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Abstract

Since its inception over two decades ago matrix-assisted laser/desorption
ionization (MALDI) mass spectrometry (MS) using either ultraviolet (UV) or infrared
(IR) lasers, has become an important tool for the analysis of molecules of chemical and
biological interest. Primarily, this is because MALDI-MS is a relatively "soft’
methodology which allows the ionization and detection of intact analytes with minimal
fragmentation. Although MALDI mass spectrometry using visible wavelength lasers has
been less studied it is expected to have several advantages over UV-MALDI and IR-
MALDI. Many macromolecules of interest absorb UV-light but are transparent at visible
wavelengths. In principle, visible-MALDI should be softer than UV-MALDI. Like UV-
MALDI, visible-MALDI is also expected to require lower pulse energies than IR-
MALDI. Furthermore, readily available pulsed visible laser sources such as the solid-
state frequency-doubled Nd:YAG laser (532 nm output) are becoming relatively
inexpensive and have longer operational lifetimes compared to standard UV devices.

This thesis describes an exploration of possible organic molecules that can absorb
532 nm laser light and serve as matrices. Two classes of compounds considered:
pyrromethene and Rhodamine laser dyes. The experiments carried out established that the
Rhodamine (R) 610 laser dye is relatively stable; that is, it exhibits minimal
fragmentation under 532 nm laser irradiation, and can ionize a selection of analytes. The
chloride salt of R610 yielded the cleanest spectra making it a particularly good MALDI

matrix candidate for detecting small molecular weight analytes.

R575, a neutral laser dye, was found to be an effective absorber in binary

matrices. Analyte ionization was achieved by combining this specific laser dye with

il



either a proton donor (HCI or CHCA), proton acceptor (NaOH), or alkali donor (NaTFA).
A detection sensitivity as low as ~12 femtomole was determined using R575 as a

component of an acidic or basic binary matrix.

Key words: Visible Matrix-assisted Laser Desorption/Ionization (Visible MALDI), mass

spectrometer (MS), 532nm laser, laser dyes.
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Chapter 1: Theoretical Background

1.1. Overview

Mass spectrometry (MS) measures the mass-to-charge ratio of ions. This
information has made this technique an extremely important analytical method. MS is
characterized by high sensitivity, low detection limits and has found application in many
diverse fields and for many analytes. It is most generally used to identify unknown
compounds by their mass or by the mass of any species that are generated from the parent
molecule by fragmentation. All mass spectrometers consist of three basic parts: an ion
source, a mass analyzer, and a detection system. Neutral analytes are first ionized in an
ion source, which differs depending on the type of instrument used. The generated ions
are then transferred into a mass analyzer. Mass analyzers separate the ions according to
their mass-to-charge ratios. The ion beam is subsequently monitored by a detector which

transforms the ion signal into an electrical signal that can be recorded (see Figure 1.1)

IONIZATION MASS
SAMPLE AND SEFPARATION DETECTION

FRAGMENTATION M*

M= A A"

M > —e>= B =D BY -n-ﬁ
+ + 7
—e C C
sample inlet
detector

ion source mass analyzer

Figure 1.1: Basic block diagram of a mass spectrometer and the function of each
component. M is the neutral molecule (analyte) while M*, A¥, B, and C" are the parent
and possible fragment ions.



Many different ionization techniques have been developed to meet different
requirements. Loosely speaking they can be classified as either traditional or soft
ionization schemes. Traditional ionization techniques such as electron ionization (EI) or
chemical ionization (CI) involve evaporating analytes before they are ionized. For
example, in EI, a beam of high kinetic energy electrons collides with the gas-phase
molecules to produce ions. In CI, a beam of charged reagent gas molecules (ions)
produced by EI react with neutral gas phase analyte molecules to form ions that can be
detected. Both methods usually lead to extensive fragmentation because they involve
collisions, although CI is softer than EI in this regard. In both cases the parent ion may
not necessarily be the dominant ion peak in the mass spectra. These methods are also
only suitable for small molecules since the analyte must be in the gas phase. This
excludes non-volatile and/or fragile macro- or biomolecules where heating easily
pyrolyzes the sample, leading to extensive fragmentation and extremely complicated
mass spectra.

A breakthrough emerged ~ 20 years ago with the development of Matrix-Assisted
Laser Desorption/Ionization (MALDI) MS and Electrospary Ionization (ESI), as soft
ionization techniques. Soft ionization methods are able to generate molecular 10ns with
minimal fragmentation. In 2002, Tanaka' and Fenn * were awarded Nobel Prize for the
development of these techniques.

MALDI MS has two outstanding features. First, it is a laser-based soft ionization
technique, and second, its ion source for solid sample makes it particularly amenable for
macromolecules such as peptides, proteins, oligonucleotides, carbohydrates, natural

products and lipids, and for synthetic polymers. Unlike EI and CI, MALDI produces few



fragments. Typically, the dominant peak is either the protonated (cationic) form or
deprotonated (anionic) form of the parent neutral. Therefore, MALDI MS has emerged
as the analytical tool of choice for the detection of fragile proteins and synthetic
macromolecules. It should be noted that in this very first “MALDI” study ultrafine cobalt
powder was used as the “matrix” I Nowadays, however, organic matrix compounds are
nearly exclusively used. The latter approach was developed by Franz Hillenkamp and

Michael Karas in Germany in 1988 °.

1.2. MALDI Mass Spectrometry

1.2.1. Overview

MALDI MS analysis is achieved in two steps. The first is sample preparation, and
the second is laser desorption and ionization. In the first step, a solid solution of analyte-
doped matrix crystals is produced. The second step involves ablation of this solid solution
by an intense pulsed laser for a short duration. The irradiation by the laser causes the
crystals to rapidly heat by absorption in the condensed phase through photoexcitation of
the matrix molecules. The rapid heating causes the matrix molecules to sublime and
expand into the gas phase, entraining intact analyte in the process. Ionization reactions
can occur at any time during this expansion but the origin of ions produced in MALDI is

still not fully understood’.

1.2.2. Sample Preparation

Sample preparation is often considered to be the most important step in MALDI>

67 The quality of the sample preparation has a direct impact on the quality of MALDI



mass spectra because ion production by MALDI depends on the generation of a suitable
solid solution containing a mixture of matrix and analyte compounds. The compound to
be analyzed is first dissolved in a solvent containing a high concentration of an organic
species, hereafter called the matrix, which has a strong absorption at the wavelength of
the laser used in the MALDI process. The mixture is dried on a sample tip before analysis
and any liquid solvents used in preparation of the solution are removed by evaporation.
The result is a solid deposit of analyte-doped matrix crystals, where the analyte molecules
are separated from one another by dilution within the matrix. A schematic of a sample

preparation is shown in Fig. 1.2.

matrix
analyte

ED sample tip

Figure 1.2: A schematic diagram showing the steps involved in MALDI sample
preparation. 1) A liquid drop containing matrix compound and analyte sitting on the
sample tip. 2) A dried sample on the sample tip after the solvent has been removed by
evaporation.

The oldest and most widely used sample preparation method in MALDI is called
the Dried-Droplet method8. In this procedure, a drop of the mixed matrix and analyte
solution is placed onto the sample probe, dried, and then introduced into the mass

spectrometer for analysis. This method tolerates the presence of salts and buffers very



well, and is a good choice for samples containing more than one protein or peptide
component. Nevertheless, this approach has some disadvantages. First, the matrix and
analyte solutions need to be miscible with each other. Second, the solid samples produced
in this way often contain many “sweet spots” where MALDI signal intensities are large;
namely, the samples made using this method are not homogenous, making the results less

reproducible. Despite those disadvantages, it is still widely used due to its simplicity.

1.2.3. Desorption and lonization Mechanism for MALDI MS

¢ matrix

/ analyte

1 desorption

2 charge transfer e.g.
proton transfer

H+

Figure 1.3: A schematic of MALDI desorption and ionization.

1.2.3.1. Desorption process

Analyte desorption is initiated using laser pulses that are focused onto the sample
surface at a fixed repetition rate. Although the actual mechanism leading to analyte
ionization remains controversial it is generally accepted that the role of the matrix
compound is to absorb the laser light which leads to a rapid rise in the local temperature

of the sample. When the local temperature exceeds the sublimation temperature of the



matrix, the solid sample desorbs explosively into the gas phase as a plume which entrains
the analyte within. Strictly speaking, the process of desorption includes the excitation of
the matrix, the subsequent phase change from solid to gas, and the dynamics of the
material plume expansion. The desorption step will not induce significant analyte
fragmentation, provided the analyte does not absorb the incident laser light. The
composition of the expanding plume includes monomers, clusters and fragments of the
matrix all surrounding single analyte molecules. In a more comprehensive picture, the
presence of alkali ions, protons and electrons may also have an impact on the chemistry
taking place in the plume.

Ionization reactions can occur at any time during the plume expansion but as
noted above, the origin of the ions generated by the MALDI process is still not fully

understood *. A schematic of MALDI desorption and ionization is shown in Fig.1.3.

1.2.3.2. MALDI plume imaging

The processes of desorption and of matrix and analyte ionization are closely
related to each other in MALDL. Leisner ef al. °*studied a MALDI plume. The plume was
generated using an Er:YAG (doped ion: Erbium and host material: Yttrium aluminium
garnet) infrared (IR) laser with an ~ 100 nsec pulse duration and an Optical Parametric
Oscillator (OPO) having a 2.94 um output of 6 ns pulses. A liquid matrix of glycerol was
used instead of solid samples for better sample homogeneity and reproducible plume

formation.



Figure 1.4 Figure 1.5 Figure 1.6

Figure 1.4: The initial phase of the plume expansion (from ref.9)
Figure 1.5: Intermediate phase of the plume expansion (from ref.9)

Figure 1.6: The late phase of the plume expansion (from ref.9)

The initial, intermediate and later phases of the plume development are shown in
Figs. 1.4, 15 and 1.6, respectively. Initially there appears to be little difference between
the plumes generated by the 6 and -100 ns IR pulses (Fig. 1.4). Upon closer inspection at
intermediate times, the plume generated by the Er:YAG laser plume exhibits a forward
moving cloud of material about the size of the laser focus with a pronounced radial
density gradient compared to that obtained using the OPO (Fig. 1.5). At later times both
lasers were scattered from distinct particles in the plume and/or the products of their
disintegrations (Fig. 1.6). This process however was detected earlier when using Er:-YAG

irradiation.



The difference in the plume dynamics for the two lasers was attributed to energy
confinement. Menzel et al '®'' determined that formation of ions took place ~ 300 ns
after Er: YAG laser irradiation even when the pulse durations were 6, 100 and 185 nsec,
respectively. They also found that this time scale is shorter than that found for material
ejection (~100 ps). In addition, identical mass spectra of typical peptides and proteins
were obtained whether using 6 nsec OPO laser pulses and or a 100 nsec Er:YAG laser. It
was concluded therefore, that ion generation occurs early on in the plume evolution
where the differences between the OPO and Er:YAG laser-induced plumes are not yet
pronounced.

Similar experiments were carried out on a nitrobenzyl alcohol liquid matrix using
a UV laser operating at 266 nm''. The results from UV-MALDI are similar as those
obtained by IR-MALDI, except that the time course of material ejection is shorter
compared to the IR-MALDI, because the IR laser photons penetrate deeper into the
sample.

It is believed that even though these imaging experiments were conducted on

liquid samples, they still reflect the situation for crystalline solid samples''.

1.2.3.3. Ionization

The mechanisms which lead to the formation of matrix and analyte ions in the
MALDI process are even less well understood than the desorption process. Two major
models have been developed to explain UV-MALDI ionization: the energy pooling
model'> !* and the cluster model or “lucky survivor” model'. Although both models

invoke a two-step framework, their first steps are quite different.



(1) Energy pooling model

In this model * % 13 15 the first primary ionization step (matrix ion generation)
takes place during or shortly after laser desorption. Secondary ionization reactions, that
is, ion-molecule reactions then occur in the ensuing plume. The separation of primary and
secondary ion generation takes into account the different time scales involved. The time
scale for the deposition of laéer energy into the matrix is short, on the order of the laser
pulse duration; typically < 10 nsec if using the 337 nm UV output of a N laser or the 355
nm of a frequency-tripled Nd:YAG laser. Conversely, the time required for the plume to
expand from its initial high density_ small volume gaseous state to a collision-free low
density plume is much longer, on the order of microseconds '°. Secondary ion-molecule
reactions will take place as long as there are collisions. Most importantly, the gas-phase
matrix molecules become electronically excited which enhances the cross section of the
secondary reactions. A schematic illustration of the time scales in MALDI is shown in

Fig.1.7*



Figure 1.7: The red curve is a plot of the relative density of the MALDI plume to that of a
gas at latm, as a function of time. The blue curve in the inset represents the time profile
of a typical UV laser pulse, while the green curve shows the evolution of the matrix
excited state population as a function of time. The dashed line (a) is the time profile for
the plume expansion while the full line (b) is the time profile for desorption, (from ref.4)
Primary ionization:

There is general agreement that a UV-MALDI matrix absorbs UV-light
efficiently. It is also highly probable that the high intensity of the laser beam used in
MALDI can cause the matrix to undergo a two-photon absorption. A two-photon
absorption corresponds to the process where two photons are simultaneously absorbed by
a ground state matrix molecule in S0 (subject to quantum mechanical selection rules) to

an excited state Si. Typically, two-photon absorption using a N2 laser (7.4 eV) or a

Nd:YAG laser (7 eV) will not directly ionize a free matrix molecule ' since the

10



ionization potentials (IPs) of nearly all MALDI matrices lie > 9 eV. The IPs of matrix
clusters, while usually lower than those of the isolated matrix molecule’®, are also usually
too high for direct two-photon ionization '’. Generally, 3 or more UV photons are needed
to generate a matrix ion. lonization is therefore attributed to an energy pooling
mechanism.

Energy pooling takes place when two neighboring atoms or molecular entities,
both in an excited electronic state (S;), interact to produce one atom or molecular entity
in a higher excited electronic state (S,) and the other in its ground electronic state (So).
This model assumes that monomer ionization will take place in the solid by sequential

pooling events. A schematic of energy pooling is shown in Fig. 1.8.

Ion — —— — — — _!_

S, ——— —_— ® _

n

, 8 @
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S, — — @ - . e

Figure 1.8: A schematic showing the mechanism of energy pooling. An S;+S; pooling
event is not expected to generate ions, but S;+S, pooling is energetically sufficient for
primary ionization.

This model neglects S,+S, pooling as a means of generating ions because S, populations

are expected to be very small. Evidence exists in the literature for S;+S;'°, and $;+S,

pooling20 .
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In summary, the mechanism of primary ion generation by S;+S; pooling and
S,+S;, pooling can be respectively expressed by reactions (1) and (2):

DM *(S)+M*(S)) = M(S,)+ M**(S,)
Q)M **(S,)+ M *(S,) > M ™ (ion)+ M(S,)

Analyte ions are created in the expanding plume via secondary reactions
involving the matrix and the analyte. Typical ionization reactions include proton transfer,
electron transfer, and cation transfer. Several types of matrix ions are expected to be
present in the plume including [M+H]", [M-H] and [M+Na]" which are generated after

the M™ primary ions are formed.

Secondary reaction:

Denoting the analyte as A, the dominant secondary reactions can be written as:
1. Proton transfer reactions: MH + A = M+ AH and [M-H] + A = M+ [A-HJ
2. Electron transfer reactions: M +A = M+A " and M +A = M+A’
3. Cation transfer: reactions such as MNa' + A = M + ANa
The importance of secondary reactions was proven by the observation of a Matrix

Suppression Effect (MSE) 21 where the matrix ion signals were completely suppressed

through these reactions provided enough analyte was present in a MALDI sample

(Fig.1.9).
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Figure 1.9: Matrix Suppression Effect in the UV-MALDI spectra of a peptide P in the
matrix 2,5-dihydroxybenzoic acid (DHB). At a higher analyte concentration (mixing

ratio; that is, the matrix to analyze mole ratio = 100), all the low-mass matrix signals have
been suppressed through secondary reactions with the analyte (from ref. 21).

One characteristic of MALDI MS is that the spectra are dominated by singly
charged species. In the energy pooling model highly charged small to medium sized ions
formed in secondary ionization reactions can always be reduced to the +1 state by

reaction with the neutral matrix. However, as the analyte becomes larger, the charges can
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be sufficiently separated and behave more or less independently. In these cases, multiply

charged ions can be detected in MALDI 2.

(2) Cluster or “lucky survivor” model

In this model'* photoionization of individual gas-phase matrix neutrals is
considered to be very unlikely because it requires more than two photons. However, it is
assumed that energy pooling will take place more easily in a matrix cluster composed of
a high number of excited molecules. Therefore, in the cluster model, the analyte ions and
some matrix ions are conéidered to be largely preformed in the solid solution, and the
matrix molecules are mainly vieWed as a desorption vehicle. During laser irradiation,
desorption takes place due to strong photoabsorption by the matrix molecules. Preformed
ions surrounded by matrix molecules are desorbed as clusters from the initial solid
material. In the plume, the initial singly and multiply charged analyte ions can be
liberated from clusters through desolvation of matrix molecules. On the other hand, if the
gas—phase analyte is neutral, charges may be transferred to the analyte via secondary
reactions, such as proton and cation transfer, etc.

As noted above, experimental results indicate that singly charged ions are the
majority species in the plume. In the cluster model, multiply charged ions in the plume
generated by UV-MALDI are believed to undergo extensive neutralization mostly by
electrons stemming from matrix photoionization resulting from energy pooling in the
matrix clusters. In IR-MALDI, strong material ablation is thought to result in low-charge
states and neutral clusters. The singly charged ions that are detected can then be viewed

as “lucky survivors”. A sketch of cluster model is shown in Fig. 1.10.
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The main direct evidence for this mechanism was the preparation of MALDI
samples with pH sensor dyes as analytes, from solutions of different pH. The color
change of those pH sensor dyes in dried sample directly indicated their (de) protonation

state. There the MALDI signal intensities changed with differing pH sensor analytes®.

‘‘‘‘‘

AH + y(m) + z(mH")
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\ AH,™ + x(m)
R AH O ~  AH"+ x(m)

Ablation, Ciusters in
expansion malrix gas

Figure 1.10: Sketch of the major processes proposed in the cluster model of MALDI
ionization (modified from ref. 4). m = matrix, A = analyte, R* = generic counter ion.
AHn"™ and AH" stand for preformed ions. 1. Intra-cluster charge transfer from the matrix
to the analyte; 2. Electron neutralization; 3. Desolvation through which excited clusters
containing excess energy absorbed by the matrix in solid phase, “evaporate” surrounding
matrix molecules into gas phase; clusters having less/more excess energy undergo
soft/hard desolvation.

(3) A comparison of the models

In summary, the primary matrix ions formed in the energy pooling model are
believed to be created by laser photoionization, while in the cluster model the initial ions
including analyte and matrix ions are liberated upon laser irradiation. While both models
agree that secondary ion-molecule reactions take place, this is believed to be the main
mechanism of analyte ionization in the energy pooling scheme. In other words, the

energy pooling model assumes that nearly all the analyte ions are created by ion-
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molecule secondary reactions, even if a few preformed analyte ions exist initially in the
solid matrix.

Conversely, the cluster model accepts that some neutral analyte molecules may be
ionized by secondary ion-molecule reactions, but this is not the only ionization pathway.
Instead, a large number of analyte ions are already preformed in the solid matrix.
Therefore the main on-going debate concerns the origin of the the majority of analyte
ions. Although the MALDI mechanism remains controversial, these two major models
have formed the foundation of many fundamental studies probing this question.
Regardless of how analyte ions are formed, the ratio of ions to neutrals in the MALDI
plume is very low, between 10 and 107 2. Fortunately, MS is very sensitive and so
MALDI MS has become a standard analysis technigue in many fields including
chemistry, biochemistry, and the pharmaceutical industry. MALDI mass spectrometer

sales are in the muti-million dollar range per year.

1.2.4. Conventional laser wavelengths and matrices used in MALDI MS

1.2.4.1. Lasers

A variety of gas and solid-state lasers have been successfully used for MALDI-
MS. Pulsed lasers for MALDI are essential because the energy necessary for desorption
and ionization must be transferred to the matrix in a time shorter than that required for
thermal diffusion. The method is called UV-MALDI or IR-MALDI if an ultraviolet

(UV) laser or infrared (IR) laser is used, respectively. The most common UV laser used
for MALDI is the Ny laser having an output at A = 337 nm. Frequency tripled and

quadrupled Nd: YAG lasers (A = 355 nm or 266 nm, respectively) have also been used.
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Er: YAG (A = 2,940 nm) and CO; (A = 10,600 nm) are the most common lasers used for
IR-MALDL
Interestingly, the MALDI mass spectra obtained using UV and IR lasers are

essentially identical'® ** %

, even though the former involves exciting electronic
transitions while the latter pumps vibrational modes of the matrix. This has prompted
many to suggest that the final ions detected in both cases arise from common secondary
ion-molecule reactions.

IR-MALDI has been shown to generate less fragment ions than UV-MALDI in
the analysis of fragile biological macromolecules such as DNA and RNA®, because the
energy of an IR photon is much smaller than that of a UV photon. Consequently, IR-
MALDI is generally regarded as a softer desorption method. Since IR excitation excites
vibrational motions, IR-MALDI can apply a wider array of possible matrix compounds,
including liquids. Liquid matrices are attractive because they can mimic the physiological
environment of a bio-analyte. Moreover, liquid matrices can be exhibit better sample
homogeneity and yield more reproducible results, even though they are less sensitive than
solid matrices?”. On the other hand IR-MALDI is not as sensitive as UV-MALDI,
although the ions it generates are a bit “cooler”; that is, they have lower internal energies.

UV-MALDI setups are more common than those working with IR sources

because they are easier to operate and the UV lasers are relatively cheaper.

1.2.4.2. Matrices

MALDI matrices can be divided into two groups; those which are effective for
UV-MALDI and the others which readily absorb light from the common IR lasers.

Currently most UV-MALDI matrices are chosen from a relatively small number of
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established compounds such as benzoic or cinnamic acid derivatives. An example of the
former is 2,5-Dihydroxybenzoic acid (DHB)*®, and of the latter, 3-methoxy-4-
hydroxycinnamic acid, 3,5-dimethoxy-4-hydroxycinnamic acid (sinapic acid)®’, and a-
cyano-4-hydroxycinnamic acid (CHCA)*. The feature in common with these compounds
is that each one has an aromatic ring.

Compounds such as urea, carboxylic acids, alcohols and even water have been
used as IR matrices. One widely used IR-MALDI matrix is glycerol 253",

In general, an effective matrix is believed to have some essential functions.

First it must separate analyte molecules by dilution to prevent analyte aggregation during
sample preparation. Second, the matrix must absorb the laser energy by either electronic
excitation in UV-MALDI or by vibrational excitation in IR-MALDI. Third, matrix
desorption must take place by rapid sublimation without fragmenting the embedded
analyte molecules. Although the matrix must sublime rapidly upon laser irradiation, it
should also sublime very slowly at room temperature and in the vacuum system without
laser irradiation. Fourth, it is considered very important that matrix can serve as a proton
donor or receptor to ionize the analyte. Lastly, the compound should be chemically inert
to the analyte and solvent used during sample preparation.

Even if a compound meets all these requirements, there is no guarantee that it will
be a good matrix, because it may not lead to effective MALDI ionization. For this reason

most matrices must be empirically examined. Although numerous matrix candidates

have been tested, only a few are commercially available.
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1.2.5. Research goals of this thesis

Numerous MALDI studies using UV and IR lasers have been carried out since the
MALDI was first developed in 1987 . However, relatively few studies have been carried
out using visible lasers (400 nm - 750 nm) and visible laser absorbing matrix molecules.
MALDI MS using visible wavelength lasers is expected to have some advantages. For
example, many macromolecules of interest have UV light absorbing chromophores but
remain transparent at visible wavelengths. They would be expected to be more stable
against fragmentation using visible-MALDI MSv‘"‘z’ 33 Furthermore, coherent radiation in
the green portion of the visible spectrum at 532 nm can be easily generated by frequency
doubling the IR output of a Nd:YAG laser. Nd: YAG lasers are commercially available
solid state devices which are relatively inexpensive, have intense outputs, and can be
operated for many years, compared to the most common laser used in UV-MALDI: the
N, gas laser.

Despite these potential advantages, visible-MALDI has not been extensively
explored. Early studies were published on the potential of Rhodamine B, Rhodamine 6 G
3334 Neutral Red ** and 2-amino-3-nitrophenol which were regularly used as UV-
matrices *® as possible matrices for visible MALDI More recently, Au-assisted visible
Jaser MALDI has emerged *” as a new analysis technique. There. an analyte-doped UV-
absorbing MALDI matrix was coated by a thin film of Au. It was found that after a few
initial higher fluence laser shots, analyte and matrix-related ions could be created at even
lower laser fluences. This suggested the photo-excitation and ionization of matrix
molecules by the visible laser are probably assisted by the gold nanoparticles and

nanostructures formed by the higher energy pulses. The key problem for visible-MALDI

19



is that good matrices that work using 532 nm sources have not yet been found. Our group
studied visible-MALDI using Coumarin laser dyes as MALDI matrices using the 480 nm
output of an optical parametric oscillator®®. OPOs however are not considered to be
convenient light sources because they are expensive.

Laser dyes (organic molecules used in dye laser operation) are natural candidates
as visible-MALDI matrices because they absorb visible light with extremely high
efficiency. They can also serve as a laser absorber in a binary matrix, where two
molecular components fulfill different functions in the MALDI mechanism®*. There are
several commerically available laser dye families that cover the entire spectral region
from UV to near-IR. The research in this thesis is focused on those dyes which can
absorb radiation at 532 nm. To this end, several pyrromethene dyes and Rhodamine
derivatives were studied for the first time to assess their viability as matrices for visible-

MALDL
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Chapter 2: Experimental and Chemical details

2.1. Overview

After preparation, each sample was introduced into the MALDI quadrupole mass
spectrometer (MS). The sample probe was rotated at an angular frequency of 0.05
revolutions per second. Consequently, because the laser beam focus was spatially fixed, a
typical scan left an observable ablation ring on the sample surface. The area covered by
the ablation ring could be measured and used to calculate the average amount of analyte
consumed by the laser shots. Quantitative measurements were made by consuming all the
sample material within the ablation ring. MALDI ions were generated using the 532 nm

output of a frequency-doubled Nd: YAG laser, and detected after the triple quadrupole

with a channeltron detector.

) 532 nm Nd: YAG laser
1 2

452‘-SM .
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1. N2 cooling gas
2. N2 focusing gas

Figure 2.1: Schematic of the experimental apparatus used to obtain MALDI mass spectra
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2.2. Experimental details

1. Sample preparation

Figure 2.2: Sample preparation. 1. Hair dryer; 2.
Liquid sample; 3. Sample probe

9 cm In this project, samples were prepared using the
standard Dried Droplet method . Matrix (the proton
donor) and analyte solution were premixed in small
plastic vials. The combined solution was then
transferred onto a sample probe tip using a

micropipette and quickly dried using heat from a hair dryer

maintained at a fixed position over the sample probe

2. Mass Spectrometer

Briefly, the MALDI mass spectrometer was built by replacing the front end of an
Applied Biosystems/MDS Sciex API-365 LC/MS/MS triple quadrupole (QqQ) mass
spectrometer originally configured for electrospray ionization (ESI) with a home-made
MALDI ion source. In this work, mass spectra were obtained by scanning the first
quadrupole (Qi) across the mass range of 30 to -2200 Da, averaged over multiple laser
shots. MALDI ions were detected with a channeltron electron multiplier (Burle
Industries). The remaining quadrupoles: Q0, Q2 and Q3 served as ion bridges to transmit

the ions through the mass analyzer QI and onto the detector. During these experiments,
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the pressure of N; gas, set to 10 mTorr, was divided into two gas flows. One was
introduced into the ion source to cool the ions, and the other into Qq, to help focus the
ions within the spectrometer. Empirically, analyte dimer peaks were found to increase in
intensity with increasing N, gas pressure, while fragmentation peaks decreased. The
optimum N gas pressure had to be established independently for each analyte. Although
the mass range of a quadrupole instrument is smaller than that of a time-of-flight (TOF)
mass spectrometer, the former has the advantage of allowing only the ions of interest to

be transmitted for detection, thereby limiting matrix signal interferences.

3. The visible laser operating at 532 nm

In this work a 532 nm laser operating at a 10 Hz repetition rate was generated by
frequency doubling the output of a Q-switched Nd: YAG laser (Quanta-Ray GCR-4; A =
1064 nm) in a potassium dideuterium phosphate (KDP) nonlinear crystal. The 532 nm
laser beam was introduced into a 100 um diameter optical fiber using a 5 cm focal length
lens and directed towards the MALDI sample at the front end of the mass spectrometer.
The radiation was focused onto the rotating sample surface of ~0.01 mm? by two parallel
f =10 cm lenses. The typical laser intensity at the output of the optical fiber of ~17 ul/s
was controlled by a half-wave plate and polarizer combination, and measured with a

power meter (Ophir Electronics, model NOVA).

2.3. Chemical details

2.3.1. Matrix candidates

There are several commerically available laser dye families that covering the

entire spectral region from UV to near-IR. The research in this thesis is focused on those
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dyes which can absorb radiation at 532 nm. Pyrromethene and Rhodamine laser dyes
meet this requirement, and therefore were chosen for exploration as potential matrix

candidates.

1. Pyrromethene 567 (PM 567)*
Chemical name: 1,3,5,7,8-pentamethyl-2,6-diethylpyrromethene-difluoroborate.
Chemical formula: C,3H,5sN,BF>

Molecular weight: 318.22 amu.
A2% =518 nm in ethanol and 516 nm in methanol

Chemical structure:

Figure 2.3: Chemical structure of PM 567
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2. Pyrromethene 597 (PM 597) *!

Chemical name: 1,3,5,7,8-pentamethyl-2,6-di-t-butylpyrromethene-difluoroborate.
Chemical formula: C,,H33N,BF;

Molecular weight: 374.32 amu.
A% =544 nm in ethanol and 523 nm in methanol.

Chemical structure:

Figure 2.4: Chemical structure of PM 597

3. Rhodamine 610 (Rhodamine B) **
Chemical name: N-[9-(2-carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidine]-N-
ethyl-ethanaminium chloride or perchlorate or tetrafluoroborate

Chemical formulas and molecular weights:

C23H31N203.C1 (MWI 479.02 amu)
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C28H31N203.C104 (MW 543.02 amu)

C23H31N203.BF4 (MW 530.38 amu)
A% =552 nm in ethanol and 544 nm in methanol

Chemical structure:

(HsC>)oN O N(C2Hs)2
)@

COOH

X =CI or BF, or ClO4

Figure 2.5: Chemical structure of R610

4. Rhodamine 590 (R6G) *

Chemical name: 2-[6-(ethylamino)-3-(ethylimino)-2,7-dimethyl-3H-xanthen-9-yl]-
benzoic acid, ethyl ester, chloride or tetrafluoroborate or perchlorate

Chemical formulas and molecular weights:

C,sH31N,03.C1 (MW: 479.02 amu)

C,3H31N,0;.C104 (MW: 543.02 amu)

C23H31N203.BF4 (MW: 530.38 amu)

A2 =530 nm in ethanol.
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Chemical structure:

HsC,HN 0 "NHC,Hs X~

X =CI or BF4 or Cl1O4

Figure 2.6: Chemical structure of R6G

5. Rhodamine 575 (R575) *

Chemical name: 2-[6-(ethylamino)-3-(ethylimino)-2,7-dimethyl-3H-xanthen-9-yl]-
benzoic acid.

Chemical formula: CysHy¢N2O5

Molecular weight: 414.49 amu
A% =518 nm in ethanol and methanol

Chemical structure:
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HsCoHN 0 "NHC,Hs
HaC = ‘ CH,

COO-

Figure 2.7: Chemical structure of R575

All laser dyes shown above were purchased from Exciton and made into solutions
without further purification. Exciton indicated that ’their R575 was 99% pure, and R610
and , R6G were 97-98% pure. The main impurities in R575 were expected to be trace
amounts of R590, R610 and NaOH.

PM laser dyes were dissolved in a mixture of 100% ethanol and cyclohexane (1:1
in volume ratio) to make 2 mM solutions. Each Rhodamine dye was dissolved in 100%
ethanol to make 2 mM solutions. All solutions were used within one month after
preparation, and alkali metal ion contamination was minimized by storing the dye laser

solutions in plastic vials.

2.3.2. Analytes

Several analytes were used to test the utility of the selected dyes as MALDI
matrix candidates, including Dalargin, Bradykinin, Bentazon, Erythromycin and
Lovastatin. Each analyte except Bentazon was dissolved in a mixture of acetonitrile and
deionized water (30:70 or 70:30 (v/v)), for better solubility and rate of evaporation.

Bentazone was dissolved in neat ethanol.
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1. Dalargin
Chemical formula: C35Hs5;N¢Og
Molecular weight: 725.83 amu

Chemical structure:

OH iHs
0 0 \CHg 0
T D e
O CH3 O / > NH
CL,

Figure 2.8: Chemical structure of Dalargin

Dalargin, a hexapeptide contains both a weakly acidic (pKa = 3.55+0.21)* and a
strongly basic (pKa = 13.55+0.70) ** functional group. This means that this analyte
should be readily detected either as a protonated species in positive ion mode or as a
deprotonated species in negative ion mode.

2. Bradykinin

Chemical formula: CsoH73N1501;

Molecular weight: 1060.21 amu

Chemical structure:
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Figure 2.9: Chemical structure of the nonapeptide Bradykinin

3. Bentazone
Chemical formula: C;oH;2N,05S
Molecular weight: 240.28 amu

Chemical structure:

NN
S:O

[ CH 3 Figure 2.10: Chemical structure of Bentazone
N. 7
CH
I
CHj
Bentazone is acidic with a pKa value of 3.3 *°, If the matrix is basic, it should be

detected as a deprotonated ion in negative ion mode.
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4. Erythromycin
Chemical formula: C37H67N013
Molecular weight: 733.93 amu

Chemical structure:

o OH

Figure 2.11: Chemical structure of Erythromycin

5. Lovastatin
Chemical formula: C,4H3605
Molecular weight: 404.54 amu

Chemical structure:
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Figure 2.12: Chemical structure of Lovastatin

Erythromycin and Lovastatin have no obvious acidic or basic functional groups. In

these cases, it is expected that the only way to ionize them is by cationization using alkali

impurities or cation additives.
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Chapter 3:Pyrromethene laser dyes as matrix
candidates

3.1. Overview

Pyrromethene (PM) dyes strongly absorb 532 nm light and can be used as gain
media for dye lasers under 532 nm pumping. The basic structure of a PM dye consists of
two pyrrole units linked by methylene (shown in Fig 3.1d) and BF; groups, as shown in
Fig. 3.1*”. Two structurally similar PM dyes, PM567and PM597 were chosen for
examination as possible matrices. The chemical structures of PM567 and 597 are shown

in Chapter 2, Figs. 2.3 and 2.4, respectively.

Figure 3.1: Resonance structures of the PM chromophore.
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The initial motivation to try PM dyes as matrix candidates was that some of them
are moderately good electron donors*®. If this is indeed the case, then one might expect to

observe negatively charged analytes by MALDI mass spectrometry.

3.2. Results and peak assignments

1. Sample 1: PMS67 + Dalargin

The sample containing PM567 as the matrix and Dalargin (Dal) as the analyte in a
molar ratio of 12:1 was tested. This molar ratio was used to initially test potential matrix
candidates. Under such large analyte loadings, the analyte signal would be expected to be
intense due to matrix suppression effect (MSE) ? if the matrix candidate is promising. In
such cases, the molar ratio of matrix to analyte would then be increased in subsequent
experiments to observe the level of chemical noise caused by the matrix compound. The
resultant MALDI mass spectra in positive and negative ion mode obtained using PM567
are shown in Figs. 3.2 and 3.3, respectively. Peak assignments of some of the features

due to PM567 in positive ion mode are given in Fig. 3.4.
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Figure 3.2: Positive ion mode MALDI mass spectrum of PM 567+Dalargin (12:1 in

molar ratio). The inset is a close-up the MALDI mass spectrum in the mass region
corresponding to the analyte.
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Figure 3.3: Negative ion mode MALDI mass spectrum of PM 567+Dalargin (12:1 in

molar ratio). The inset is a close-up the MALDI mass spectrum in the mass region
corresponding to the analyte.
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Figure 3.4: Tentative peak assignments of some of the low molecular weight features due
to PM567 in the MALDI mass spectrum taken in positive ion mode.
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2. Sample 2: PMS97 + Dalargin

The sample containing PM597 as the matrix and Dal as the analyte in a molar
ratio of 12:1 was tested. The resultant MALDI mass spectra taken in positive and
negative ion mode are shown in Figs. 3.5 and 3.6, respectively. Peak assignments of
some of the lower molecular weight features due to PM597 in positive ion mode are

given in Fig. 3.7.
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Figure 3.5: Positive ion mode MALDI mass spectrum of PM 597+Dalargin (molar ratio =
12:1). The inset is a close-up the MALDI mass spectrum in the mass region
corresponding to the analyte.
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Figure 3.6: Negative ion mode MALDI mass spectrum of PM 567+Dalargin (molar ratio
=12:1). An extremely weak signal of [Dal-H] only (not shown) could be observed.
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Figure 3.7: Tentative peak assignments of some of the low molecular weight features due
to PM597 in the MALDI mass spectrum taken in positive ion mode.
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3.3. Discussion

1. Dalargin Ionization

MALDI mass spectra in positive ion mode of samples prepared using PM 567 and
597 as the matrices exhibit signals due to [Dal+H]', [Dal+Na]" and [Dal-H+2Na]".
Sodium adduct formation is attributed to sodium impurities found in all glassware. The
dye manufacturer, Exciton, was consulted on this matter. They stated that their syntheses
of PM567 and PM597 do not involve the use of sodium salts, but that the compounds
were in contact with standard glassware. The Dalargin solutions prepared in the lab could
also have been contaminated with sodium salts by using glassware prior to being
transferred into plastic vials. The presence of MALDI signals due to [Dal+H]" and [Dal-
H+2Na]" show that both PM567 and PM597 can act as proton donor and acceptor.

Contrary to initial expectations, negative parent ion signals of Dalargin (Dal™)
were not found in negative ion mode, while extremely weak signals of [Dal-H]" were.
The weak signal intensity of [Dal-H] is attributed to sodium addition reactions which
yield the [Dal-H+2Na]" signal readily observed in positive ion mode.
2. Mechanism of ionization of PM567 and 597

The mass spectra shown in Figs. 3.4 and 3.7 show that both PM567 and PM597
undergo extensive fragmentation under 532 nm laser irradiation. One possible reason for
this is that PM dyes are known to be photolytically unstable >": 2, Therefore the chemical
fragments may originate from the decomposition of excited state PM 567 and 597 in the

MALDI plume.
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3. Mechanism of ionization of Dalargin
As observed, PM567 and PM597 do protonate and deprotonate Dalargin.
However, it may be that some acidic or basic fragment ions generated from the PM dyes

also serve as proton donors or acceptors.

3.4. Conclusions

Although samples containing PM567 or PM597 as matrices and Dalargin as the
analyte do yield MALDI ion signals in both positive and negative ion mode, both dyes
undergo extensive fragmentation. This will limit their utility for detecting low molecular
weight drug analytes. As important, the MALDI ion signals were not particularly intense
even though a high concentration of Dalargin was used (ImM). It can therefore be
concluded that pyrromethene dyes are not promising matrix candidates for visible-

MALDI using 532 nm lasers.
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Chapter 4: Rhodamine 610 dyes as matrix candidates

4.1. Overview >

Many laser dyes used today belong to the class of compounds known as
xanthenes whose chromophore structure shown in Fig. 4.1a. Rhodamine dyes, whose

chromophore structure is shown in Fig. 4.1 b, are derived from the xanthene family.

O

2]

-
~

Figure 4.1: Structure of the a) xanthene and b) Rhodamine chromophores.

Rhodamine dyes strongly absorb 532 nm light. For example, Rhodamine 6G

(R6G) , one of the most common laser dyes in use today. The UV-visible absorption
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spectrum of a solution of R6G (structure given in Fig. 2.6), is shown in Fig. 4.2. The peak
of the strongest absorption band of a Rhodamine dye is determined mainly by the
aromatic ring structure. The Y substituent shown in Fig. 4.1b is not part of the n-system

and therefore has only a minor influence on the absorption spectrum.

14
1.2

1.0

0.8

llll"‘rllll'l"lll‘l
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wavelength (nm)

Figure 4.2: UV-visible absorption spectrum of a solution of 0.012mM Rhodamine 6G in
ethanol; A% =530nm.

Our initial motivation to use Rhodamine 610 dyes (also known as Rhodamine B)
as matrix candidates is not only due to its strong absorption at 532 nm, but also because
the compound has a carboxyphenyl substituent, Y = CcH4COOH which could be a good

proton donor.

45



The chemical structure of neutral Rhodamine 610 is shown in Fig. 4.3%. Three
R610 laser dyes were tested which differ only by the anion making up the salt. They are
R610.Cl, R610.C104 and R610.BF4, whose chemical formula, molecular weights and
chemical structures are given as part of Fig. 2.5. The mass to charge ratio, m/z of the
cation was calculated by the Isotope Distribution Calculator v. 0.3 (Michael J. MacCoss,
University of Washington) to be m/z = 443.23. The cation has an acidic carboxylic acid

group which is expected to be a good proton donor.

(H5C2)oN N(C2Hs)2

Figure 4.3: Chemical structure of neutral Rhodamine 610 (C,5H30N203)

4.2. R610.ClO,4 as a matrix candidate

4.2.1. Results and peak assignments **>°

The MALDI mass spectra of R610.Cl10s without any co-deposited analyte
(sample 1) obtained in this work are shown in Fig. 4.4. The base (strongest) peak in the

mass spectrum taken in positive ion mode detection, (Fig. 4.4 a), is a feature at m/z =
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433.21 which is attributed to R610 cation: C,sH3;N,O3" . Two isotopic bands could also
be assigned. There are many other signals which have not yet been identified but are
probably due to chemical fragments. The base peak in the MALDI spectrum recorded in
negative ion mode, (Fig. 4.4b) at m/z = 98.89 is assigned to Cl1Oy".

A MALDI mass spectrum taken in positive ion mode of a sample containing
R610.Cl0O4 as the matrix and Dalargin as the analyte in a molar ratio of 5:1 (sample 2) is
shown in Fig. 4.5. Although this molar ratio is small it was found to give the best results
as shown in Fig. 4.6. Although the absolute signal strength of [Dal+H]" at m/z = 726
looks very strong, the signal-to-noise ratio is not particularly good due to background
chemical noise. The MALDI mass spectrum of sample 2 taken in negative ion mode is

not shown because no signals due [Dal-H]” were found.
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Figure 4.4: MALDI mass spectra of R610.C104 without any analyte in a) positive ion
mode and b) negative ion mode. The inset in a) is a blowup of the MALDI signal in the
mass region corresponding to the cation of R610. The inset in b) is a blowup of the

44321C_H,NO,'

- 28 31 273

IR A I A A A R A

i

T I
-~
——
——

-T

0 100 200 300 400 500 600 700 800 900
m/z

- 98.89 CIO,

M s 9 e 101 192 103 164 108

o 100 200 300 400 500 600 700 800 900
m/z

MALDI signal corresponding to ClO4".

48



m/z = 726.44 ([Dal+H]")
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Figure 4.5: MALDI mass spectrum taken in positive ion mode of a sample containing
R610.C104 and Dalargin in a molar ratio = 5:1. The inset is a blowup of the mass region
corresponding to protonated Dalargin.
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The molar ratio of R610.C104: Dalargin = 2011
13.3:1

Figure 4.6: A series of MALDI mass spectra taken in positive ion mode in the vicinity of
the protonated Dalargin signal at m/z =726 for different molar ratios of R610.C104 :
Dalargin. The spectrum with the best signal-to-noise ratio is highlighted with a thick
black line.

4.2.2. Discussion

R610.C104 has proton donating capability, and therefore produces a very intense
signal of [Dal+H]+ when used as a visible MALDI matrix. However, it also generates a

significant amount of chemical noise presumably due to fragmentation reactions. It is still
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not clear if excited R610.C104, C2sH3;N,05" or the generated chemical fragments are the
proton donors, or if more than one species actually contribute to the [Dal+H]" signal.
Interestingly, signals due to [Dal+Na]" were not observed in Fig. 4.5 which suggests that

R610.ClO4 has a stronger sodium affinity than Dalargin.

4.3. R610.BF as a matrix candidate

4.3.1. Results and peak assignments **°

The MALDI mass spectra of R610.BF4 without any co-deposited analyte (sample
3) are shown in Fig. 4.7. The base peak of the mass spectrum taken in positive ion mode
(Fig. 4.7a) is assigned to the cation of R610: C,gH31N,03°. Many other unassigned peaks
are observed which are attributed to chemical fragments. There are three peaks in the
MALDI spectrum taken in negative ion mode (Fig. 4.7 b). One is readily assigned to
BF4 anion, while the other two are unknown.

The MALDI mass spectrum taken in positive ion mode of a sample containing
R610.BF4 as the matrix and Dalargin as the analyte in a molar ratio is 5:1 (sample 4) is
shown in Fig. 4.8. Three features are observed in the mass range between 700 and 800
which can be assigned to [Dal+H]", [Dal+Na]* and [Dal-H+2Na]". The presence of a
signal due to [Dal-H+2Na]" suggests the matrix or a fragment of the matrix has some

proton-accepting capability.
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4.3.2. Discussion

R610.BF, as a visible MALDI matrix not only has proton-donating ability, producing the
signal of [Dal+H]", but also weak proton-accepting ability as evidenced by the signal due

to [Dal-H+2Na]".
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Figure 4.7: MALDI mass spectra of R610.BF, without any co-deposited analyte in a)
positive ion mode and b) negative ion mode. Peak 1 is attributed to BF,", while peaks 2
and 3 remain unassigned. The inset in b) is a blowup of the MALDI spectrum in the
mass region corresponding to BFy'.
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Figure 4.8: MALDI mass spectrum of the sample containing R610.BF4 and Dalargin in a
molar ratio of 5:1, taken in positive ion mode. The inset is a blowup of the mass region
corresponding to [Dal+ H]*, [Dal+ Na]’, and [Dal-H+2Na]".
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4.4. R610.Cl as a matrix candidate

4.4.1. Results and peak assignments **°

MALDI mass spectra of a sample of R610.C] without any co-deposited analyte
(sample 5), are shown in Fig. 4.9. The mass spectrum taken in positive ion mode,
Fig.4.9a, is remarkably clean. The only feature at m/z = 443.21 is due to the cation of
R610: CysH3N,0;". The mass spectrum taken in negative ion mode, Fig.4.9b, contains
some lower molecular mass peaks. From the patterns of isotopic features in the
enlargement, the base peak is very likely the C;H,NOCI;" anion whose chemical structure
remains unknown.

The MALDI mass spectrum taken in positive ion mode of a sample containing
R610.Cl and Dalargin in a molar ratio of 5:1 (sample 6), is shown in Fig. 4.10. Three
features are found in the m/z region between 700 and 800 which are readily assigned to
[Dal+H]", [Dal+Na]" and [Dal-H+2Na]*. The signal of [Dal-H+2Na]* suggests that a

chemical fragment derived from R610 could be basic, having proton-accepting capability.

4.4.2. Discussion

Of all the R610 salts R610.Cl produces the cleanest mass spectrum in positive ion
mode. This results indicates that the chloride species may be a useful visible- MALDI
matrix for analyzing small molecular weight compounds. The presence of a [Dal-

H+2Na]" signal suggests that a fragment of R610 generated from R610.C] can act as a

proton acceptor.
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Figure 4.9: MALDI mass spectra of R610.Cl without any co-deposited analyte in a)
positive ion mode and b) negative ion mode detection. The inset in a) is a blowup of the
mass region corresponding to protonated R610. The inset in b) is a blowup of the mass
region corresponding to the C;H,NOCI;™ anion.
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Figure 4.10: MALDI mass spectrum taken in positive ion mode of a sample containing
R610.Cl and Dalargin in a molar ratio of 5:1. The inset is a blowup of the mass region
corresponding to [Dal+ H]*, [Dal+ Na]’, and [Dal-H+2Na]".
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4.5. A comparison of R610.C10,4, R610.Cl] and R610.BF,

Results

R610.C104, R610.C]l and R610.BF; samples containing equal amounts of the
analyte Dalargin in a molar ratio of matrix: analyte of 500:1, were tested under identical
experimental conditions of concentration, sample preparation and laser power. The

results are shown in Fig. 4.11.
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Figure 4.11: Visible-MALDI mass spectra near m/z =726.21 of samples containing
matrix: analyte molar ratio of 500:1. a) R610.ClO4 + Dalargin, b) R610.Cl + Dalargin
and c¢) R610.BF, + Dalargin.

Fig. 4.11a shows the protonated Dalargin signal is strongly overlapped by

chemical noise when using R610.C10,. This is not too surprising given that the overview
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spectrum shows that this salt undergoes extensive fragmentation under 532 nm laser
irradiation. Conversely, the cleanest signal of Dalargin (Fig. 4.11b) is obtained using
R610.Cl as the matrix, which does not undergo extensive fragmentation under 532 nm
irradiation. The signal of Dalargin (Fig. 4.11c) is clearly discernible when using
R610.BFs as the matrix, producing fewer fragments than R610.C104 but more than
R610.Cl under identical experimental conditions
Conclusions

These experiments show that R610.Cl is a relatively “clean” matrix compared to
other two, exhibiting significantly less fragmentation under 532 nm irradiation. This does
not mean however that R610.Cl104 and R610.BF, could not be useful as visible MALDI
matrices. They may be acceptable if one is detecting heavier molecules than the chemical

fragments generated by the laser irradiation.

59



4.6. The effect of the choice of salt anion on the fragmentation
of the R610 matrix

4.6.1. Results

Although the three dye salts, R610.C104, R610.Cl and R610.BF,, have the same
cation, CogH3;N,03", they fragment differently under identical experimental conditions of
concentration, sample preparation and laser power. It would appear therefore that the
anion has a strong influence on the MALDI behavior of these salts. In order to investigate
this further, three other ‘laser dyes: R6G.ClO4, R6G.Cl and R6G.BF4, whose chemical
structures are shown in Fig. 2.6, were tested and compared. The mass spectra obtained for
R610.C104 and R6G.Cl04; R610.Cl1 and R6G.Cl; R610.BF4 and R6G.BF4 can be

compared by examining Figs. 4.12 ~ 4.17.
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Figure 4.12: Visible-MALDI mass spectra taken in positive ion mode for a) R610.C10;4
and b) R6G. ClO4, between m/z = 30 and 800.
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Figure 4.13: Visible—MALDI mass spectra taken in positive ion mode for a) R610.Cl and
b) R6G.Cl, between m/z = 30 and 800.
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Figure 4.14: Visible-MALDI mass spectra taken in positive ion mode for a) R610.BF,
and b) R6G.BF4 between m/z = 30 and 800.
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Figure 4.15: Visible-MALDI mass spectra taken in negative ion mode for a) R610.C104
and b) R6G.C104 between m/z = 30 and 800.
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Figure 4.16: Visible-MALDI mass spectra taken in negative ion mode for a) R610.Cl and
b) R6G.Cl between m/z = 30 and 800.
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Figure 4.17: Visible-MALDI mass spectra taken in negative ion mode for a) R610.BF,
and b) R6G.BF, between m/z = 30 and 800.
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4.6.2. Discussion

It is very clear that the similarities between the MALDI mass spectra of R610.X and
R6G.X (X = CI, ClO4, and BFy"), under 532 nm illumination must be due to the anion
making up the dye salt. This is an interesting effect which merits further examination. It
is unclear why the choice anion has such an important influence on the fragmentation
patterns. It may have important implications if the effect is related to the structure and
morphology of the matrix, where some anions favor the formation of preformed ions in

the solid state as a prerequisite for MALDI activity.

4.6.3. Conclusions

Rhodamine dyes appear to be photolytically more stable than PM dyes, and of the
Rhodamine dyes tested, the chloride salts yield the cleanest visible MALDI mass spectra
in positive ion mode under 532 nm laser irradiation. R610.Cl has potential as a matrix
for small molecular weight analytes. Due to extensive fragmentation, the other R610
salts may be better for heavier analytes. All three compounds need to be tested with a
time-of-flight instrument to establish the upper mass range of those analytes that can be

desorbed and ionized using 532 nm laser excitation.
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Chapter S: Rhodamine 575 as a matrix candidate

5.1. Overview

R575 is a neutral laser dye whose chemical structure as given by the dye
manufacturer Exciton is shown in Fig. 2.7 *. The structure shown in Fig. 5.1 is the one
described in reference S55. In these experiments, the laser dye was dissolved in a solvent

to make solutions, so the chemical structure presented in Fig. 2,7 is more realistic.

HsC,HN NHC,Hs

Figure 5.1: The chemical structure of R575 according to reference S5.

5.2. R575 as a matrix candidate

1. MALDI mass spectra of R575 without any co-deposited analyte

MALDI mass spectra of solid R575 are shown in Fig. 5.2. In positive ion mode
(trace a)), the base peak of the mass spectrum is attributed to [R575+H]" at m/z =

415.012. Two isotopic features are also readily observed. Peaks due to [R575+Na]” and
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[R575+K]" could also be readily assigned. The lower molecular weight peaks are most
likely due to chemical fragmentation of the R575 molecule. For example, peaks 1, 2 and
3 are tentatively assigned to [R575-C0O,-CH;]", [R575-CO,+H]" and [R575-2CH;+3H]".

No signals could be readily detected in negative ion mode (trace b).

415.11 [R575+H]"

1000000
800000
—~ 600000
[72]
Q.
)
o +
S 400000 [R575+Na]
7
123 ‘{[R575+K]*
200000 T — a

0 100 200 300 400 500 600 700 800 900
m/z

Figure 5.2: Mass spectra of solid RS75 without any co-deposited analyte under 532 nm

illumination between m/z = 30 and 800. Spectrum a), was acquired in positive ion mode.
Peak 1, 2 and 3 are attributed to [R575-CO,-CH3]", [R575-CO,+H]" and [R575-
2CH;+3H]", respectively, while peak 4 at m/z = 429 may be an R6G impurity. Spectrum

b) was taken in negative ion mode.
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2. R375 as a laser absorber in a binary matrix
(1) Positive ion mode

Protonated Dalargin (Dal) signals, [Dal+H]’, were observed to be very weak
when R575 and Dal were co-deposited in a molar ratio of 1000:1 as the matrix and
analyte, respectively (spectrum 2 in Fig. 5.3). Under acidic conditions R575 is expected
to be a weak conjugate acid: R=NHC,Hs", with proton-donating capability. R575
efficiently absorbs light at 532 nm. It is also absorbs efficiently at this wavelength under
acidic and basic conditions. Thus a series of experiments were carried out to improve the
analyte signal by forming a binary matrix of R575 and different acidic compounds to

enhance its proton-donating capabilities.
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Figure 5.3: Trace 1: MALDI mass spectrum of RS575 only in the mass region
corresponding to protonated Dalargin; trace 2) molar ratio of R575: Dalargin = 1000:1;
trace 3: molar ratio of R575: TFA: Dalargin= 1000:508:1; trace 4) molar ratio of R575:
CHCA: Dalargin = 1000:537:1 and trace 5: molar ratio of R575: HCl: Dalargin =
1000:500:1.

As noted in Chapter 4, the chloride salt of the Rhodamine dyes produced the
cleanest mass spectra in positive ion mode. Therefore, one of the proton donors
considered was hydrochloric acid (HCl1). Other proton donors tried were trifluoroacetic
acid (TFA, pKa=0.52) 6 and o-cyano-4-hydroxycinnamic acid (CHCA, pKa=1.17 +
0.31)". As shown in Fig.5.4 these acids, when combined with R575, did not create
additional chemical fragments in positive ion mode, or inhibit the formation of

[R575+Na]” and [R575+K]". In each case, the resultant MALDI mass spectrum in

positive ion mode detection was found to be very clean; that is, with minimal
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fragmentation. Fig. 5.3 shows that under identical conditions of acidity before mixing,
HCI was the most effective proton donor, followed by CHCA and TFA. Furthermore,

HCl increases the solubility of R575 in ethanol.
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Figure 5.4: Positive ion mode mass spectrum from m/z = 30 to 800 of the sample
containing R575+HCl+Dal (12:6:1 in molar ratio). In this mass spectrum, the signals due
to [R575+Na)]" and [R575+K]" are inhibited by HCI. The positive ion mode mass spectra
obtained using CHCA or TFA as proton donors are similar to this spectrum.

The signal-to-noise ratio of the visible-MALDI spectrum of Bradykinin shown in

Fig. 5.5 obtained by using a binary matrix R575+HCI (2:1 in molar ratio) is similar to

that obtained for Dalargin.
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Figure 5.5: Visible-MALDI mass spectrum of protonated Bradykinin, produced by a
sample containing R575:HCl:Bradykinin in a molar ratio of 1000:500:1.

A series of spectra containing equal amounts of R575 and Dalargin but different
amounts of HCl were recorded. As shown in Fig.5.6a) the S/N of the [Dal+H]" signal
maximized when the R575:HCI:Dal molar ratio was 100:50:1. However, as shown in Fig,

5.6b) the signal of [RS75+H]" increased ~linearly with increasing HCI concentration.
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Figure 5.6: a) A plot of the signal-to-noise ration (S/N) of the protonated Dalargin signal
as a function of HCI concentration; b) A plot of the protonated matrix signal as a function

of HCI concentration.
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(2) Detection limit

A detection limit for Dalargin of (2+ 1) x 10 mol was obtained by extrapolating
a plot of signal-to-noise ratio (S/N) versus absolute analyte concentration obtained from a
series of samples where the amount of R575 and HCl (molar ratio = 2:1) was held
constant but the analyte concentration was changed (Fig. 5.7). A similar detection limit

was found for Bradykinin.

40 Y=1.11052+1.74501E13X j//
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Figure 5.7: A plot of the signal-to-noise ratio versus the amount of Dalargin in the laser
ablation ring. The detection limit for Dalargin in the binary matrix of R575+HCI (molar
ratio of R575:HCI = 2:1) was determined to be (2.23+ 1) x 107 mol.
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The signal mass peak used to obtain the S/N ratio was that of [Dal+H]" at m/z =
726.44, while the noise was determined by measuring the background signal in the mass
range between m/z =720 and 724. A value of S/N =5 was considered as a minimum value

that would allow the peak signal to be clearly differentiated from the noise.

(3) Negative ion mode

Since the [R575+H]" signal could be enhanced by the addition of a proton donor,
it was anticipated that RS75 would be a good matrix for detecting acidic analytes in
negative ion mode. Indeed, as shown in Fig. 5.8 deprotonated Bentazone was easily

detected in negative ion mode using only R575 as the matrix.

600000 [Ben-H]‘
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200000
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0 VVJ\/\A/\—/‘/\——M

234 236 238 240 242 244
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Figure 5.8: Deprotonated Bentazone peak obtained in negative ion mode detection
obtained from ~6x 10™* mole Bentazone in a matrix containing R575+Bentazone (molar
ratio R575:Bantazone = 1200:1)
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As shown in Figs.5.9 - 5.11 the deprotonated Bentazone signal intensity could be
dramatically increased by adding NaOH into the matrix. A molar ratio of R575: NaOH:
Bentazone = 1200:10:1 produced the cleanest spectrum, (Fig. 5.9; sample 3). In this way,
analyte amounts as small as 12 fmol could be detected, (Fig.5.12). It is believed that
deprotonated Bentazone formation is enhanced by the addition of NaOH because R575
has a higher sodium affinity than proton affinity. Bentazone is acidic and therefore reacts
with NaOH to form sodium Bentazone® and H,O. R575 is then sodiated to form
[R575+Na]’, thereby enhancing the [Ben-H] signal. The [Ben-H] signal disappeared
however in Fig.5.11 (sample 9) when excess NaOH was used, because this effectively

minimized the dominance of the reaction between R575 and sodium Bentazone.
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Figure 5.9: Three negative ion mode mass spectra obtained from 1: a sample of
R575:Bentazone (molar ratio = 1200:1); 2: a sample R575:NaOH:Bentazone (molar ratio
= 1200:5:1); and 3: a sample of R575:NaOH:Bentazone (molar ratio = 1200:10:1). The
features labeled a, b and c are attributed to [Ben-H]', [R575-H] and [R575-2H+NaJ,

respectively.
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Figure 5.10: Three negative ion mode mass spectra obtained from 4: a sample of
R575:NaOH:Bentazone (molar ratio = 1200:15:1); 5: a sample of R575:NaOH:Bentazone
(molar ratio = 1200:20:1); and 6: a sample of R575:NaOH:Bentazone (molar ratio =
1200:50:1). The features labeled a, b and c are attributed to [Ben-H], [R575-H] and
[R575-2H+Na]’, respectively.
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Figure 5.11: Three negative ion mode mass spectra obtained from 7: a sample of
R575:NaOH:Bentazone  (molar ratio = 1200:100:1); 8. a sample of
R575:NaOH:Bentazone (1200:500:1); and 9: a sample of R575:NaOH:Bentazone (molar
ratio = 1200:2000:1). The features labeled a, b and c are attributed to [Ben-H]", [R575-H]
and [R575-2H+Na]’, respectively.
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Figure 5.12: Deprotonated Bentazone peak, the signal of ~1.2 x 1074 mole Bentazone in
an ablation ring, produced by the sample containing RS575+NaOH+Bentazone
(1200:10:0.02 in molar ratio)

3. Cationization

Typically, carbohydrates cannot be ionized by protonation or depronation in
MALDI mass spectrometry because they usually lack basic or acidic sites. They can
however often be ionized by cationization due to the ubiquitous presence of alkali metal

cations, such as Na" and K* from glassware and impurities in the samplesg. Analyte
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cationization rates depend on the cation affinity of the matrix laser absorber®.
Specifically, analyte cationization will be inefficient if the laser absorber has a higher
cation affinity. The signals due to [R575+Na]" and [R575+K]" in Fig.5.2 show that R575
can be easily cationized by alkali impurities. Therefore, in these experiments neutral
compounds will be cationized using an excess concentration of an alkali source, for
example, sodium trifluoroacetate (NaTFA).

Fig. 5.13 shows that a binary matrix of R575+NaTFA can ionize neutral
compounds, Lovastatin (Lov) and Erythromycin (Ery) which are not easily cationized by
the alkali impurities in a matrix containing R575 due to high alkali affinity of R575. The

NaTFA additive first sodiates the R575. The excess NaTFA then ionizes Lov and Ery. A
binary matrix of R575+NaTFA (in a molar ratio = 1.2:1) can be used to detect ~6x107"

mol of Erythromycin (Fig.5.14) and ~ 6x107'° mol of Lovastatin (Fig.5.15).
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Figure 5.13: Positive ion mode visible-MALDI mass spectra between m/z = 30 and 800

of a sample containing a) R575:NaTFA:Lov (molar ratio =
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34



140000

[Ery+Na]’
120000 /\

100000

@ 80000
o
E

& 60000
)

40000

20000

0

lllll lllllllll llllll_lJlJJ lllllllll l IIIIIIIII ' lllllllll 'lllll
750 752 754 756 758 760

m/z

Figure 5.14: Visible-MALDI mass spectrum of ~ 6x1072mol of sodiated Erythromycin
produced by a sample containing R575:NaTFA:Erythromycin (molar ratio = 1.2:1:1).
The smaller lower mass peaks are attributed to impurities in the Erythromycin sample

(purity ~ 95%).
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Figure 5.15: Visible-MALDI mass spectrum of ~ 6x10™° mol of sodiated Lovastatin
produced by a sample containing R575:NaTFA:Lovastatin (molar ratio = 1.2:1:1).

4.Laser fluence study

The experimental method used to study the dependence of the MALDI analyte
signal intensity as a function of laser fluence has been reported elsewhere®®. The log-log
plots for the analyte (Dal) and matrix R575 (HCI) signals are shown in Fig. 5.16. The
slopes found for the matrix and analyte are ~4 and 3, respectively. These slopes are lower
than those found for Coumarin dyes’® as a matrix for visible MALDI, and for

. . . . . i . . . .
conventional matrices under UV illumination®" ®%. Thermal desorption and ionization®
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are highly dependent on laser fluence®® . Many models for MALDI assume that the
absorbed laser energy is converted to heat which leads to desorption. In this context a
lower slope in the power plot for R575 means that the ionization process requires more
photons than other matrices. One reason for this may be rapid radiative relaxation of
R575 after it has been pumped to its S; excited state'” by the 532 nm laser irradiation.
Thus, more energy is required to achieve sufficient heating of the matrix for desorption
and ionization. At the same time, R575 produces few chemical fragments as a result of

this efficient relaxation pathway.
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Figure 5.16: Log-log plot of the ion signals of [R575+H]" and [Dal+H]" versus laser
fluence from 12 to ~ 269 J/m? at 532 nm.
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5.3. Conclusions

R575 combined with an acid such as HCl or CHCA, or a base such as NaOH has been
shown in this work to be an efficient visible-MALDI matrix under 532 nm laser
irradiation. This amphoteric matrix can be used to detect small molecular weight basic
and acidic compounds in positive and negative ion modes, respectively. The main
advantages of using R575 are that it efficiently absorbs 532 nm light, and can serve as a
good proton donor or acceptor. R575 as laser absorber combined with NaTFA as a
sodium donor can also ionize small neutral compounds by cationizaiton. The study here
suggests that the MALDI mechanism at low fluences is thermal in nature similar to that
found for UV and IR-MALDI. However, higher fluences are required when using R575
as a matrix most likely due to efficient radiative relaxation. Although the upper mass
range of analytes that can be desorbed and ionized using R575 visible-MALDI remains
unknown due to the limited mass range of quadrupole mass spectrometer, R575 produces
very few chemical fragments, making it a strong candidate for low molecular weight
compound analyses. It is anticipated that a better detection limit value for each analyte

could be obtained using a TOF mass spectrometer.
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Chapter 6: Summary, conclusions and future studies

1. Summary and conclusions

The previous chapters have explored the viability of visible-MALDI using a 532
nm laser source and a triple quadrupole MALDI mass spectrometer.

One class of compounds tried as visible MALDI matrices, the pyrromethene laser
dyes, were found to fragment extensively under 532 nm laser irradiation. On the other
hand, Rhodamine laser dyes exhibit less fragmentation and could be used to ionize test
analytes by protonation. The chloride salts of the Rhodamine laser dyes were found to be
more stable under 532 nm laser irradiation than the same compounds with ClO4 and BF4
anions. This is an interesting phenomenon which merits more consideration because the
reason for these differences remains unclear.

Rhodamine (R) 575 proved to be an effective a laser absorber in three kinds of
binary matrices: an acidic binary matrix (R575+HCI or R575+CHCA) to ionize basic
analytes, a basic binary matrix (R575+NaOH) to ionize acidic analytes, and a
cationization binary matrix (R575+NaTFA) to ionize neutral analytes.

The laser fluence study described in Chapter 5 indicates that a MALDI matrix that
uses R575 as laser absorber requires a higher fluence before ionization is observed than
other more conventional matrices, presumably due to efficient relaxation of of the dye
after being pumped to its S; excited state. This effect may also explain why R575 exhibits

less fragmentation under 532 nm laser irradiation.

89



2. Future studies

The commercial laser dye R575 contains impurities to the 1% level which may
interfere negatively with the R575 desorption and ionization processes. Some effort
should be made in the future to purify the R575 to determine if this helps its properties as
a matrix or laser absorber under MALDI condition.

Athough R610.Cl and R575 at low concentration (2 mM) are suitable for low
molecular analyte analysis, it is not clear whether they can desorb and ionize heavier
molecules (m/z > 3000). If not, this should be investigated starting with the influence of
the matrix concentration on desorption of large molecules. Experiments are being
planned to use a TOF instrument at MDS Analytical Technologies to assess the use of
R575 for heavier analytes.

Other organic dyes with chemical structures similar to that of R575 should be
tested with 532 nm irradiation to understand why R575+HCI makes such a good binary
matrix. It was concluded in chapter 5 that R575 as laser dye undergoes efficient
electronic relaxation after being pumped to its S; excited state. A fundamental study of
R575’s photochemistry could confirm this hypothesis. It would be interesting to compare
this photochemistry with for example Coumarin laser dyes as MALDI matrices using the
480 nm laser which exhibits a completely different slope in its log-log signal-fluence plot
36

From a more global perspective much more fundamental work remains to be done

to understand the MALDI mechanism both in the visible and in the UV and IR.
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