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Abstract

Thread spray ambient ionization is described that uses single threads as a medium
for complex mixture sampling and ionization. This novel approach was developed and
demonstrated through the detection of various capsaicinoids from the interior of pepper
fruits without destruction of the sample. Pepper residues present on the thread were
analyzed by the application of DC voltage and solvent to cause field-induced charged
droplet generation. Capsaicinoids extracted from the sample are contained in the
electrosprayed droplets and transported to the mass spectrometer for characterization. The
thread spray mass spectrometry method was optimized using commercially available
materials like 100% cotton, cotton/polyester (35:65), 100% polyester, and nylon fabrics
and subsequent applied for in-situ analysis of seven different pepper fruits and pepper spray
residues on fabrics. The results indicated that the special physico-chemical characteristics
of threads allowed a rapid and convenient sampling and ionization of pepper products for
analysis by mass spectrometry. The thread spray experiment presented in this thesis is
similar to that of other ambient substrate-based ionization methods in that there is minimal
or no sample preparation required for analysis. Some advantages exist for thread spray
ionization when compared with other substrate-based ambient ionization methods: (i) it is

capable of ionizing analytes present in solution or previously deposited onto a fabric,



presenting a unique opportunity to directly analyze pepper spray residues on clothing for
forensic applications; (ii) unlike metal substrates, the porous organic threads can provide
selective absorption of components in a mixture and allow in-situ separation during
analysis; (iii) various off-the-shelf thread types are available as substrate for analysis and
will create a large degree of flexibility in experimental design; (iv) surface derivatization
of thread surface is possible, which will enable the immobilization of various functional

groups for enhanced analytical performance.
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Chapter 1 Introduction
1.1 Capsaicinoids

Secondary metabolites produced by Solanaceae plants such as peppers, tomatoes
and potatoes are natural defenses against animals, insects and fungi *. Due to their high
pungency, capsaicinoids produced by peppers have found wide spread use in modern
society for various reasons including the preparation of spicy foods 2, medicinal creams 3,
and self-defense products (i.e., pepper sprays) >*. The various pharmacologic responses to
capsaicinoids (e.g., analgesic effects, anti-inflammatory activities, temporary blindness,
and an intense burning sensation) are mainly attributed to reactions involving capsaicin,
and dihydrocapsaicin (Table 1) 2.

Since the adoption of capsaicin-based products many adverse effects have been
reported following exposure ®**. This has triggered the development of various methods
to assess pungency. In 1912, Wilbur L. Scoville introduced the Scoville Heat Units
(SHU) as the standard for measuring pungency in various pepper fruit types. The concept
was developed along with the Scoville Organoleptic Test 2. Scoville’s method dissolved
dried chilies in alcohol and diluted it with sugar water 23, A five-person panel analyzes
this solution and three of the five heat samplers must agree on one heat value, SHU. The
subjectivity of the Scoville method has caused it to be replaced by high-pressure liquid

chromatography (HPLC)*?*3, This analytical method is currently preferred by the food
1



industry because of its consistency compared to the Scoville Organoleptic Test. Though
effective, this analytical technique, along with others, are either time consuming, costly,
or subject to interference. For example, colorimetric/spectrophotometric methods have
become popular, **71® but require extensive solvent extraction and subsequent removal of
chlorophyll interference by column chromatography. Other reported analytical methods
include complexation chromatography, ** enzyme-linked immunosorbent assay, ® gas
chromatography (GC), *° and mass spectrometry (MS) coupled to GC or HPLC 222, As
expected, these advanced methods provide a more accurate description of safe exposure
levels of capsaicinoids, but their drawbacks include long analysis times and high solvent
consumption. Therefore, simple and rapid analytical methods, which consume small

amounts of sample and require minimum sample preparation, are still desirable.



Table 1. Chemical structure, relative amount and the corresponding level of pungency for
capsaicinoids found in pepper extract

Capsaicinoid Chemical Structures  Relative Pungency Molecular
Amount Level Weight
(%) (SHU)*  (Da)

Capsaicin \OD\/“\H/\X\)\&’ 16.0x10° 305.4
HO. ©

Dihydrocapsaicin \OD\/HWZZ 15.0x10° 307.4
HO °

Nordihydrocapsaicin \OD\/HM 7 9.10x10° 293.4
HO. ° 2

Homodihydrocapsaicin \OD\/H\”/\M 1 8.60x10° 3215
HO ° 5

Homocapsaicin \OD\/HW 1 8.60x10° 3194

Nonivamide ~ D\/HW 9.20x10° 293.4
O

5
o

*SHU = Scoville heat unit = (mg capsaicinoid per gram of dry pepper) x 1.7x10

1.2 Ambient lonization

Ambient ionization 23-2° was invented by the Cooks group in 2004 through the
introduction of desorption electrospray ionization (DESI) 26, shown in Figure 1a, which
utilized charged micro-droplets for in-situ analyte extraction 2”2 and enabled MS
analysis of unmodified samples in open air. Instead of probing the sample with

electrosprayed charged droplets, other chemical/physical agents such as plasma %3
3



(Figure 1b) and laser 323 (Figure 1c). The common feature among all ambient ionization
methods is that they require no or minimal sample preparation providing almost

instantaneous results. This capability permits field analysis with handheld mass
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Figure 1. Schematic showing numerous ambient ionization sources (a) desorption
electrospray ionization % (b) low-temperature plasma ionization * (c) infrared matrix-
assisted laser desorption electrospray ionization

High gas and solvent flow have limited the use of DESI as a source for miniature
mass spectrometry 6. This has led to the development of a new class of methods, like
those shown in Figure 2, which rely on substrates such as paper, 4 blade *°, wood “° or
that generate ions from a sharp tip (naturally present or created). These substrate-based
methods incorporate a sample preparation step in the ionization process 2*. Solid or liquid
samples are deposited onto the surface of the substrate then wetted with solvent 4. Once
wetted, high voltage is applied to the substrate causing a high field at the sharp tip

generating an electrospray *'.
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Figure 2. Schematic showing various substrate-based ambient ionization sources (a) paper
% (b) blade spray * (c) wood *® that can potentially be coupled with mass spectrometry

1.3 Thread Spray lonization

The thread spray experiment presented in this thesis is similar to substrate-based
the ambient ionization methods mentioned above in that a single thread pulled from a
fabric is used as a substrate for analyte ionization. Some advantages exist for thread spray
ionization when compared with other substrate-based ambient ionization methods: (i) it is
capable of ionizing analytes present in solution or previously deposited onto a fabric,
presenting a unique opportunity to directly analyze pepper spray residues on clothing for
forensic applications; (ii) unlike metal substrates, the porous organic threads can provide
selective absorption of components in a mixture and allow in-situ separation during
analysis; (iii) various off-the-shelf thread types are available as substrate for analysis and
will create a large degree of flexibility in experimental design; (iv) surface derivatization
of thread surface is possible, which will enable the immobilization of various functional

groups for enhanced analytical performance.



The aim of this research is to develop and establish the thread spray ionization
method for direct mass spectrometric analysis of capsaicinoids in complex mixtures with
no sample preparation. The developed method was utilized for the detection of (i)
capsaicinoids in pepper spray for forensic application and (ii) capsaicinoids in intact
pepper fruits. Sampling was achieved with a single thread; application of the direct
current (DC) voltage to the wet thread allows the generation of charged liquid droplets
containing the analytes, which are subsequently transferred to mass spectrometer for

characterization.



Chapter 2 Methods

2.1 Thread Spray lonization Apparatus

The developed thread spray ionization method (Figure 3) is simply made up of a
thread (30 mm) inserted into a glass capillary (1.63 mm OD and 30 mm in length). The
threads were pulled from the corresponding fabrics (100% cotton, 100% polyester, nylon
and cotton:polyester (35/65) blend) on which the sample (i.e., pepper spray) had
previously been deposited. The small OD (ranged 225.315 — 302.220 um) of the thread
and good electrical conductivity when wetted enable the tip to be conveniently fitted in
front of a mass spectrometer with no need for modification/sharpening.

This apparatus allows for two possible experimental setups: (i) a solution (20 pL)
of the analyte of interest is placed in a glass capillary and electrically charged via contact
with the thread to which a high DC voltage has been applied. This experiment is similar
to nano-electrospray ionization except that the tip of the glass capillary need not be sharp
and requires higher voltage (3-5 kV). Application of the DC voltage to the wet thread
allows the generation of charged liquid droplets containing the analytes (Figure 4), which
are subsequently transferred to mass spectrometer for characterization. This procedure
was used for the optimization of the thread spray ionization experimental setup. (ii) In a

second set of experiments, the sample (pepper fruit or pepper spray aerosol) was
7



deposited on the fabric and allowed to dry. A thread was pulled, cut and then inserted into
the glass capillary. Residues coated on the pulled thread was eluted with 20 puL

acetonitrile followed by in-situ thread spray ionization.

o Solvent Thread

I

Glass
Capillary

Figure 3. (a) Schematic diagram of the experimental setup of thread spray ionization (b)
Thread spray ionization setup and formation of Taylor cones (1) and (2)

2.2 The Mass Spectrometry

Mass spectra were acquired on a Thermo Fisher Scientific Velos Pro LTQ linear
ion trap mass spectrometer “8 (Figure 4) and high resolution mass spectra were acquired
on a Thermo Fisher Scientific LTQ Orbitrap XL Hybrid lon Trap-Orbitrap mass
spectrometer ° (Figure 5) (San Jose, CA, U.S.A.). The tip of the thread was held and
positioned parallel to the MS inlet via a copper alligator clip, which was connected to an
external high-voltage supply (0 — 6 kV). The thread spray ionization method generated
ions without gas assistance, and thus, a close interface distance (0.5-5 mm) between the
tip and the MS inlet was used to optimize signal intensity. MS parameters used were as
follows: 200 °C capillary temperature, 3 microscans, and 60% S-lens voltage. Thermo

Fisher Scientific Xcalibur 2.2 SP1 software was applied for MS data collecting and

8



processing. Tandem MS with collision-induced dissociation (CID) was utilized for
analyte identification. An isolation window of 1.5 The (m/z units) and a normalized
collision energy of 30%—-35% (manufacturer’s unit) were selected for the CID

experiment.

Ion Transfer

:“/bc I lon Trap
A e 5 | P |
7 |

S-lens

Figure 4. Scheme of the Thermo Fisher Scientific Velos Pro LTQ mass spectrometer used
in these experiments 48

LTQ Linear lon Trap C-Trap  HCD Collision Cell

Q

Dl i

ﬁ =2

Orbitrap S §'E\Lil
Mass Analyzer -
\/

Figure 5. Scheme of the Thermo Fisher Scientific Velos Pro LTQ mass spectrometer used
in high resolution experiments #°




2.3 3-D Laser Scanning Confocal Microscopy

3-D surface topographic measurements of thread were analyzed and captured
using the Keyence 3-D Laser Scanning Microscope VK-X200 *° (ltasca, IL, U. S. A)
(Figure 6). Wetted thread was placed on a microscope slide onto the stage then adjusted
and focused with 20x objective lens, where thread diameter and sub-fibers were
measured. At 20x power objective, optical laser images of the thread surfaces were taken.
2-D imaging occurs by using high-frequency XY laser as a light source with lateral
resolution of 408 nm. Thread sample was then observed using 50x objective lens, where
thread topographic analysis was measured. 3-D topographic imaging and surface analysis

were achieved using objective lens moving in the z direction.

10



Figure 6. Scheme of the Keyence 3-D Laser Scanning Microscope VK-X200 used for
thread surface roughness analysis >

2.4 Reagents

Capsaicin, acetonitrile (99.9%, HPLC grade) and methanol (99.9%, HPLC grade)
were purchased from Sigma-Aldrich (St. Louis, MO). Methylene Chloride (99.9%,
HPLC grade) was purchased from Fisher Scientific (Fair Lawn, NJ). Nylon, 100 %
Polyester, Cotton:Polyester (35:65), and 100% Cotton were purchased from a local store
(JoANnn Fabrics, Columbus, OH). Kimble 51 expansion borosilicate glass melting point

capillaries (O.D. 1.5 mm) were purchased from Kimble Chase (Rockwood, TN).

11



Chapter 3 Results and Discussion

3.1 Optimization

This thesis introduces a novel thread spray ionization mass spectrometry (MS)
method. It includes utility, development and characterization using the analysis of
capsaicinoids in complex mixtures (e.g., pepper fruits and pepper spray) with no sample
preparation. The method was first optimized by investigating the following: ion signal,
solvent effect, voltage effect, thread composition, and surface roughness. These
parameters were investigated using pure capsaicin (1 ppm) prepared in acetonitrile. In
particular, the method was characterized using the pure capsaicin and four different
threads (100% cotton, 100% polyester, nylon and cotton/polyester (35/65%) blend). The
optimized parameters were applied for the analysis of several different peppers fruits
(bell pepper, serrano pepper, red chili pepper, ghost pepper, habanero, and jalapefio) and
pepper spray mixture from which all five capsaicinoids were detected. The method is
quantitative, fast, and robust capable of detecting dried capsaicinoids after several weeks

of storage.
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3.1.1 lon Signal
lon chromatogram produced by mass spectrometers are composed of a large set of
consecutively acquired mass spectra where each component can be identified from the
mass spectrum. The total ion chromatogram (T1C) measures both the mass spectral
output as a function of time and the overall intensity of ion production®-3, Figure 7
shows total ion chromatogram persisted for more than 5 minutes after 5 kV DC voltage

was applied to the wet thread.

100

50
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p——

o0 T BT e T T s T T T e T T s
Time (min)
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o E
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2 ]

@
=
©

@
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.l L
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Figure 7. Total ion chromatogram observed after 5 kv DC voltage applied to (a) wet thread
and (b) wet fabric triangle. (a) lon signal of 20 pL acetonitrile solvent remained for more
than 7 minutes. (b) lon signal of 20 pL acetonitrile solvent on fabric triangles remained for
0.6 min.
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The 20 pL acetonitrile solvent lasted for more than 4 min after which ion signal
was continuously observed from the wet thread for another 3 min although the ion current
drastically reduced after the 4 min. This signal lifetime is >5x longer than analysis
performed from a fabric cut into a triangle, which sustained ion signal for only 0.6 min.
This performance of the fabric spray is comparable to what has been reported for paper
spray “>°*. The longer analysis time for the thread spray experiment is attributed to
limited solvent evaporation in the glass capillary. The large surface area for the fabric
facilitates solvent spreading leading to rapid evaporation. Like paper spray, contribution
from atmospheric pressure chemical ionization can be expected in thread spray ionization

especially after the solvent is consumed®®.
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Figure 8. Thread spray mass spectra recorded for pure capsaicin (MW 305) prepared in
acetonitrile solution (20 pL) in (a) positive and (b) negative ion modes using
cotton:polyester (35/65) thread charged at 5 kV. Inserts show CID MS/MS spectra for
both protonated (m/z 306) and deprotonated (m/z 304) capsaicin

The protonated [M+H]* capsaicin ions were clearly observed at m/z 306 when

using positive voltage (+5 kV) (Figure 8a). The weak acidic nature of the phenolic

moiety allows MS detection in the negative mode through the generation of [M—H] ions

(Figure 8b). The structure of capsaicin ions was confirmed through CID MS experiments.

The negatives ions fragmented predominantly through the elimination of a neutral

phenolic head group (MW 136) to give ion at m/z 168 (Figure 8b insert). The

15



fragmentation pattern for the positive protonated ions under CID is as shown in Scheme
1, and the corresponding spectrum is provided in the insert of Figure 8a where the major
cleavages occurred at the phenyl and benzyl positions; in this case, the resonance

stabilized phenolic cation (m/z 137) was the predominant fragment ion.

(0]
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|!| m/z 182
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Scheme 1. CID fragmentation pattern of protonated capsaicin in positive ion mode MS/MS
showing the pathway to major fragment ions m/z 137, 170, 182 and 153

3.1.2 Voltage and Thread Type
Using positive ion mode analysis, the effect of thread type and spray voltage on

the formation of protonated ions was investigated. Figure 9 shows the optimum voltage

16



for nylon and 100 % polyester threads occurred at 4 kV while 100% cotton and

cotton:polyester (35/65) threads required 5 kV for optimum performance.

8000 T

> [
") | Cotton/Polyester Blend 1
S 6000 +
9 T ——100% Cotton
c
- ] 100% Polyester
2 4000 —e—Nylon 5
= ]
L ]
8 2000 +
o .
©
&) _
0 % + ¢ — i
0 1 2 6 7

Spray Voltage (kV)

Figure 9. A plot showing the effect of tread type and spray voltage of capsaicin ion [M+H]*
intensity when using acetonitrile spray solvent.

Although ion formation occurs from tiny sub-fibers at the tip of the thread (Figure
3b), where electric field is highest, the higher spray voltage requirement is not surprising
given that analyte flow from the bulk sample solution occurs through the thread, which is
about 220 — 300 um in size (Table 2). As shown in Figure 10, spray voltage is effected
by thread type with cotton:polyester 35/65 having the highest ion intensity and 100 %
polyester and nylon having the lowest.

17



Table 2. Thread diameters for cotton:polyester 35/65, 100% cotton, polyester, and nylon
measured using 3D laser scanning confocal microscope.

Thread Diameter (um)
Cotton:Polyester (35/65) 302.220
100% Cotton 296.313
100 % Polyester 225314
Nylon N/A

N/A: could not be measured using scanning confocal microscope due to its soft nature
and inability to remain intact.

Factors such as geometrical effects that affect ionization efficiency in paper spray
mass spectrometry ionizations #43° are not relevant in thread spray ionization. For
example, Table 2 provides the diameters of the different threads (except for nylon with
inconclusive measurement). The diameter measurements obtained with the 3D laser
scanning confocal microscope for cotton:polyester 35/65, 100 % cotton, 100 % polyester,
and nylon were found to be very similar meaning the differences in ionization efficiencies
observed in Figure 9 are not influenced by the diameter of the threads. Furthermore, close
examination of the data from 3D laser scanning confocal microscopy revealed that the
diameter of the sub-threads (Figure 10, red dots; average size is 16 um per sub-fiber) of
the various thread types are also very similar. Therefore, it can be argued that the overall
diameters of different thread types do not play an important role in the overall ionization

mechanism of thread spray mass spectrometry. In fact, during the ionization process,

18



small fibers can be seen excreting small Taylor cones (Figure 3b) on the thread sub-fibers

41-43

just like that observed for paper spray ionization

Figure 10. 50x 3D laser images of thread surfaces (a) cotton:polyester 35/65, (b) 100 %
cotton, (c) polyester and (d) nylon measured using a 3D laser scanning confocal
microscope

3.1.3 lon Efficiency
lonization efficiency is greatly impacted by solvent choice for ambient ionization
methods °’. To enhance ionization of analyte, one can optimize spray solvent to match the
solubility of the analyte of interest. Other ways of improving ionization efficiency is
through chemical modification of analyte 28578, Solvent choice is essential for efficient

ionization but thread spray ionization is heavily affected by the substrate composition as
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seen from the various thread types in which markedly different ion intensities were
observed. This reason marks the difference in performance between thread types, but the
conductivity of thread (determined by chemical composition) and mobility of analyte
through the thread play a role.

Therefore, spray solvent and thread compositions are important for optimum
sampling in thread spray mass spectrometry. A good solvent for thread spray ionization
should have the following properties: (i) be suitable for electrospray ionization %, (ii) be
able to wet the thread to increase its charge conduction ®’, and (iii) have high solubilizing
power for analyte and act as a “mobile” phase by reducing analyte-thread interactions .
Due to the poor solubility of capsaicin in water, organic solvents such as acetonitrile,
methanol, and dichloromethane were used. The aprotic polar acetonitrile % spray solvent
was superior for capsaicin analysis from cotton:polyester (35/65) thread (Figure 9).
Although resistivity measurements did not indicate major changes in conductivity between
thread types (Figure 11), it is believed that the blending of hydrophilic cotton with the low
surface energy hydrophobic polyester threads produced a material that effectively
transports capsaicin when wetted by a polar solvent. The cotton/polyester blend can be
expected to be less porous than the 100% cotton material and so inclusion is limited
allowing more analyte to be delivered to the mass spectrometer. The poor performance for
nylon and 100% polyester in ionizing capsaicin is attributable to their low surface energies
that limit wetting by the polar acetonitrile solvent; ionization capacity for both threads was

increased more than 10x when utilizing dichloromethane as spray solvent as seen in Figure
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12 although the total ion intensities were still less than that recorded from 100% cotton and

cotton:polyester (35/65).
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Figure 11. Resistance as a function of length of cotton:polyester 35/65, 100% cotton, 100%
polyester
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Figure 12. (a) The effect of polyester thread and spray voltage of capsaicin ion [M+H]*
intensity when using acetonitrile and dichloromethane spray solvent. (b) The effect of
nylon thread and spray voltage of capsaicin ion [M+H]" intensity when using acetonitrile

3.1.4 Surface Roughness

Solid surfaces are complex depending on the nature of the solid, surface
preparation, and surface interactions. These surfaces contain irregularities in surface
properties such as height, surface smoothness, and surface textures that can all be
attributed to the surface roughness of a given solid surface ®2. These surface parameters
can contribute to the interaction of the different threads types with capsaicin solution and
ionization efficiency.

In these regards, the characterization of the various thread types was achieved
through surface roughness studies. Thread surfaces are highly irregular; these
irregularities can lead to differences in the solid-liquid interaction between analyte and

fiber surface roughness . As shown in 3D laser microscopy images in Figure 13, the
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surfaces of polyester and nylon threads are smooth with uniform and loose sub-fibers
while the cotton:polyester and 100% cotton thread are more rigid in comparison. These

observations are confirmed by the surface roughness measurements summarized in Table

3, also obtained by 3D laser scanning confocal microscope.

Figure 13. (1) 50x optical laser images and (2) 3D surface height image of (a)
cotton:polyester 35/65 (b) 100 % cotton (c) 100% polyester and (d) nylon thread using a
3D laser scanning confocal microscope

Surface Roughness (E;) Sz (um) Str
Cotton:Polyester 35/65 26.2 131.0 0.3
100 % Cotton 134 | 1102 0
Polyester 9.0 40.8 0.4
Nylon 7.3 40.9 0

Table 3. Quantitative thread surface roughness features for cotton:polyester 35/65, 100%
cotton, polyester, and nylon
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Both Sa, which is the arithmetic mean height of the surface, and S;, which is the
maximum height of the surface, show cotton:polyester 35/65 having the largest surface
height compared to 100 % cotton, 100 % polyester and nylon. Str, measures the
systematic creases or surface texture on a given surface, with a value ranging from 0-1.
Smaller values indicated more clear creases. It is expected for nylon to have a Str of zero
due to its inability to bond during analysis. 100 % cotton clear creases can be seen in the
optical image acquired in insert of Figure 13, 2b, where the uniformity of cotton is seen.
Polyester, has an intermediate texture compared to 100 % cotton and nylon leading to a
larger value of ~0.4. Since cotton:polyester 35/65 is made up of some cotton, less
textured, and polyester, intermediate textured, its value lies between cotton and polyester.
Str for all four are still relatively low and no real differentiation can be made using this
parameter. The increased surface roughness seen in threads such as cotton:polyester and
100% cotton leads to the strong wettability ®* of the thread fibers. The surface wettability
is increased with a large surface roughness because of the increased surface energy of the
thread compared to that of the liquid surface tension. This large surface energy will allow
for wetting of the thread leading to increased extraction. In contrast, nylon and polyester
threads have minimum surface roughness, which increases their interaction with
capsaicin leading less extraction and lower ionization efficiency. Therefore, the increase
in surface irregularities can have an effect of enhancing surface interactions and ion

production 623,
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3.2 Thread Spray Mass Spectrometry Applications

The thread spray experimental setup was utilized for direct analysis for
capsaicinoids in complex pepper spray residues and pepper fruit multiplex analysis. This
novel ambient ionization method allows direct mass spectrometric detection of
capsaicinoids from a single thread with no need for sample pretreatment.
Cotton:polyester (35/65) threads were utilized for these experiments containing undiluted
pepper spray using acetonitrile spray solvent and 5 kV of DC voltage. Pepper spray was
also stored on thread for a period of time in different environments to assess thread spray
robustness.

Using the same thread spray MS method, the detection of capsaicinoid content in
fresh pepper fruits was straightforward and required no or little fruit destruction. Here,
the capsaicinoids were sampled using a thread suspended on a needle. By pushing the
needle through the pepper fruit, capsaicinoid residues were collected on the thread, which
was subsequently cut into several pieces and sampled in front of the mass spectrometer
after placement in the glass capillary and applying a DC voltage to the wet thread. Thread
spray method could potentially have a significant impact on the food industry and

forensic field by becoming a sensitive, robust, and rapid onsite analytical method.
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3.2.1 Direct analysis of pepper spray

Pepper sprays are complex mixtures of capsaicinoids that are utilized by both law
enforcement personnel and the general public for riot control and self-defense purposes®®.
The presence/absence of pepper spray on an evidentiary garment may help establish the
realities of the incident. Colored dyes are typically added to pepper spray mixtures to
assist in locating the position of capsaicinoids but traditional analytical methods are time
consuming as they require separate extraction steps to enable effective characterization of
the capsaicinoids. The laborious process of traditional techniques usually leads to a
backlog of evidence and delay in the judicial process. Figure 14 shows mass spectrum
recorded from cotton:polyester (35/65) thread containing undiluted pepper spray using
acetonitrile spray solvent and 5 kV of DC voltage. Five capsaicinoids were detected in
the full mass spectrum, including the minor components homodihydrocapsaicin and
homocapsaicin at m/z 322 and 320, respectively. Confirmation of the structure of the
detected ions were accomplished through tandem mass spectrometry. All ions fragmented
by breaking the C-N bond at the benzylic position yielding protonated species of the
diagnostic phenolic head group at m/z 137 accompanied by peaks corresponding to the
linear alkyl groups. This common fragmentation pattern made it easy to confirm the
presence of the low abundant capsaicinoids from all thread types tested. The ability to
achieve multiplexed detection of five capsaicinoids in a single experiment add credence

to the proposed method by reducing false positive identification.
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Figure 14. Full MS of pepper spray using 65:35 cotton: polyester thread, acetonitrile and 5
kV in positive mode. MS-MS of pepper spray using 65:35 cotton: polyester, acetonitrile
and 5 kV in the positive mode

The above results are significant because in-situ capsaicinoid analysis is
facilitated by reducing sample preparation. In addition, the current thread spray MS
detection method has potential to reduce backlogs of evidence through onsite analysis
(when coupled to portable mass spectrometer) or by easing storage of evidentiary
garments in the form of a threads. To test this possibility, threads containing 10% pepper
spray residues were stored in air, at room temperature in a closed drawer for 10 weeks.
After each week, the stored threads were analyzed using the thread spray MS method.
Although reduced signal (>10x) was detected for the stored capsaicinoids when
compared with fresh pepper spray aerosol (Figure 15) all five capsaicinoids including the

minor species like homocapsaicin were easily detected in high abundances after the ten
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weeks storage. This demonstrates the likelihood of storing pepper spray-contaminated
threads for even longer periods if no prior dilutions are made. Material destruction is also

minimized when detecting the presence of capsaicinoids from thread.
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Figure 15. Robustness analysis of stored pepper spray solution on 65:35 cotton: polyester
thread over 10 weeks

Over the course of time, the analysis of capsaicin on stored cotton:polyester
(35/65) threads decreases (Figure 15). To determine if the decrease in signal is due to
storage conditions, and not an artifact of the thread spray method, pepper spray residues
were stored on thread in different environmental conditions (Figure 16): at room
temperature in a closed drawer, 4 ° C in a closed drawer, and under vacuum in a
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desiccator at room temperature, for a total of four weeks. Each week threads were
analyzed and compared to fresh pepper spray in acetonitrile solution and pure pepper

solution, without dilution.
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Figure 16. Robustness analysis of stored pepper spray solution on 65:35 cotton: polyester
thread in different environments for one month; A/IS, fresh pepper spray was used as an
internal standard

Figure 16 shows that the residue of acetonitrile/pepper spray mixture on threads
kept at room temperature were very unstable following week one while pure pepper spray
residue (undiluted) (blue bars, Figure 16) threads kept under the same environmental
conditions were consistently stable over the course of the four weeks. This is due to the

high concentration of capsaicin in pure pepper spray compared to the pepper spray in
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acetonitrile solution. The high concentration of capsaicin in pure pepper spray form more
stable complexes on thread. The pepper spray mixture diluted with acetonitrile solution
gradually becomes unstable due to oxidation in air, and possible pepper spray aggregation
in acetonitrile ®. However, capsaicinoid degradation was drastically reduced by storing
the same acetonitrile diluted pepper spray mixture under air-tight conditions, inside a
desiccator (green bars, Figure 16) suggestion oxidation by air is the most prominent
mechanism for capsaicinoid loss. Reducing the storage temperature also reduced pepper

spray decomposition (brown bars, Figure 16), although overall ion intensity was low.

3.2.2 Pepper Fruit Analysis

Thread spray MS mass spectrum recorded for serrano pepper fruit is shown in
Figure 17 in which all the five detectable capsaicinoids were observed in high abundance.
Interestingly, the recorded relative ion intensities are in accordance with reported natural
abundances for capsaicinoids in pg/g . Figures 17b and 17c¢ show tandem MS analysis
of protonated species of dihydrocapsaicin (m/z 308) and homocapsaicin (m/z 320),
respectively. Here too, both analytes followed the fragmentation pattern described in
Scheme 1, with the protonated phenolic head group being the most abundant ion. For
dihydrocapsaicin, however, protonation of the tail fragment (m/z 184) produced by
cleaving the phenyl (C-C) position was more abundant than the corresponding ion (m/z

172) formed by breaking the benzylic (C-N) bond.
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Figure 17. (a) Thread spray mass spectra showing various capsaicinoids present in green
chili, serrano pepper. Tandem MS analysis of selected capsaicinoids including (b)

dihydrocapsaicin (m/z 308) and (c) homocapsaicin (m/z 320).

Aside from the serrano pepper, the capsaicinoid content of 5 other pepper fruits
(bell pepper, red chili pepper, ghost pepper, habanero pepper, and jalapefio) were
analyzed in similar manner without breaking the fruits. The corresponding thread spray
MS mass spectra are provided in Figure 18 in which all five detectable capsaicinoids
were observed in the full MS and in the correct relative abundance as predicted in the

literature. The bell pepper was also analyzed as a control because it is the only member of
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the Capsicum genus that does not produce capsaicinoids . As such, no capsaicinoids

were detected during thread spray MS. This new ambient MS technique show significant

advantage over hyphenated methods (GC-MS and HPLC-MS) currently used in the food

industry by offering simplicity in instruments and rapid sample analysis®. When

compared with other substrate-based ambient ionization methods, the current

experimental procedure provides a unique opportunity to non-invasively sampling the

interior of fruits.
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Figure 18. (a) Thread spray mass spectra showing multiplex analysis of various peppers
(@) hot chili pepper (b) red pepper (c) jalapefio pepper. Acetonitrile spray solution (20 uL)
was used and the cotton:polyester (35/65) thread was charged at 5 kV
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Using acetonitrile spray solvent and cotton:polyester (35/65) thread charged at +5
kV good linearity (R? = 0.992) and acceptable precision (RSD <10%) were recorded for
capsaicin standards (Figure 19). These results indicate that both qualitative and
quantitative analysis of capsaicin can be achieved using thread spray MS. Limit of
detection for capsaicin on thread spray is 1.48 pg/mL. Capsaicin and dihydrocapsaicin
content in different pepper fruit genotypes range from 1.56 pg/mL to 5178.42 ug/mL®°.
This means that the sensitivity of thread spray will allow the detection of low

concentration capsaicin and dihydrocapsaicin content in pepper fruits.
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Figure 19. Calibration curve showing linear relationship between solution phase capsaicin
concentration and gas-phase fragment ion (m/z 137) intensity. Both plots were obtained
using cotton:polyester (35/65) thread charged at 5 kV

It is known that capsaicin and dihydrocapsaicin content are the most abundant in

pepper fruits, and the main pungency factor is the level of capsaicin . Utilizing the
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content of capsaicin alone can yielded accurate results for pepper fruits pungency. Pepper
fruit pungency is effected by its genotype and the environment in which it is developed.
These conditions can affect a pepper’s overall capsaicinoid content and ultimately, it’s
Scoville Heat Unit. Having a miniaturized analytical method can help the development of
pepper fruits growth by allowing for rapid analysis of capsaicin and dihydrocapsaicin
levels in pepper fruits. As previously mentioned, traditional analytical methods cannot
perform rapid analysis nor can they be miniaturized. Using the same method used for the
multiplex detection of various pepper fruits, we can accurately determine the various
capsaicinoid levels in pepper fruit and products with thread spray mass spectrometry
(Table 4). Table 4 shows the level of capsaicinoids’ ion intensities in five pepper
products. Individual capsaicinoid levels in both the habafiero and jalapefio pepper could
not be correlated to the Scoville Heat Units (Table 4) using thread spray mass
spectrometry. Fluctuating pepper capsaicinoid levels that occur naturally in peppers, may

cause irregular measurements in pepper fruits.

Table 4. Capsaicinoids’ ion intensities and total capsaicinoid ion intensities of various
pepper fruits and pepper products

Pepper Type C DHC | NDHC | HDHC | HC Total
U.S Grade Pepper Spray | 9610000 | 170000 | 112000 | 23100 | 57600 | 10902600
Bhut Jolokia 322000 | 23800 | 23800 | 23100 | 32000 | 635900
Habariero 175000 | 12200 | 80500 926 2050 39286
Jalapefio Pepper 6360 22800 | 8850 | 4030 175 42215
Sweet Bell 0 0 0 0 0 0

Abbreviations of capsaicinoids: Capsaicin (C), Dihydrocapsaicin (DHC),
Nordihydrocapsaicn (NDHC), Homodihydrocapsaicin (HDHC), Homocapsaicin (HC)
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The total capsaicinoids’ ion intensities in Table 4 were correlated with Scoville
Heat Units for various pepper fruits and pepper products (Figure 20). By using the thread
spray mass spectrometry method, all capsaicinoids residues can be analyzed and pepper
fruit pungency can rapidly be determined. This method does not require extensive
sample treatment like other analytical methods such as HPLC-MS or GC-MS?-22, |t also
can easily be coupled to a portable mass spectrometer meaning it is not limited to a

laboratory setting.

Scoville Heat Units Total MS
1,000,000 10,902,600
2,000,000 — 5,300,000 635,900
200,000 — 350,000 196,750
3,500-8,000 42215
0

Figure 20. Correlation of thread spray mass spectrometry total capsaicinoids’ ion
intensities and Scoville Heat Units (SHUs) using various pepper fruits "
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3.2.4 High Resolution Pepper Fruit Analysis

In recent years, there has been a rise in acquiring accurate mass/identification for
components in complex mixtures in food detection using the Orbitrap mass analyzer %,
The Orbitrap mass analyzer allows for high mass accuracy that can immediately
determine elemental composition of an analyte of choice 2. To determine the accuracy of
the thread spray ionization method and its multiplex ability, high resolution mass
measurements were conducted using habafiero pepper fruit sample. The capsaicinoid
content in habafiero peppers were analyzed using Thermo Fisher Scientific LTQ Orbitrap
and results are shown in Figures 21-25. Pepper preparation was similar to previously
describes, where one cotton:polyester 35/65 thread was suspended on a needle. By
pushing the needle through the habafiero capsaicinoids residues deposited onto the thread,

which were directly analyzed.
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Figure 21. Exact mass analysis of capsaicin, MW 305, using thread spray Orbitrap mass

spectrometer. Error is -1.732 ppm
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Figure 22. Exact mass analysis of dihydrocapsaicin, MW 307, using thread spray Orbitrap

mass spectrometer. Error is -1.591 ppm
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Figure 24. Exact mass analysis of homocapsaicin, MW 319, using thread spray Orbitrap
mass spectrometer. Error is 0.060 ppm.
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Figure 25. Exact mass analysis of homodihydrocapsaicin, MW 322, using thread spray
Orbitrap mass spectrometer. Error is 0.371 ppm

Exact mass analysis determined the ions generated from the thread spay
ionization method are the expected capsaicinoids from the habafiero pepper fruit.
Corresponding errors associated with the exact mass measurement are also provided,
which was less than 2 ppm in all cases. These results prove that thread spray mass
spectrometry is a reliable and versatile method for direct analysis of capsaicinoids in

pepper fruits.
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Chapter 4 Conclusion and Future Work
4.1 Conclusion

Thread spray ionization has been demonstrated in this study to be an effective
method for sampling the interior of pepper fruits and the analysis of pepper spray
residues on clothing with minimal destruction. Threads from four major off-the-shelf
fabrics cotton:polyester (35/65), 100% cotton, 100% polyester, and nylon were tested and
found to be effective in ionization capsaicinoids from complex pepper products. The
sharp tips of the threads provided a direct means to perform substrate-based ambient
ionization, which could be interfaced with various mass spectrometers. The thread spray
mass spectrometry method could be used in the food industry for routine qualitative and
quantitative analysis of capsaicinoids in pepper and in forensic applications for the
detection of pepper spray residues, all requiring no sample pre-treatment. The successful
use of threads as sampling and ionization media simplifies mass spectrometric-based
analytical method development and provides rapid, inexpensive, and in-situ analysis.
Other features such as the elimination of nebulizing gas and external pumps are attractive

for field analysis using hand-held mass spectrometers.
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4.2 Future Work
For future work, the goal is to show that thread spray ionization source has the
ability to be coupled to a mass spectrometer and rapid identification of a simple protein.
To do this there are two main goals to accomplish this larger goal. The first is to develop
a thread spray source adapter that allows continuous solvent flow in the apparatus. The
second is change the surface of different threads in order to create a reliable stationary

phase in order to get separation and characterizing of proteins.
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