main shortcomings when performing the 2D MS/MS experiment
by this method and both stem from the decreased frequency dispersion at lower g-values (higher
m/z). The first shortcoming relates to the decreased product ion mass resolution in the higher m/z
range covered, which is caused by decreased frequency dispersion in two ways. Firstly, the
product ion ejection broadband waveform will lose specificity in product ion selection with
increasing m/z, as is the case for any ion trap method that uses ion secular frequencies for activation.
This is mitigated by performing frequency scans in such a way that the frequency scan rate is
varied across the mass range to make the mass scan rate constant.?® However, applying this
methodology to broadband ejection methods is not trivial. The second factor affecting resolution
lies in the m/z calibration from frequency, as peaks of similar frequency widths will necessarily
have decreased mass resolution as mass increases. These two effects result in wider peaks in
frequency that are widened even further during the mass calibration.

The second shortcoming in the previous micropacket method using a broadband method
for product ion analysis is that the mass range over which precursor ions can be detected in the 2D
MS/MS scan is limited. Earlier, it was argued that there is a loss of resolution at higher product
ion m/z; however, the loss in frequency dispersion also affects precursor ion measurements. The
broadband waveform in the micropacket method was continuously updated during the scan to
include product ions of higher mass. The highest mass product ion included in the broadband
waveform in these experiments had a secular frequency not much greater (just 10 kHz) than
frequencies present in the fragmentation waveform. This was done so that the product ion ejection
waveform would not eject precursor ions. However, at higher precursor ion mass, the 10 kHz
difference was insufficient, and precursors were ejected before fragmentation. The simple solution
is to increase the separation between the two frequencies, but this results in loss of product ion
mass range. A comparison between the micropacket method and this new repetitive frequency
sweep is demonstrated in Figure S1. The improvement in product ion information
comprehensiveness is presented in the product ion spectra extracted from this new repetitive
frequency sweep (Figure S1b) and is comparable to the conventional product ion spectra (Figure
S1c), whereas the extracted product ion spectra obtained by the micropacket method (Figure S1a)

contains only one or two fragment ions.
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6.4 Conclusions

A new method of performing a 2D MS/MS scan using a single mass analyzer is demonstrated.
This method directly provides product ion m/z values from the ejection time during a product ion
sweep. This avoids the frequency/time trade-off typical of the Fourier analysis inherent in the
micropacket method of 2D MS/MS. The new method is contextualized using chemical analytes
including mixtures of drugs of abuse and peptides. These examples outline the method’s capability
to obtain large amounts of MS/MS in very short analysis times (typically 1 second per scan).
Comparisons to existing MS/MS scan modes are made by reducing the dimensionality of the 2D
data after mass analysis to compare the data obtained by conventional methods. This data treatment
is favorable to the conventional product ion scan as 100% of the data collected in that scan is
shown, whereas less than 1% of the data acquired in the 2D MS/MS scans is included (since all
other precursor ions are being analyzed simultaneously in this experiment). The difference
between reducing dimensionality after analysis versus reducing the dimensionality before should
not be underestimated, especially in the context of in situ analysis of complex mixtures of
unknowns. These capabilities are expected to be most valuable in resource constrained
environments. This new 2D MS/MS method provides combined detection/identification of the

constituents of a complex mixture in a mass analyzer which has the potential to be miniaturized.
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6.5 Supplementary Figures
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Figure S6.1. Comparison between product ion scans extracted from (a) micropacket method of
2D MS/MS, (b) repeating frequency sweep 2D MS/MS, compared to (c) a conventional product
ion scan. The improvement in resolution using frequency sweeps is most apparent in the
(iso)butyryl, cis-methyl fentanyl extracted spectra where m/z 202 and 188 are hardly separated in
the micropacket method but are clearly separated in the repeating frequency sweep method.
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Figure S6.3. Quantification of 12 drugs of abuse. Intensities were normalized using a single
internal standard, methamphetamine-d5. The signal for each transition was determined by taking
the area under the surface in the 2D MS/MS spectrum. The ion injection time was the same for

all concentrations which decreased quantitative performance. The product ions used for
quantitation were chosen to maximize sensitivity. When peak overlap is expected, other less
intense transitions can be used to prioritize selectivity, as is the case for methamphetamine.
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Figure S6.4. 2D MS/MS scan of 6 tetraalkylammonium cations. The six precursor ions have
differing chain lengths, but since only one chain is fragmented the neutral loss is not constant for
the six precursor ions.
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CHAPTER 7. NOVEL ION TRAP SCAN MODES TO DEVELOP
CRITERIA FOR ON-SITE DETECTION OF SULFONAMIDE
ANTIBIOTICS

Portions of this work have been published in the journal Analytical Chemistry as the article:
Szalwinski, L. J., Hu, Y., Morato, N. M., Cooks, R. G., & Salentijn, G. I.. (2021). Novel lon Trap
Scan Modes to Develop Criteria for On-Site Detection of Sulfonamide Antibiotics. Analytical
Chemistry, 93(41), 13904-13911.

7.1 Introduction

The rapid emergence of antibiotic-resistant pathogens has developed into a global health
crisis.! A major contributor to the development of resistant strains is the misuse or overuse of
antibiotics in agriculture and food industry. Such overuse of antibiotics in the livestock industry
has resulted in strict regulations requiring the monitoring of antibiotic use. For example, the
European Union has set the maximum residue limit (MRL) for sulfonamides in all food products
at 100 pg/kg.? However, adequate food safety testing is a complex logistic operation, where
samples are collected on-site, and then brought to a central laboratory for analysis. Since the great
majority of those samples, fortunately, tests negative for contamination, time and resources could
be saved by eliminating them at the sampling site — thus only collecting the suspect samples for
further confirmatory analysis in the lab. The standard method of quantifying antibiotics in food
products is extraction followed by liquid chromatography.®# However, this is a time-consuming
process that is not well suited to on-site measurements with portable instrumentation. In order to
overcome such limitations, appropriate techniques for direct sampling of analytes with minimal
sample cleanup® have been developed and these methods have been used on a variety of samples
and have also been demonstrated on portable instrumentation.® However, the majority of such
efforts have focused on the front side, namely ambient ionization, rather than investigating the
possibilities of optimizing the subsequent mass analyzer (scan operations). Dedicated development
in the scan operations is needed in order to further characterize the species generated from (ambient)
ionization methods.

Ambient ionization comprises a family of methods which allow in situ analysis to be
performed using mass spectrometers of a range of sizes.” Much research has been done on various

ionization techniques optimizing performance for specific analyses.®® The flexibility afforded by
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changing many physical or chemical parameters while performing ambient ionization has given
practitioners many options to tailor the ion source to maximize performance. Examples of
ionization methods for antibiotic detection in complex matrixes include: electrospray ionization
(ESI) for milk samples!®12 nano-electrospray ionization (nESI) for infant formula®, paper spray
for biofluids'*, microwave plasma torch (MPT) for honey®®, and extractive electrospray ionization
(EESI) for viscous cosmetic products'®, with sample preconcentration and cleanup methods, such
as solid-phase microextraction (SPME)! %1113 solid-phase extraction (SPE)!2, or simplified
extraction'® often being necessary to compensate for the lack of chromatographic separation.
Requiring minimal sample preparation and time, ambient ionization is most impactful when
coupled to mass spectrometers that can be operated outside an analytical lab.

While ambient ionization is advantageous in the effort to move the analysis to the sample,
it suffers from several limitations as well. The lack of sample pretreatment and separation before
ionization results in a complex set of ions entering the MS all at once, reducing the selectivity of
an analysis, and necessitating tandem mass spectrometry (MS/MS) operations. Moreover, in the
absence of sample cleanup, ion suppression, which is known to especially influence electrospray
processes can become a serious limitation.r” While selective enrichment in ambient ionization
methods can be employed to partially overcome such issues, selectivity remains a major challenge,
which cannot be so easily overcome by ambient ionization alone. Therefore, it is imperative that
tandem mass spectrometry be performed on-site as well. Especially valuable are scan modes that
allow the analysis of a class of compounds, based on a shared product ion or common neutral loss
when screening for larger families of molecules, such as the sulfonamides. Simply put, the mass
spectrometer must be able to quickly determine what ionic species are of interest, based on specific
fragmentation patterns. However, this poses another dilemma, which is that traditionally space-
dependent tandem mass spectrometers, quadrupole mass filters, allow the most flexibility in the
types of MS/MS scans available, whereas time-dependent tandem mass spectrometers, quadrupole
ion traps, are best suited for miniaturization due to mild vacuum requirements and requiring only
a single mass analyzer.

Previously we have demonstrated that data-independent MS/MS scans, first implemented
using benchtop ion traps, can be used with miniature mass spectrometers to optimize sample use
and analysis time.'®® These MS/MS scans are most readily coupled to miniature mass

spectrometers by utilizing a discontinuous atmospheric pressure interface (DAPI) which

165



introduces both ions and neutrals over a small time interval in order to reduce vacuum pump
requirements.?’ Instruments utilizing DAPI require significant pump-down time after sample
introduction before mass analysis thereby increasing the total scan-to-scan time. Remarkably, a
single low-resolution quadrupole ion trap allows implementation of precursor ion, neutral loss,
and two-dimensional scans. The data-independent one- and two-dimensional scans are more time-
efficient than is the traditional ion trap product ion scan when examining multiple precursor ions
containing the same functional group, because product ion scans require ion isolation for each
precursor ion interrogated, thereby requiring multiple ion injections. The precursor ion and neutral
loss scans only require one ion injection per fragment (ionic or neutral) interrogated, as no isolation
is required.

These novel ion trap scans are useful in the case of sulfonamide antibiotics, as there are
two substituents that vary in this compound class. The sulfur-bonded substituent is typically a
para-aniline functional group, while the nitrogen substituent varies depending on the specific
biological activity, with the most common moieties being nitrogen containing heteroaromatics. All
17 sulfonamide antibiotics studied here contain a para-aniline moiety. This conserved moiety is
the basis for the untargeted detection of this class of compound using MS/MS scan modes, which
is therefore very suited to demonstrate the value of optimizing the MS/MS transitions for on-site
detection of classes of food contaminants. The conserved moiety and how the molecules
containing this moiety fall into the two-dimensional MS/MS data space are shown in Figure 7.1.
It should be noted that combinations of one-dimensional MS/MS scans are also useful, as
demonstrated previously.?* Logical operations can be performed by combining scans, in particular,
the AND/OR operation can be performed by simultaneously performing two scans.?? These
simultaneous scans can be tailored for certain analytes and in this study, we show how
combinations of scans, specifically (i) two precursor scans and (ii) a precursor and a neutral loss
scan can be tailored to prioritize quantitative precision or detection limits, respectively. The latter
combination scan, because of its lower detection limit using benchtop instrumentation, was then
implemented on a miniature mass spectrometer to demonstrate the feasibility of detection such

antibiotics on-site at concentrations of practical significance.
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Figure 7.1. 2D MS/MS data domain with one-dimensional scan lines depicted. Also shown are
the routes to two common fragments of p-aniline sulfonamides: neutral loss (NL) 93 Da or
formation of product ion m/z 156.

7.2 Experimental
7.2.1 Chemicals

Sulfadiazine, sulfamerazine, sulfamethizole, sulfamethoxazole, sulfamethoxypyridazine,
sulfapyridine, sulfaquinoxaline, sulfathiazole, dapsone, sulfisoxazole, sulfamonomethoxine,
sulfadimethoxine, sulfamoxole, sulfacetamide, sulfaphenazole, trimethoprim, sulfadimidine and
sulfachlorpyridazine were provided by Riedel de Haen (Seelze, Germany), the isotope labeled
sulfadimethoxine-d6 were purchased from Sigma-Aldrich (St. Louis, US), the isotope labelled
dapsone-d8 from Toronto Research (Toronto, ON, Canada) sulfapyridine-*C6, sulfamerazine-
13Ce, sulfamethizole-1*C6, sulfamethoxypyridazine-d3, sulfachlorpyridazine-13C6, sulfisoxazole-
13C6, and sulfaquinoxaline-'*C6 were purchased from Witega (Berlin, Germany). Each
sulfonamide was diluted in methanol to create stock solutions at 1 mg/mL. For the 2D MS/MS
scan, three mixtures containing ten sulfonamides each, whose light-isotope structures and
precursor m/z values can be found in the Supporting information (SI, Figure S7.1 and Table S7.1,
respectively), were diluted to 1 pg/mL in 1:1 MeOH:H>0 and 0.1% formic acid. For quantitation
by simultaneous precursor ion scans, five sulfonamides, sulfapyridine, sulfamerazine,

sulfadimidine, sulfaquinoxaline, and sulfadimethoxine, were combined and diluted to 1000, 800,

167



600, 400, 200, 100, and 50 ng/mL in a 1:1 MeOH:H20 and 0.1% formic acid solution containing
the corresponding isotopically labeled internal standards at 400 ng/mL. A significant degradation
of the analytes, identified by a strong decrease in ion signal, was observed over the course of a day,
so further experiments were performed using acetonitrile as solvent (i.e. the five sulfonamides
were diluted to working concentrations by diluting stock solutions of the mixtures in acetonitrile).

Fresh solutions were prepared daily.

7.2.2 Instrumentation

The modified Finnigan LTQ mass spectrometer (San Jose, CA) and modified Mini 12 mass
spectrometer capable of performing single-analyzer MS/MS scans have been described
previously.'823 The precursor ion and neutral loss scan mode have been previously implemented
in one of two possible configurations in a quadrupole ion trap where the radio frequency (RF)
trapping voltage is either constant?2° or varied?®?’. For the scan modes demonstrated here, the RF
trapping voltage must be kept constant so that ions maintain a constant secular frequency
throughout the scan. This is accomplished in the benchtop LTQ instrument by substituting the
instrument’s RF voltage control with an external waveform generator. This implementation does
not have any feedback and results in a slight drift in the output RF voltage. The voltage drift results
in an ion having slightly different secular frequencies throughout the experiment. Frequent
calibration and re-optimization therefore is required for optimal performance. The miniature mass
spectrometer has active RF voltage feedback resulting in far less drift, so no re-optimization was
required. Both instruments have been previously modified so that external waveform generators
can be inductively coupled to the x- and y-rod pairs of the ion trap. The bath gas in the modified
LTQ was nitrogen while the miniature instrument used the air introduced during ion introduction
when the DAPI valve was open.

Nano-electrospray ionization was accomplished by pipetting a liquid sample into a
borosilicate glass capillary (1.5 mm o.d., 0.86 mm i.d.) from Sutter Instrument Co. pulled to a 5
um tip diameter by a Flaming/Brown micropipette puller (model P-97, Sutter Instrument Co.). The
loaded tip is then placed in a nano-spray electrode holder (model ESW-M15P Warner instruments,
Hamden, CT). A 1.5 kV potential is applied to the electrode holder with the tip of capillary placed
~1 cm away from the mass spectrometer inlet to generate nano-electrospray. Paper spray mass

spectrometry was accomplished by applying 5 uL of diluted solutions in the center of a Whatman
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1 (Fisher Scientific) paper substrate with an isosceles triangle geometry with a width of 1.5 cm
and 2 cm long. The paper substrate was held 5 mm away from the mass spectrometer inlet by
stainless-steel alligator clip (CAL-HAWK) and allowed to dry. Electrospray was generated by the
application of 45 uL of 9:1 ACN:HO to the back of the paper substrate and a potential of 3.5 kV
to the attached alligator clip. Copper alligator clips were avoided as the presence of

copper/acetonitrile adducts were observed in the mass spectrum.

7.2.3 Scan Modes

In order to perform single analyzer MS/MS scans, the ion trap was operated at constant RF
voltage to allow ions to maintain a constant secular frequency.?® The ions can be resonantly excited
in either x- or y- dimension by applying an auxiliary waveform containing their particular secular
frequencies. The resonant ions can be ejected or fragmented by increasing or decreasing the
applied amplitude of the applied ac waveform, respectively. A fragmentation waveform that results
in a linear mass/time calibration was created in a previously described MATLAB program.?® This
waveform is applied across the y-electrode pair (Figure 7.2) and it slowly fragments precursor ions
of increasing m/z over the entire scan. The resulting product ions can then be rapidly ejected for
detection by applying another waveform to the orthogonal rod pair (Figure 7.2). The combination
of precursor and product ion fragmentation/ejection waveforms determines which of the MS/MS
scans is being performed. A precursor ion scan uses a fixed ejection frequency resulting in a single
product ion being continuously ejected throughout the scan.? lons are detected when a precursor
ion is fragmented to produce an ion whose secular frequency matches the applied ejection
frequency. Neutral loss scans are performed by applying the same waveform for ejection as that
used for fragmentation but with a fixed time offset so that a fixed mass offset is established.?® An
additional waveform is applied in the time between the fragmentation and ejection waveform so
that unfragmented precursors are not detected. The 2D MS/MS scan is done by rapidly sweeping
through all possible product ion frequencies and iterating this sweep continuously to preserve
precursor/product ion relationships.?® The observed output is spliced into individual product ion
sweeps and those individual sweeps are combined into a single matrix in MATLAB. The
simultaneous combinations of scans were accomplished by applying product ion ejection

waveforms at the same time as those corresponding to the individual MS/MS scans.?
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Figure 7.2. Orthogonal double resonance performed using a rectilinear ion trap. The y-rod
waveform generator is used to successively fragment precursor ions of increasing m/z value
while the x-rod continuously ejects either a constant m/z (precursor ion scan) or constant mass
offset (neutral loss scan). To record the 2D MS/MS spectrum the waveform applied to the x-rod
pair was continuously swept over the possible product ion mass range while that applied to the y-
rods was incremented. The OR scan is performed by combining individual precursor ion / neutral
loss waveforms.

7.3 Results and Discussion
7.3.1 Discovery of diagnostic transitions by 2D MS/MS

Data-independent MS/MS scan modes require a characteristic fragment that can be used to
identify a particular functional group. If the characteristic fragment retains a charge, it can be
observed with a scan of a single product ion. If instead the charge resides within the non-specific
fragment, the characteristic neutral fragment can be observed in the neutral loss scan (constant
mass difference between the detected product ion and the fragmented precursor ion). The location
of the charge site for an ionized analyte with many functional groups is dependent on
thermochemical properties of the various charge sites.33! The charge site location can influence
the fragmentation pattern determining if the characteristic fragment is charged or neutral.®?

Rearrangements during fragmentation can further complicate assessing where charge is retained.*
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In order to determine the nature and distribution of characteristic fragment ions for various
antibiotics, three mixtures of sulfonamides, and their corresponding isotope labeled standards,
were interrogated using the 2D MS/MS scan in which all precursor ions and their subsequent
product ions are detected. The three 2D MS/MS spectra obtained are shown in Figure 7.3. The
characteristic fragments for the sulfonamides are seen in the 2D MS/MS spectrum are aligned
horizontally and diagonally, representing conserved charged and neutral fragments, respectively.
The fragment that was obtained for all sulfonamides, and thus has the highest diagnostic value,
was that due to cleavage of the sulfur-nitrogen bond to form product ions m/z 156 (Figure 1) for
light-isotope sulfonamides, and larger product ions for heavy-isotope standards depending on the
location of the heavy isotopes. The second most commonly occurring fragment was due to the
neutral loss of 93 Da, which corresponds to dissociation at the sulfur-carbon bond. This
fragmentation pathway involves a rearrangement requiring a proton transfer to form neutral aniline
(93 Da). The appearance of this neutral loss competes with other previously observed
rearrangements such as the neutral loss of 66, H2SO>, and the formation of product ion m/z 108,
which requires breaking a sulfur-oxygen bond and the formation of a carbon-oxygen bond.3*
Interestingly, for three pyrimidine sulfonamides, each addition of a methyl group increases the
likelihood of fragmenting to form neutral aniline over p-aniline sulfonyl cation, viz. the fragment

resulting from neutral loss of 93 Da versus the product ion m/z 156 (Figure S7.2).

Mixture 1 Mixture 2 Mixture 3

250 250

200 200
150 150

100 100

200 250 300 350 200 250 300 350 200 250 300 350
Pre m/z Pre m/z Pre m/z

Figure 7.3. 2D MS/MS scan recorded using the benchtop instrument for three 10-component
sulfonamide mixtures, each at 1 pg/mL. The spots are aligned to form horizontal and diagonal
lines which correspond to precursor ion scan lines (constant product (Pro) values) and neutral
loss scan lines, respectively. Vertical lines added to the figure indicate predicted m/z values for
[M+H]+ product ion scans (constant precursor (Pre) values) of each of the ten components. The
composition of each mixture can be found in SI, Table S7.1.
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7.3.2 Two-dimensional scan performance

The 2D MS/MS scan provides a comprehensive view of the ionic landscape, but the data
suffers from poorer mass resolution compared to traditional ion trap product ion scans. The
composition of the mixtures shown in Figure 3 was chosen to decrease spectral overlap of
sulfonamide precursor ions. In real samples, higher resolution may be required in order to improve
specificity. In order to improve mass selectivity, the mass scan rate can be decreased by reducing
the mass range, while keeping the scan time constant, or by acquiring the same mass range over a
longer time period. The extreme case of this is by reducing the mass range so that a single m/z is
being monitored, in other words, a reduction in mass dimensionality.

In order to assess the tradeoff between mass dimensionality and mass resolution, a
comparison between an extracted precursor ion scan and the equivalent single-analyzer precursor
ion scan is shown in Figure 7.4b. The peaks obtained in the one-dimensional scan are better
resolved than the equivalent peaks extracted from the 2D MS/MS scan. Specifically, the full width
at half-maximum (FWHM) of precursor ion m/z 250 is 4.5 in the 2D MS/MS scan and 1.6 in the
precursor ion scan. The difference in mass resolution is due to the fact that the 2D MS/MS scan
must be performed in on approximately 250 possible product ion m/z values in 1.5 milliseconds
whereas the precursor ion scan devotes that time on a single m/z value. In certain analyses, the
greater mass resolution of the precursor ion scan would be more useful even at the cost of loss of
additional MS/MS information. The sulfonamide analytes being monitored are expected to be
found in many different food products which contain very different chemical interferents. The
difference in chemical complexity dictates that a mass spectrometer be able to operate in multiple

configurations.
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Figure 7.4. (a) 2D MS/MS spectrum of five sulfonamides with Pre and NL scan lines overlaid.
(b) Comparison of the extracted precursor ion scan (blue) and 1D precursor ion scan (orange) for
product ion m/z 156. Both (a) and (b) were acquired from a benchtop ion trap mass spectrometer.

7.3.3 Simultaneous one-dimensional scan modes

The combination of multiple MS/MS scans provides flexibility in detecting multiple
product ions belonging to the same chemical class. The detection of all the sulfonamides is
accomplished using the characteristic m/z 156 product ion. However, the carbon-13 labeled
standards used to quantify the sulfonamides do not fragment to the same product ion m/z as the
light-isotopologues. Instead, these labeled standards fragment to product ion m/z 162. Traditional
analysis would require an additional scan to record the internal standard thereby doubling the
analysis time. Furthermore, by detecting the standard and analyte in separate ion injections,
fluctuations in ion current can decrease quantitative precision which are common in ambient
ionization. By combining two precursor ion scans for the common product ions of both the analyte

and internal standard, better quantitative performance would be expected.
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The quantification of five sulfonamides by the simultaneous precursor scan for m/z 156
and 162 is shown in Figure 7.5. The analyte signal is normalized using the intensity of the internal
standard to correct for deviations in the spray current. After normalization to the internal standard
intensity, the R-squared coefficients of the linear regression models improved on average 12% for
the five analytes (Table S7.2). However, large sample-to-sample variation was observed across the
three calibration sets evaluated. This was reflected in an adequate linear response within each
calibration set, but significant variation in the signal intensity for both analytes and internal
standards across different sets. The variation was attributed to a drift over time in the amplitude of
the voltage used to trap ions. This drift results in ions having slightly different secular frequencies
and not being completely in resonance with the frequency used to eject product ions, thereby
decreasing ejection efficiency, and lowering sensitivity. One solution to this problem is to further
improve the modified instrument’s electronics to minimize the error in the output voltage. A more
immediately accessible approach is to normalize each measurement to the average response of the
internal standard across each of the three replicates. As expected, this second normalization has no
significant effect on the linearity of the response, but it does decrease the relative standard
deviation calculated across replicates by 15% (in average for the five analytes and all the
calibration standards), compared to non-normalized data (Table S7.2). It should be noted that by
detecting an additional product ion, it is possible to detect interferents that would otherwise not be
detected, thus decreasing specificity. This operation is considered a simultaneous OR scan because
the intensity observed for each m/z can come from one product ion or the other product ion. If the
intensities attributed from either product ion can be obtained, it is possible to include more
sophisticated logical operations such as the AND, XOR (exclusive OR), and BUT NOT scans.
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Figure 7.5. Quantification of five sulfonamides using internal standard normalization from
simultaneous precursor ion scans acquired from a benchtop mass spectrometer. Bottom right:
Example of simultaneous OR precursor ion scan for m/z 156 (analyte, black) and 162 (IS, blue)
at 200 ng/mL.

Although the combination of precursor ion scans improves quantitative precision, many
on-site chemical detection experiments prioritize sensitivity and selectivity over quantitative
accuracy as suspect samples are sent to labs for confirmatory analysis. It can be seen that two of
the sulfonamides, sulfamerazine (m/z 265) and sulfadimidine (m/z 279), have notably high limit of
detections, 174 ng/mL and 178 ng/mL respectively, compared to the other analytes. To improve
sensitivity, the supplemental waveform used to eject the product ions of m/z 162 (the product ion
used for detecting the internal standard) is exchanged for one that ejects the product ions that result
from a neutral loss scan for 93 Da from the fragmenting precursor ion. Note that the integration of
two product ions into one detection channel (i.e. the combination precursor/neutral loss scan)
results in greater signal than each of the individual scans, as demonstrated in Figure 7.6. It is
expected, however, that as the overall signal is increased by adding two channels together, the
overall noise should increase as well. Nonetheless, this increase in noise is minor compared to the
increase in signal and an improvement in signal/noise ratio is observed for all the analytes at 100
ng/mL (Figure S7.3). As all signal/noise ratios are greater than 3, it is assumed that these analytes

would be detected at concentrations below the MRL in matrices when combined with an
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appropriate ion source. It is noteworthy that all three spectra show the same peaks, consistent with
the fact that the simultaneous scan used here is an OR function, but also indicating that these

precursor ion (for product ion m/z 156) and neutral loss (of 93 Da) scans are highly diagnostic for
all the sulfonamides in this set.
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Figure 7.6. Comparison of individual precursor ion (orange), neutral loss (yellow) scan, and
simultaneous OR precursor/neutral loss scan (blue) of a solution containing five sulfonamides at
200 ng/mL acquired from a benchtop mass spectrometer. The peaks at m/z 272, 287, and 333
correspond to sodiated sulfonamide species.

7.3.4 Detection of sulfonamides using a miniature mass spectrometer

The benchtop performance of the combination scans has allowed flexibility in prioritizing
either quantitative performance or improved detection limits. The utilization of these scan modes
for the on-site detection of sulfonamides should be tailored specifically to the analytical demands.
For example, the ambient detection of these antibiotics would require direct analysis from a sample,
such as milk, without separation. Despite the typical decrease in quantitative performance of these
ambient ionization techniques when compared to traditional analytical workflows (i.e. extraction,
separation and then ionization), there are many situations in which rapid on-site analysis using

only relative intensities between multiple analytes is preferred if a choice must be made with high
quality quantitation.®>3¢
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For the on-site detection of antibiotics in food products, it is likely that improved detection limits
would be more important than quantitative precision. For this reason, the simultaneous
precursor/neutral loss scan was implemented on a homebuilt miniature mass spectrometer to
prioritize detection limits. A comparison of the performance of the homebuilt mass spectrometer
to the benchtop mass spectrometer can be found in Figure 7.7. For four of the five analytes, an
improvement of signal/noise was observed across three replicates at the 100 ng/mL level. This is
expected as previous comparisons between the two instruments using similar scans showed greater
sensitivity on the miniature instrument,'®® a phenomenon mostly attributed to the miniature
instrument operating at higher pressure thereby increasing fragmentation efficiency due to greater

momentum transfer into the ion.
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Figure 7.7. Comparison of signal/noise (SNR) for the simultaneous precursor/neutral loss scan
on the benchtop mass spectrometer (orange) and miniature mass spectrometer (gray) for the
mixture of five sulfonamides. Note that m/z 301 contains contributions from both protonated and
sodiated species.

Nano-electrospray was used in previous experiments as it was able to generate stable ion
currents for longer periods than paper spray ionization. This was done to better characterize the
performance of the MS/MS scan modes. To demonstrate the feasibility of detecting antibiotic
sulfonamides in a miniature instrument, the five analytes were detected at various amounts by

paper spray ionization. This was accomplished by pipetting 5 pL of solutions containing the
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analytes at 1000, 500, and 100 ng/mL on a triangular paper substrate. In one successful experiment,
the five analytes were detected at each concentration (SI, Figure S7.4). However, the results
presented in Figure S7.4represent the only successful attempt and even at the highest concentration,
multiple replicates were unsuccessful. Similar difficulties in consistency were observed when
using a commercial benchtop instrument. To a lesser extent, difficulties with spray consistency
were also observed in nano-electrospray. Earlier experiments demonstrated that the ionization of
the protonated analytes is drastically affected by nano-electrospray capillary geometry (SI, Figure
S7.5). The difficulty of ionizing these analytes emphasizes the need for continued development in

ambient ionization ion sources.

7.4 Conclusions

This work establishes a framework for interrogating (new) classes of molecules by data-
independent MS/MS with respect to analytical metrics. First, representative molecules are chosen
and detected by a 2D MS/MS scan which identifies all precursor/product ion relationships. From
the 2D MS/MS spectrum, the most informative 1D MS/MS scan lines can be identified. By
spending the entire scan time on the identified 1D MS/MS scan line (Pre 156), greater mass
resolution is obtained (FWHM 4.5 for the 2D MS/MS scan and 1.6 for the precursor ion scan).
Furthermore, individual 1D MS/MS scan lines can be combined simultaneously in order to
prioritize either detection limits or quantitative precision. These 1D MS/MS combinatory scans
are most important when combined with ambient ionization and miniature mass spectrometers to
make measurements on-site with minimal sample preparation. The simultaneous OR
precursor/neutral loss scan was shown to have the best detection limit (<100 ng/mL) and was used
to detect representative sulfonamides on a miniature mass spectrometer. Further improvements on
the reproducibility and direct interfacing capability of ambient ionization sources, such as paper
spray, will complement the approach reported here, to allow robust and reliable on-site analysis

with miniature mass spectrometry.
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Supplementary Figures
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Figure S7.1. Structures of the sulfonamides in the three mixtures analyzed in Figure 7.3.
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Figure S7.2. Structure of pyrimidine sulfonamides with intensity ratio of neutral loss 93 Da and
product ion m/z 156.
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Figure S7.3. Comparison of signal/noise (SNR) for the simultaneous precursor/neutral loss scan
(blue), precursor ion scan (orange), and neutral loss scan (yellow) at 100 ng/mL. Three
replicates were obtained for each scan mode.
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Figure S7.4. Paper spray ionization of five sulfonamides detected by simultaneous OR
precursor/neutral loss scan on a miniature mass spectrometer in various amounts.
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Figure S7.5. (a) Mass spectrum obtained by nESI of a 1 pg/mL solution of five sulfonamides
using a capillary with filament. (b) Mass spectrum obtained by nESI of the same solution using a
capillary without filament. Note that peaks at m/z 272 and 287 are sodiated peaks for
sulfapyridine (M+H)+, m/z 250 and sulfamerazine (M+H)+, m/z 265. The peak at m/z 301 is due
to both protonated sulfaquinoxaline and sodiated sulfadimidine.
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Table S7.1Table of sulfonamides in the three mixtures analyzed in Figure 7.3 with m/z values for
the light and heavy isotopologues

L.S. + H]*
Mixture 1: I RAs) : Sm/z !
Dapsone 249 257
Sulfamerazine 265 271
Sulfadimidine 279 285
Sulfaquinoxaline 301 307
Sulfadoxine 311 314
Mixture 2:
Sulfacetamide 215 -
Sulfapyridine 250 256
Sulfamethoxazole 254 258
Sulfisoxazole 268 274
Sulfamonomethozine 281 -
Sulfadimethoxine 311 317
Mixture 3:
Sulfadiazine 251 255
Sulfathiazole 256 262
Sulfamoxole 268 -
Sulfamethizole 271 277
Sulfamethoxypyridazine 281 284
Sulfaphenazole 315 -

183



Table S7.2. R-squared and coefficient of variation for the calibration curves without

normalization, with normalization to only internal standards, and with normalization to the

internal standards and response factors.

N Normalization to Normalization to
Analyte No Normalization Internal Standard Intsrnal Standard and
esponse Factor
Sulfapyridine 0.95 0.98 0.98
Sulfamerazine 0.85 0.97 0.97
Sulfadimidine 0.82 0.99 0.99
R? Sulfaquinolaxine 0.79 0.98 0.98
Sulfadimethoxine 0.95 0.98 0.98
Average 0.87 0.98 0.98
Average Changet 0.00 +0.11 +0.11
Average % Changet 0.0% +12.1% +12.2%
Sulfapyridine 25.7% 38.6% 15.9%
Sulfamerazine 26.1% 31.3% 13.5%
Sulfadimidine 23.9% 21.3% 13.7%
CV* Sulfaquinolaxine 36.7% 43.6% 20.8%
Sulfadimethoxine 27.7% 20.8% 12.7%
Average 28.0% 31.1% 15.3%
Average Changet 0.0% +3.1% -12.7%
Average % Changet 0.0% +11.1% -45.4%

* Average coefficient of variance (CV) across all the concentrations within the calibration curve

+ Average changes (absolute and percentages) are calculated respect to the "No Normalization" case
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CHAPTER 8. COMPLEX MIXTURE ANALYSIS BY TWO-
DIMENSIONAL MASS SPECTROMETRY USING A MINIATURE ION
TRAP

Portions of this work have been published in the journal Talanta Open as the article: Szalwinski,
L. J., & Cooks, R. G.. (2021). Complex mixture analysis by two-dimensional mass spectrometry
using a miniature ion trap. Talanta Open, 3, 100028.

8.1 Introduction

Mass spectrometers have become indispensable in analytical research labs. In order to cater
to many different application areas, commercial mass spectrometer development has centered
around combining different instrumental components to create integrated platforms.l? These
innovations prioritize mass resolution and sensitivity over instrument simplicity, speed, and size.
On the other hand, miniature mass spectrometers are typically built for a specific type of analytical
problem.®>® The size requirements are stringent, only allowing for relatively simple
instrumentation. The instruments are designed to have sensitivity and selectivity appropriate for
designated problems. Because of the design requirements, innovations demonstrated in
commercial or modified commercial benchtop mass spectrometers are typically achieved with
significant performance loss when transferred to miniature mass spectrometers. For example, high-
resolution (R > 10°) benchtop instruments have become commonplace in part due to improvements
in both time-of-flight and orbitrap mass analyzers.”® Neither of these mass analyzers transfers well
to miniature instruments due to their high vacuum requirements.

Quadrupole ion traps do not require precise machining tolerances or high vacuum, making
them an attractive option for miniature mass spectrometers.®? Another feature that has made
miniature quadrupole ion traps popular is their ability to perform tandem mass spectrometry
(MS/MS). Traditionally, quadrupole ion traps require ion isolation in order to acquire interpretable
MS/MS data. The efficiency in terms of both sample and time in which MS/MS data is obtained
by this method is relatively poor because a new ion population must be introduced for each scan.
Previously, our group demonstrated a method of avoiding ion isolation yet obtaining MS/MS data,
so allowing for the implementation of precursor and neutral loss scan modes.**'* MS/MS was
performed by mass selectively fragmenting precursor ions while simultaneously ejecting the

product ions orthogonally into the detector. The improved efficiency, and thus speed, of these scan
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modes was due to the ability to interrogate many different precursor ions after their trapping in a
single ion injection event. This improvement was expected to be particularly valuable when using
miniature instruments that utilize a discontinuous atmospheric pressure interface (DAPI)® because
of the long dwell time required to achieve operating vacuum after each ion injection. Remarkably,
the miniature instrument implementation of precursor and neutral loss scans showed improved
sensitivity over that of commercial benchtop instruments.

Although the implementation of precursor and neutral loss scans marked a substantial
improvement of MS/MS efficiency, recently our group demonstrated that the entire 2D MS/MS
data domain, containing two dimensions of mass and one of intensity, can be recorded in a single
ion introduction event.t’~'°* The 2D MS/MS scan is the most efficient way to obtain MS/MS data
on a complex sample because of the high mass scan rate and avoiding ion isolation. In this study,
the 2D MS/MS scan was implemented in a miniature quadrupole ion trap and the performance was
compared to its benchtop counterpart for the detection of fentanyl and related fentanyl analogs
(fentalogs). Then, the 2D MS/MS scan on the miniature mass spectrometer was used to interrogate
a sample containing a high concentration of matrix. Finally, a sample containing many lipids was
interrogated to determine the method’s feasibility for providing a miniature lipidomics platform

capable of determining lipid profiles.

8.2 Experimental
8.2.1 Chemicals

Fentanyl analogs and other pharmaceuticals were purchased from Sigma Aldrich (St. Louis,
MO) and diluted in methanol. For the fentanyl quantitation and resolution comparison, fentanyl
was diluted to 1000, 500, 300, 100, 50, 25 ppb (ng/mL) with acetyl fentanyl as an internal standard
held at 250 ppb. The 13 fentalog mixture was made by diluting each fentalog from a standard
solution so that each fentalog had a final concentration of 100 ppb. A 100 pL solution of
Differential lon Mobility System Suitability Lipidomix (Avanti Polar Lipids, Inc, Alabaster,
Alabama) was dried and redissolved in 400 pL of acetonitrile/methanol/300 mM ammonium
acetate (3:6.65:0.35, v/v/v) so that each lipid, besides 14:1 PI, had a final concentration of 250
ppm (Pl was at 62.5 ppm).
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8.2.2 Instrumentation

A previously modified Finnigan LTQ mass spectrometer (San Jose, CA) utilizing the 2D
MS/MS scan was used for all benchtop mass spectrometry experiments.t”1® A modified Mini 12
mass spectrometer developed at Purdue University was used for all miniature mass spectrometry
experiments.'®?° The 2D MS/MS scan utilizes a constant trapping RF voltage as well as the
capability to apply auxiliary waveforms individually to the x- and y-rod pairs. The RF trapping
voltage of the modified LTQ mass spectrometer was controlled using an external waveform
generator as described previously.* The Mini 12 has user-controlled RF voltages accessible within
the user interface, so no modification was needed. In both instruments, auxiliary waveforms were
applied to the x-rod pair without any other modification; however, both instruments required
modification in order to apply auxiliary waveforms to the y-rod pair.X® The Mini 12 was improved
by further optimization of the secondary transform.*® This included using a new iron core toroidal
transformer (Laird Technologies LFB180100-000, Earth City, MO, USA) and wrapping the
transformer in glass wool to avoid discharge across the toroid. This resulted in a change in the
resonant frequency from 1 MHz to 1.1 MHz. Figure 8.1a details how the trapping RF and auxiliary

AC were inductively coupled to the x- and y- rod pairs.

8.2.3 Scan Time

Figure 8.1b depicts the difference in scan time between the benchtop and miniature mass
spectrometers. The scan table for the 2D MS/MS scan on the modified benchtop instrument has
been described previously.!” The scan table used in the Mini 12 is similar except for one key
difference. The Mini 12 requires approximately one second after sample introduction before mass
analysis can be performed in order to remove neutral molecules to achieve appropriate vacuum.?!
A period of 100 milliseconds was added to the end of each scan on both instruments in order to
ensure all electronics are ready for the next scan. However, additional time is added to the Mini
12 scan to ensure that the vacuum is at steady state. This time was made sufficiently long during
optimization of scan parameters and no further changes are required once optimization is complete.
The additional time allocated for achieving appropriate pressures during the scan is the main reason
for the decreased duty cycle of miniature instruments utilizing DAPI interfaces. The decrease in

duty cycle is most felt when performing product ion scans as each additional scan requires re-
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introduction of a new precursor ion population as most precursors are removed during ion isolation
in order to correlate product ions to a single precursor ion m/z. The 2D MS/MS scan avoids ion
isolation and re-introduction of analytes by fragmenting each precursor ion sequentially while
continuously monitoring for product ions. The decrease in duty cycle is one motivation for
implementing the 2D MS/MS scan as it provides more MS/MS data per ion introduction event
than other MS/MS scans. Another improvement is that no precursor ions are wasted during ion

isolation as all precursor ions are fragmented or detected in each 2D MS/MS scan.
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Figure 8.1. (a) Schematic of applied waveforms on the Mini 12 mass spectrometer. (b) Typical
2D MS/MS scan table for both the Mini 12 and LTQ XL mass spectrometers.

8.3 Results and Discussion
8.3.1 Comparison of performance for the detection of fentanyl

In order to characterize sensitivity and resolution, fentanyl was interrogated using a 2D
MS/MS scan on the miniature and modified commercial instruments. In both instruments, the
trapped precursor ion was held at the same g-value, 0.357, and because m/z and g-values are
proportional, the product ions for both instruments occur at the same g-value. Both the miniature
and benchtop 2D MS/MS scan covered the same range of g-values over the same scan time in
order to minimize differences caused by different scan rates. The resulting three-dimensional data
for fentany| collected by the 2D MS/MS scan in both instruments is shown in Figure 8.2. The peak
widths at half of the maximum amplitude (FWHM) for the benchtop are 5.9 and 5.4 Thomson (Th)
in the precursor (337 Th) and product ion (188 Th) dimensions, respectively. Surprisingly, the

miniature instrument shows the better resolution with the FWHM decreasing to 3.5 and 3.0 Th for
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the precursor (337 Th) and product ion (188 Th), respectively. The improved miniature system
resolution is likely due to contributions from higher order fields and the higher operating pressure.
The miniature instrument is operated at a higher pressure and has more significant contributions
from higher order fields.?2?® The effect of higher order fields on resonance ejection for mass
analysis has been extensively studied using numerical simulations.?*? However, the current study
combines the fragmentation and ejection processes so comparison to previously explored systems
is difficult.

Benchtop MS Intensity Miniature MS

1
0

330 335 340 345 330 335 340 345

precursor ion m/z precursor ion m/z

200 200

190

product ion m/z
©
o
product ion m/z

180

N
o
o

Figure 8.2. Comparison of the 2D MS/MS data for fentanyl showing the characteristic
precursor/product ion (Pre/Pro, 337/188 Th) using 2D MS/MS scans in a modified (a) benchtop
LTQ XL mass spectrometer and (b) Mini 12 mass spectrometer.

Evaluation of the sensitivity of each system was performed by constructing calibration
curves for each instrument. These calibration curves (Figure S8.1) showed adequate quantitative
performance across the ppb range for fentanyl. The limit of detection for fentanyl was determined
as the concentration that would give S/N of 3. The miniature instrument yielded a limit of detection
of 3 ppb compared to 37 ppb for the LTQ benchtop instrument. A similar more favorable
performance of the miniature instrument was previously demonstrated for neutral loss/precursor
ion scans on the same systems.® Previously, it was shown that moving from helium to nitrogen/air
was a major factor for improved sensitivity in that experiment. However, it is unlikely that the
difference in bath gas composition is the only factor affecting sensitivity; the greater contribution

from octopolar fields in the Mini in improving the fragmentation efficiency is also involved.
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8.3.2 Ildentification of Fentalogs by Mini 2D MS/MS

To better compare the performance of both systems, a mixture of 13 fentalogs (Figure S8.5)
was analyzed. The 2D MS/MS spectrum for each system is shown in Figure 8.3. The first notable
difference between the two spectra is that the systems have different mass-dependent transmissions.
The miniature instrument performs better in detecting low mass product ions from low mass
precursor ions while the benchtop instrument has a higher transmission of higher mass product
ions arising from higher mass precursor ions. This result can be explained by the intra-scan
pressure changes within in each instrument. The pressure in the benchtop instrument is constant
throughout the whole scan. The pressure in the miniature instrument decreases throughout the
scan due to pumping following discontinuous sample introduction. The decrease in collisional
cooling with decreasing pressure affects the 2D MS/MS experiment in two major ways. The
precursor ions are more likely to be ejected before they fragment, and the fragment ions produced
are not sufficiently cooled to the center of the trap thereby increasing the chance of off-resonant

excitation from the auxiliary waveform used for fragmentation opposed to the ejection waveform.
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Figure 8.3. Mixture of 13 fentanyl analogs analyzed by 2D MS/MS using modified (a) benchtop
LTQ XL mass spectrometer and (b) Mini 12 mass spectrometer. White dotted lines indicate
expected precursor ion m/z for each analyte. There are two isomeric fentalogs at m/z 323. Each
spectrum was normalized relative to the highest peak.

This latter effect is present as the second notable difference in Figure 8.3 where peaks at

precursor ion m/z 377 and 395, corresponding to remifentanil and carfentanil respectively, are
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absent in the mini 2D MS/MS spectrum. It would appear that the ejection of the precursor before
sufficient fragmentation is the cause of the absence of these peaks as indicated by the fact that even
low mass product ions are not observed in either of the extracted product ion scans (data not
shown). The presence of low mass product ions for alfentanil, precursor ion m/z 417, indicates
that product ions generated at sufficient well-depth can be trapped and ejected at the reduced
pressure reached near the end of the scan. This off-resonance excitation of the precursor ions could
be mitigated by reducing the amplitude of the fragmentation waveform. The fragmentation
waveform amplitude is limited by the amplitude required in the ejection waveform. This ejection
waveform must perform mass analysis on the millisecond time scale. This fact, in combination
with higher operating pressure and the use of nitrogen as the bath gas, increases the amplitude
required for product ion ejection

In many cases it becomes convenient to extract slices of the 2D MS/MS spectrum into a
1D MS/MS spectrum to facilitate comparisons, e.g. study of a conserved functional group. For
example, previous work has divided the fentalogs into two categories separated by whether or not
the conserved moiety in the analog was phenylpiperidine or N-phenylpropanamide.’ Any analog
with the unmodified phenylpiperidine should produce a charged fragment at m/z 188 whereas any
analog with an unmodified N-phenylpropamide should produce a neutral fragment with a mass of
149 Da. The absolute abundance of these fragments is analyte dependent, but this general trend
allows analogs to be identified by using only these two scans. An advantage of the 2D MS/MS
scan is that in addition to identifying which of the analytes is a potential fentalog, the product ion
scan for every potential analog has already been captured. Extracted precursor and product ion
scans obtained from the 2D MS/MS spectra for both instruments are shown in Figure 8.4. Figure
8.4a demonstrates that all fentalogs containing phenylpiperidine produce a fragment ion at m/z 188.
Figure 8.4b shows that an extracted product ion scan for precursor ion m/z 323 indicates the
presence of two isomeric fentalogs. Benzylfentanyl and acetylfentanyl differ by the location of a
methyl group and are separated by their fragmentation behavior in both instruments. Examples of
extracted neutral loss spectra can be found in SI Figure S8.2 where 5 fentalogs are identified by
the neutral loss of phenylpropamide.
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Figure 8.4. Comparison of extracted (a) precursor ion scan and (b) product ion scan on both
miniature and benchtop ion trap mass spectrometers. lon intensity is relative to largest peak in
each individual spectrum.

8.3.3 Mixture Analysis for a Heroin Matrix

An important aspect of mixture analysis by mass spectrometry is the ability to detect
particular analytes in the presence of substantial matrix. Matrix effects can affect the ionization of
the analyte by either sequestering charge away from the analyte or by forming adducts with the
charged analyte thereby changing its m/z value. These effects are traditionally mitigated by relying
on separation before ionization or by using ionization methods that are matrix independent. The
matrix can also generate background ions that are isobaric with the analyte ion, resulting in a false
positive. This is mitigated in an MS/MS experiment by choosing product ions that are unique to
the analyte. In order to determine how miniature 2D MS/MS performs when a substantial amount
of matrix is present, heroin was chosen as the matrix to determine how the detection of seven drugs
would be affected. First, the analytes were analyzed as a mixture without heroin. The resulting
2D MS/MS spectrum is shown in Figure 8.5. The same analytes were then examined with heroin

at 100 and 1000 times the concentration of the analytes. The analytes’ concentrations were held
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at 100 ppb and from the resulting data a limit of detection was calculated for the concentration that
gives a S/N of 3. The decision to express the results as a LOD instead of S/N at a given
concentration was made to emphasize the relatively low concentrations detectable using the

miniature instrument.
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Figure 8.5. 2D MS/MS mass spectrum of seven analytes at 100 ppb. The indicated peaks are the
most intense product ions observed for each expected preucrsor ion m/z. The identities of each
analyte can be found in Table 1.

The limit of detection of an analyte encompasses effects due to both the reduction of signal
caused by ion suppression as well as increased signal in the blank caused by interfering peaks
overlapping with the analyte peak. In a traditional ion trap MS/MS experiment, ion suppression
can be partially compensated for by altering the injection time so that the number of trapped analyte
ions is kept constant. This solution is not feasible in the 2D MS/MS scan as all precursor ions are
interrogated simultaneously, so the total precursor ion population limits the ion storage capacity
for any particular analyte. This is not the case in the traditional ion trap methodology because the
number of trapped ions is reduced during the precursor ion isolation step so that only the analyte
ion population’s charge is present during mass analysis. Finally, if background peak overlap is
expected, which would result in a false positive, a more unique transition can be chosen, or

additional qualifier transitions can be measured.
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The limits of detection determined in Table 8.1 show interesting trends. The most notable
is how different the fentalogs’ responses are to the matrix. Fentanyl’s limit of detection increases
from 6 ppb to 18 ppb whereas acetyl fentanyl goes from 10 pbb to 95 ppb in the presence of 1000x
heroin. The difference could be attributed to an interfering peak overlapping with the transition
used to detect acetylfentanyl and not to decreased fentanyl signal. Without peak overlap, the
difference in LOD trends could either be caused by differences in ionization or fragmentation
efficiencies. It can be seen from Figure S8.3 that neither the fentanyl or acetyl fentanyl suffers
from peak overlap at the transition used for detection, so the change must be caused by either
fragmentation or ionization differences between the molecules. Since fragmentation efficiency
should be independent of the matrix, the ratio between the product ion peaks with and without the
matrix demonstrates how the matrix affects the ionization of the molecule. The advantage of this
technique is that all of the analytes are sampled from the source at the exact same time. This is
possible because the whole ion population is utilized in the 2D MS/MS scan whereas traditional
product ion scans would require different ion injections for each analyte and thus be susceptible to

drift in the ion source for changes in sample.

Table 8.1. Detection of seven analytes at 100 ppb in the precence of 10° and 10 times greater
concentration of heroin.

Analyte Quantifier |y iy A patvtes [LOD with 100x| | ZOP With
4 _ Name Transition (Pre il (5719 Eierefin (o) 1000x Heroin
— Pro) y (PP = (ppb)
1 - Amitriptyline 278 — 233 8 10 30
2 - Morphine 286 — 155 15 20 81
3 - Cocaine 304 — 185 4 5 13
4 - Acetyl Fentanyl 323 — 188 10 34 95
S - Fentanyl 337 — 188 6 16 18
6 - Cyclopropyl
Fentanyl 349 — 188 9 39 52
7 - Sufentanil 387 — 238 12 35 30
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It can be seen that none of the analytes or heroin ionizes to give isobaric ions. However,
the introduction of ions into the miniature ion trap, using air as a bath gas, can cause the protonated
molecules to fragment. These ions are still considered precursor ions because they are not
fragmented mass selectively. The charged fragments of heroin can be isobaric with one of these
analyte ions. The overlap of interfering background fragment ions with analyte precursor ions
does not significantly affect any of the analytes tested besides morphine. Morphine and heroin are
very similar in structure except that the former’s two alcohol groups have been acetylated to
produce the latter. Fragmentation by deacetylation (loss of neutral ketene) from protonated heroin
is seen at high concentrations of heroin. The extracted product ion spectra of m/z 286 from
protonated morphine, deacetylated protonated heroin, and a mixture of the two drugs is shown in
Figure S8.4. There is a product ion at m/z 155 seen in the mixture and the morphine sample, but
not in the heroin spectrum. The differences in the product ion spectra indicate a difference in ion
structure. It might be assumed that neutral morphine and the neutral product of a deacetylated
heroin would be the same neutral structure and thus ionize in a similarly. The difference in ion
structure is due to how the precursor ions are generated. The ability to differentiate ionic species
is a hallmark of MS/MS. This difference could also be observed by traditional product ion scans;
however, the data shown is just a sliver of that obtained in a single 2D MS/MS scan. By being
sensitive to all possible precursor/product ion relationships, it is possible to detect analytes affected
by the confounding matrix. The 2D MS/MS scan is the only scan that is sensitive to changes
during ionization thereby either altering precursor ion identity or abundance as well as the
fragmentation of the individual precursor ion m/z thus producing different product ions from a

single precursor ion m/z as shown above.

8.3.4 Future Potential Use for Lipid Profiling

The detection of individual analytes is a key aspect of mixture analysis as discussed above.
For many practical applications, it is only important to identify the complex sample as such rather
than identifying the individual analytes within the complex sample. In rare cases a single
biomarker can identify the sample type even if it contains a complex mixture, and then the
experiment can be simplified to only detect that marker. This was shown where genomic and
immunohistological analysis were replaced by analysis using a miniature mass spectrometer when

the determination of isocitrate dehydrogenase (IDH) mutation status was enabled by the
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measurement of a single biomarker, 2-hydroxyglutarate.’® However, a single biomarker is
typically less reliable in identifying a sample than a combination of biomarkers. It has previously
been demonstrated that many different biological systems can be identified by their lipid profile.?”
29 Specifically, by observing the relative abundance of many lipids, different samples can be
characterized by type, e.g. heathy or diseased. A lipid profile is then a more robust identification
technique than is the monitoring of absolute abundances of individual analytes. This can be done
without chromatographic separation as ion suppression affects the lipids similarly. Lipid profile
information has been commonly obtained by 1D MS (full scan), 1D MS/MS
(precursor/product/neutral loss scan), and dimensionless MS/MS (multiple reaction monitoring).
These methods increase in their specificity per scan. An ideal 2D MS/MS scan lies at the extreme
of specificity per scan as all lipids are identified in a single scan (although the sensitivity falls
relative to the more specific scans). In order to determine the feasibility of the 2D MS/MS scan
in lipid profiling, a mixture of known lipids was analyzed using the miniature instrument. Figure
6 demonstrates that many lipid classes can be detected using the 2D MS/MS scan. A specific
example of how this could be used to identify a particular class is seen for lipids containing a
choline group. A few common product ions are seen for the three different lipid headgroups
containing the same acyl chain length. Although the analytes are individually identified in this
experiment, this is only done to demonstrate that many different lipid class are detected in a single
scan. In the profiling experiment, the exact identity of these lipids would not be required in order
to identify a difference of the lipid profile between two samples.
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Figure 8.6. 2D MS/MS scan of a mixture of lipids. The two precursor lines related to 18:1 PC
and 18:1 SM are from the [M+H]" and [M+Na]*

8.4 Conclusions

The 2D MS/MS experiment was successfully implemented using a miniature rectilinear
ion trap. The scan demonstrated here is particularly useful for experiments where time and/or
sample is limited because both are utilized efficiently. The miniature instrument outperformed a
commercial benchtop ion trap instrument in terms of sensitivity and resolution for a single analyte.
This was not true when analyzing a wide range of analytes as the miniature instrument’s
performance degraded at high precursor ion m/z. This is potentially due to the time-varying
pressure profile, an effect that might be mitigated in future modifications to the instrumentation.
Importantly, the capability of using a miniature mass spectrometer utilizing the 2D MS/MS scan

on mixtures was demonstrated on mixtures including fentalogs, drugs of abuse, and phospholipids.

8.5 Supplementary Figures

LTQ 2D MS/MS Mini 2D MS/MS
25 25
y =0.0032x + 0.2479
2 =
2 2 y = 0.0026x + 0.4063 2 2 RE=0977 }
5 R2=0.9719 % g
£15 15
e O .-
& 1 g g 1 o
= ©
ZO 0.5 & ZO 05 ' L
i
0 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Concentration (ppb) Concentration (ppb)

Figure S8.1. Calibration curve for fentanyl (precursor ion m/z 337, product ion m/z 188) for (left)
benchtop and (right) miniature mass spectrometer using acetyl fentanyl as an internal standard.
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Figure S8.2. Extracted neutral loss scan of 149 Da from the 2D MS/MS scan shown in Figure 3
detecting -il fentalogs using (orange) benchtop and (blue) miniature mass spectrometer.
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Figure S8.3. Extracted product ion scan of precursor ion (left) m/z 323 and (right) m/z 337 taken
from the 2D MS/MS spectrum of the three samples
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Figure S8.4. Extracted product ion scan of precursor ion m/z 286 extracted from the 2D MS/MS

spectrum of the three samples. Product ion m/z 237 comes from stearamide which is centered at
the precursor ion m/z 284.
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Figure S8.5. Structures of fentalogs used in the 2D MS/MS experiment. The analogs can be
separated by the conservation of either phenylpiperidine or N-phenylpropamide. The
nomenclature loosely coincides that “-yl” variants conserve the phenylpiperidine moiety while
“i1” variants conserve the N-phenylpropamide.
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CHAPTER 9. BACTERIAL GROWTH MONITORED BY TWO-
DIMENSIONAL TANDEM MASS SPECTROMETRY

Portions of this work have been published in the journal Analyst as the article: Szalwinski, L. J.,
Gonzalez, L. E., Morato, N. M., Marsh, B. M., & Cooks, R. G. (2022). Bacterial growth monitored
by two-dimensional tandem mass spectrometry. Analyst. 147, 940

9.1 Introduction

A molecular understanding of biological systems is a fundamental driver in bioanalytical
chemistry, particularly when temporal information is also sought. Several choices need to be made
to obtain such information: first there is the choice of a signifying class of molecules, as
comprehensive analysis is beyond reach. If the biological system is taken to be a bacterial colony,
then lipids might be chosen for their chemical diversity and their many roles in the cellular
functions of bacteria.X The high dimensionality of phospholipids - in the sense of a large number
of closely related molecular structures - is a key advantage of this choice is that different states of
the biological system can be expressed in great detail in such a complex array of molecules.*® The
potential of this approach is clear from that fact that answers to simple questions — diseased/
healthy — are readily read out from the lipid profiles of higher organisms, as in brain cancer
diagnostics from phospholipid profiles.” With the organism and target class now selected, the read-
out method must be chosen. The usual numerical criteria of chemical analysis, expressed as
analytical sensitivity and specificity and dynamic range and quantitative accuracy and precision,
all apply. But having chosen lipids and the scale of the experiment, as well as the need to measure
many related molecules, only methods based on mass spectrometry (MS) need be considered
further. Spectroscopic measurements can broadly detect lipid composition, and in some cases
follow individual molecular species in 3D and in vivo® ™! and they have naturally excellent time
resolution?!3, but they fall short in their broad applicability in specific molecular recognition. The
most widely used MS method of assessing the lipid content of a cell is by liquid chromatography
tandem mass spectrometry (LC-MS/MS).1**® This method typically requires sample preparation
followed by a chromatographic run where the elute is monitored over time by a mass spectrometer.
The sample preparation required by this method is not strictly necessary for the analysis of

bacterial lipids by desorption electrospray ionization (DESI).1! The LC-MS/MS method is often
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acceptable except when a molecular understanding of an organism or cell requires rapid time-
dependent information on the molecular composition, i.e. where rapid temporal changes in lipid
distributions are needed to signal the biological state.8-%

Direct mass spectrometry of a complex sample is most commonly performed using data-
dependent acquisition where only the most abundant ions in the single stage MS are fragmented
to provide structural information. Low-abundance ions are ignored in this approach. Data-
independent acquisition methods?:?2 avoid this issue by analyzing all precursor ions. In this
experiment individual precursor ions are mass-selected in turn and fragmented. The precursor ion
m/z is correlated to chromatographic retention time. The result is a set of MS/MS spectra acquired
relatively slowly due to the requisite chromatographic separation prior to the mass spectrometer.

An alternative is to record, in a single scan, all products of all precursors (the full 2D
MS/MS data domain) by utilizing the special properties of ion traps. Such an experiment was first
demonstrated for a Fourier transform ion cyclotron resonance spectrometer (FT-ICR).2>%* We
have used a quadrupole ion trap for the same purpose, activating a set of trapped precursor ions
with a dipolar set of ramped frequencies while rapidly scanning product ions to the detector in an
orthogonal direction with a second dipolar frequency ramp. Using this approach, we identified the
components of mixtures of proscribed drugs.?® Such experiments have two further advantages for
the problem at hand: (i) the MS scan can be performed on the 1 Hz time scale and (ii) with
appropriate ionization methods no sample preparation is needed.

In this study we seek to demonstrate a modest version of the general problem laid out in
this Introduction: we seek to demonstrate the ability to monitor the changing lipid profile of E. coli
as a function of growth time. The degree of chemical detail in glycerophospholipids is remarkable
as there are isomers associated with differences in the fatty acid chain lengths, double bond
position, and substitution position on the glycerol for ions at a single m/z value.?® New methods
have been developed to distinguish lipids at this very high degree of chemical detail.?’”-2® Without
seeking to utilize this extra dimension of information, we demonstrate the potential to solve the
larger problem by showing direct analysis by DESI using a repetition time of under 10 seconds to
acquire the full 2D MS/MS data domain.
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9.2 Experimental
9.2.1 E. Coli Culture Conditions and Optical Density Measurements

Escherichia coli was provided by bioMérieux, Inc. (Hazelwood, MO). The initial cell
concentration at the point of inoculation was 4.3x10" cells/mL and the culture was incubated at 37
°C, aerobically, in 200 mL of LB broth. To monitor the growth of E. coli, aliquots were taken at
various times over an 8-hour period. The ODsoo 0Of the aliquots were measured with a UV-vis
spectrophotometer. Two time-intervals were used while making measurements over the 8h growth
period; 3 — 30 min intervals during the lag and during the stationary phases, and 22 — 15 min
intervals in the time range in which we suspected the exponential phase to occur. Duplicate ODegoo
measurements were taken for each point. The MS measurements were made using nano
electrospray ionization (nESI).

A subsequent set of experiments used DESI-MS to analyze lipids in E. coli, initial
concentration of 3.35x108 cells/mL in a culture incubated at 37 °C aerobically in 50 mL of LB
broth. Aliquots were taken every 30 minutes until 20 samples had been collected. This was done
for three biological replicates. Aliquots were transferred into a 96-well plate and their absorbances
were measured in triplicate by a BioTek Synergy 2 microplate reader (Winooski, Vermont USA).

Each biological replicate absorbance measurement was taken in triplicate.

9.2.2 2D MS/MS Measurements

For nano-electrospray (nESI) measurements, aliquots of suspended E. coli were taken from
the same stocks used for the optical density measurements to monitor the growth curve. The cell
concentration of the first and last time point were determined by hemocytometry to correlate
optical density and cell concentration. A constant number of cells were profiled (9x107 cells or
~100 pg dry weight of cells) for each time point. The cell aliquots were taken directly from the
cell culture and centrifuged to separate the cells from the growth medium. Ethanol was then added
to the cell pellet to lyse the cells and the corresponding lysate was sprayed without prior workup
to record nESI mass spectra.

The nESI 2D MS/MS scans were performed by trapping precursor ions in a modified LTQ
mass spectrometer (Thermo Fisher) with an externally controlled RF trapping voltage.®® The 2D
MS/MS scan was performed in 900 milliseconds with precursor ions of m/z 600 — 900 being
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fragmented by one waveform while the resulting fragment (product) ions were continuously
ejected using a second waveform as described previously.®! Twenty-five averages were recorded
for each replicate and three replicates were performed for each time point. The raw data (.txt files)
were processed in MATLAB and the data requires no computationally intensive pre-processing

meaning the 2D MS/MS spectra can be plotted nearly instantaneously.

9.2.3 DESI-2D MS/MS measurements

Cell concentrations were determined by the same method as described above. An
equivalent number of cells (1.6x10%) were taken from each aliquot and lipids were extracted using
the Bligh and Dyer method.®? From each extract, 10 uL of solution (equivalent to 4x10 cells) was
deposited onto an individual well of a Teflon-coated 12-well glass microscope slide and allowed
to dry. This was done manually for each biological replicate for a total of 60 samples. Samples
were analyzed by DESI using a Prosolia DESI 2D system (Indianapolis, IN). Methanol
Chromasolv LC-MS grade (Riedel-de Haén - Honeywell, Muskegon, MI) was used as spray
solvent for all experiments. The DESI spray voltage was set to -5 kV. Nitrogen (150 psi) was used
as nebulizing gas. The emitter distance and DESI spray angle were fixed at ~1 mm and 55°,
respectively. Secondary ions formed by DESI were injected into the ion trap for 200 milliseconds,
followed by a 300-millisecond 2D MS/MS scan focused on the lipid mass region. Each 2D MS/MS
mass spectrum consisted of 25 averages for a total analysis time of 12.5 seconds/sample. Each
biological replicate was run in triplicate resulting in 180 2D MS/MS mass spectra acquired in

under 40 minutes.

9.2.4 Automated DESI-2D MS/MS measurements

Aliquots of E. coli after 48 hours of growth were centrifuged, the supernatant was removed,
and the resulting pellet was dissolved in ethanol. The cell lysate was deposited on four wells within
a Teflon-coated 12-well glass microscope slide. Each well was analyzed automatically for
approximately 5 seconds. Automated DESI was carried out using identical analysis conditions as
described above but by controlling the stage motion using the Omni Spray 2D lon Source
Automation software (Prosolia, Indianapolis, IN). The microscope slide was located on the slide

holder of the DESI stage, and the positions of the wells were calibrated prior to analysis. An
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automated point-to-point oscillatory motion profile centered in turn on each of the wells was used
to define the stage motion. The screening rate and the number of oscillations were manually
adjusted to cover the spot diameter in ca. 5 seconds. The slide was located on the stage the analysis

proceeded automatically.

9.3 Results and Discussion

9.3.1 Bacterial Growth Monitored by Optical Density

ODSOOnm . L

o1k s . L . s s . )
0 1 2 3 4 5 6 7 8

Time (hours)

Figure 9.1. Optically measured growth curve of E. coli in LB medium at 37 °C

The biological system (bacteria), target molecular class (lipids), and read-out system (2D
MS/MS) have been chosen. A demonstration of the capabilities laid out in the Introduction requires
that the bacterial samples have rich lipidomic features that change over time. A simple version of
this experiment is to simply allow the bacteria to grow under favorable conditions and extract
aliquots over time. Because bacterial growth is slow the fast-analytical response available in 2D
MS/MS is not strictly required. The E. coli growth curve is shown in Figure 9.1.

Examination of the growth curve shows three distinct phases. The lag phase, in which slow
initial growth is observed, occurs within the first hour. The exponential phase occurs from roughly
the first hour to three hours while the stationary phase continues until the end of the monitoring.
A similar growth curve® has been reported using similar culturing conditions. Because it was

expected that the greatest changes observed 2D MS/MS data domain would occur during the
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exponential and lag phases, sampling was conducted every 30 minutes from 0 to 1.5 hours, 15

minutes from 1.5 hours to 3.5 hours, and intermittingly from 3.5 hours to 8 hours.

9.3.2 E. coli Lipid Profile over Time Monitored by nano-electrospray-2D MS/MS

Representative 2D MS/MS data for the three growth phases are shown in Figure 9.2. The
2D MS/MS data domain has three axes, a precursor m/z axis, a product m/z axis, and an intensity
axis. The precursor m/z axis value gives the m/z of the precursor ion which is then fragmented,
while the product ion m/z axis value gives the m/z values of the fragments of the precursor ions.
Negatively-charged phosphatidyl ethanolamine (PE) and phosphatidylglycerol (PG) ions (the most
abundant ions observed) primarily produce fragments of their constituent fatty acid chains (m/z
200 - 400). Such information, which is required for structural identification, cannot be obtained in
a single-stage MS experiment, while conventional MS/MS product ion scans would need to be
performed individually. The 2D MS/MS scan provides this information with a 1 second scan. In
the discussion of 2D MS/MS data which follows, the coordinates for 2D MS/MS points will be
given as (precursor m/z, product m/z), meaning that the m/z 255 product ion associated with
precursor m/z 688, written in the text as (688, 255).

212



600 600 600

1.75 hours 7.5 hours

550 550 550

500 500 500

450 450 450

400 400 400

N
350 350 '€ 350

Prom/z
Prom/z

o
300 300 o 300

250 250 250

200 200 200

150 150 150

100 100 100
600 700 800 600 700 800 600 700 800

Pre m/z Pre m/z Pre m/z

Figure 9.2. Lipid region of three 2D MS/MS spectra obtained from E. coli lysate over (left to
right) at 1.75, 5.25, and 7.5 hours of growth. Product ions that fall on the same horizontal or
diagonal lines are related by a common structural feature: they correspond to conventional
MS/MS precursor and constant neutral loss scans. White vertical and horizontal lines are equally
spaced approximately 14 mass units apart.

Examination of the 2D MS/MS data domains reveals, as its most prominent feature, the
increasing intensity and complexity in the lipid region going from 1.75 hour to 5.25 hour. The
strongest features in the early exponential phase are observed at (688, 255), (719, 255), (719, 283),
(747, 255) and (747, 283). These combinations of precursor and product ions, which reveal the
fatty acid chain composition, correspond to PE 16:0 16:1 (precursor m/z 688), PG 16:0 16:1
(precursor m/z 719), and PG 16:0_18:1 (precursor m/z 747). A lower intensity feature is observed
at (702, 267), corresponding to a PE lipid with a Cy7 fatty acid chain. A second feature is observed
at (660, 283), potentially corresponding to PE 18:0_12:1, although the second fatty acid lipid is
not observed elsewhere in the 2D MS/MS domain. At 5.25 hours, which is near the end of the
exponential phase, increased intensity is observed at (702, 255) and (702, 267), corresponding
to PE 16:0_17:1. Finally, at longer times, during the stationary phase, the shift to cyclopropyl PE’s
and PG’s continues, resulting in a distribution favoring odd-carbon number lipids over even-
carbon lipids. Individual 2D MS/MS mass spectra can be found in the time-lapse video in Figure
S2.

The 2D MS/MS data domains can be simplified by manipulating the 2D data. Extraction
of individual 1D lines from the 2D domain results in spectra identical to those obtained by the
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commonly used MS/MS scan modes: product ion, precursor ion, and neutral loss scan. A much
less common operation is to project the data onto either the precursor or product ion axis so
producing the anterior and posterior mass spectrum, respectively.3* Whereas extraction of data
removes data in order to observe specific functional groups, the projection of data allows all data
to be observed in a simpler form. By projecting all observed ions to the precursor ion axis, the
spectrum obtained (anterior mass spectrum) has axes which are equivalent to those of a simple
single-stage mass spectrum. The data in this form allows for gross interpretation of molecular
changes in the bacterium. The 2D MS/MS data domains shown in Figure 2, is converted into the
anterior mass spectra are shown in Figure 9.3. Note that the data observed in these spectra are
composed of ions detected after the activation of the precursor ion, viz. to product ions or
unfragmented precursor ions. A few key trends are observed. At early growth times the mass
spectrum is largely comprised of signals in the lower mass region, whilst phospholipids are in low
abundance. As growth progresses, the phospholipid region (m/z 650-850) shows increasing
intensity. Furthermore, the dominant phospholipid peaks shift over time towards higher m/z values.
Such behavior is consistent with the known E. coli lipid metabolic pathways, in which free fatty
acids are phosphorylated and then incorporated into phospholipids in a multi-step process.*
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Figure 9.3. Anterior mass spectrum (projected from 2D MS/MS mass spectrum) from E. coli
lysate at log, exponential and stationary stages of growth where fragments and residual precursor
ions are observed at their respective precursor ion m/z

In the phospholipid region, the most intense features at early times are at m/z 688, m/z 719,
and m/z 747. Analysis of these peaks, simply based upon their masses, gives putative assignments
of PE 32:1, PG 32:1, and PG 34:1, respectively.® At longer times, particularly towards the end of

the exponential growth period, ions of m/z 702 and m/z 733 peaks increase in intensity relative to
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the other three peaks. These peaks have masses consistent with PE 33:1 and PG 33:1, respectively.
At longer times, the m/z 702 and m/z 733 become the dominant spectral features, along with a new
feature at m/z 761 (putatively assigned as PG 35:1). While the full scan MS provides some
information about the lipids present, this data lacks the detailed structural information about the
side chain composition which is crucial for phospholipid identification. For this information, the
full 2D MS/MS data domain provides detailed structural information. Since the major molecular
change appears to be the conversion of alkenes into cyclopropyl groups, this conversion can be
monitored by extracting information pertaining to those two functional groups. Specifically, the
shift in distribution between even carbon number to odd carbon number fatty acids can be
simplified so that only lipids fatty acids with 16, 17, 18, or 19 carbons are detected. The lipid data
corresponding to the product ions of fatty acids of each chain length were obtained from the 2D
MS/MS scan and fitted to a curve and is shown in Figure 9.4. It can be seen that the even carbon-
number fatty acids (FA1s/FA1s)) have intensities that follow optical density measurements through
the exponential phase. The odd-carbon number fatty acids (FA17/FA19)) lag behind and begin at

the late exponential phase and continue into the stationary phase.
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Figure 9.4. Fatty acid composition monitored over time detected by summing the product ion
intensities corresponding to different fatty acid chain lengths from the lipid mass region. The
OD600nm measurements are shown for comparison.

9.3.3 DESI-2D MS/MS of Bacterial Extracts

The nESI experiments just described are mainly limited by the time required for bacterial
growth (hours). However, this feature is specific to this experiment and many other analyses
involving bacteria will not be so constrained. The 2D MS/MS approach can be made even faster
by using DESI instead of nano-electrospray experiments. In the latter, the analysis time per sample
is 25 seconds, but significant time is spent moving from one sample to the next. In order to improve
throughput, DESI was implemented so that the samples could be placed directly on a microscope
slide and the time between samples could be reduced to under a second. This allowed a full 2D
MS/MS scan (m/z 100 — m/z 900), both axes) to be recorded three times as fast as taken to record
only the lipid region in the nESI experiment.

To demonstrate performance of the automated DESI-2D MS/MS system, cell lysate of E.
coli was deposited onto four wells of a microscope slide and interrogated by DESI-2D MS/MS.
Figure 9.5a shows the 2D MS/MS mass spectrum obtained from one of the wells containing the
cell lysate acquired over approximately 5 seconds. The cell lysate analyzed in this experiment is
from the stationary phase where most of the double bonds are converted to cyclopropyl groups
resulting in a higher abundance of odd-carbon number lipids (PE/PG(33:1)). The ion chronogram
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acquired while moving the DESI sprayer over all four wells is shown in Figure 9.5b where the
extracted ion signal relates to a particular lipid present in E. coli. A time-lapse graphic displaying
multiple 2D MS/MS spectra acquired by DESI can be found in Figure S3 where E. coli and

Pseudomonas aeruginosa are analyzed in duplicate in a single run.
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Figure 9.5. (a) 2D MS/MS mass spectrum obtained from automated DESI-2D MS/MS system.
(b) Extracted ion signal corresponding to PE(33:1) recorded over time as four bacteria samples
placed on a microscope slide are examined by DESI-MS.

To further illustrate how the DESI-2D MS/MS system can be used to interrogate a large
number of samples, the bacterial growth of E. coli was again investigated. Figure 9.6a shows the
resulting growth curve and extracted lipidomic information. Each of the twenty timepoints shown
in Figure 9.6a contains 3 biological replicates with 3 scan replicates resulting in 180 unique spectra
acquired in under 38 minutes (12.5 seconds a sample). It can be seen that the growth curve barely
reaches the stationary phase resulting in smaller differences than observed in Figure 9.4. This can
most likely be attributed to the differences in growth conditions although exact correlations cannot
be made. The 2D MS/MS mass spectrum of the last time point (570 minutes) is shown in Figure
9.6b. The conversion of Cie to Cy7 fatty acids is lower than what has been previously observed
after the same time further confirming the reduced growth rate.

These DESI-MS data showcase two key advantages of the 2D MS/MS methodology,
namely: i) the technique allows for data independent acquisition (DIA) by sampling all ions which
fragment in a sample and ii) the short scan time to acquire all MS/MS data without chromatography

allows for relatively high sample throughput. Furthermore, the extraction used for the growth curve
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monitored by DESI-2D MS/MS was not required in order to observe lipids. The spectrum acquired
in Figure 9.5a was acquired from a bacterial sample without sample extraction. This experiment
allows detailed insights into the changing lipidome. Lipids can have many structural isomers due
to the possible combinations of fatty acid chains; this means that these structural isomers can be
readily observed and identified although additional information in terms of double bond and sn-

positional isomers is not acquired.
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Figure 9.6. (a) Fatty acid composition monitored over time for three biological replicates under
the same conditions. OD600nm measurements are also shown. (b) DESI 2D MS/MS mass
spectrum of lipid extract after 570 minutes of growth.

It can be seen that the mass resolution in the 2D MS/MS mass spectrum is poor (>5 Th in
both axes) compared to more conventional MS/MS methods. This is due to the incredibly fast scan
rate and the use of nitrogen as bath gas. Slower 2D MS/MS scans are possible with increased mass
resolution and accuracy, but a quicker scan was chosen to emphasize speed. The major changes
observed in this experiment, conversion of a double bond into a cyclopropyl group, do not
necessitate higher mass resolution. However, the poor mass resolution does not allow distinction
between different degrees of unsaturation for fatty acids with the same carbon number.
Additionally, the more conventionally used helium could be substituted for the nitrogen bath gas
to achieve higher mass resolution but at the cost of sensitivity. Another drawback of this method
is the low dynamic range of the current detection circuitry (~2 orders of magnitude) caused by an

exceptionally high electronic noise floor. With proper detection electronics now being constructed,
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the dynamic range is expected to be four orders of magnitude. The current instrument is still being

improved so metrics such as resolving power and accuracy are not final values.

9.4 Conclusions

The work presented here demonstrates a technique which leverages 2D MS/MS to make
powerful molecular measurements on biological mixtures without the need of chromatographic
separation. The use of ambient ionization provides high sample throughput as demonstrated by
monitoring the growth of E. coli by 2D MS/MS using two ionization methods, nano-electrospray
ionization, and DESI. The lipid profile of E. coli was monitored to observe a major lipidomic
change, the conversion of double bond fatty acids into cyclopropyl fatty acids. Importantly, this
lipid profile shift was also monitored using high throughput instrumentation where an entire 20-
point growth curve with 9 replicates interrogated in under 38 minutes by DESI-2D MS/MS. The
method gives insight into lipid modifications, specifically lipid fatty acid chain modifications of

unsaturated to cyclopropyl groups, with unprecedented speed
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