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Abstract

Since the introduction of Matrix-Assisted Laser Desorption and Ionization (MALDI)
in 1988 the application of MALDI mass spectrometry has become a vital research
field. The method of analyte/matrix preparation plays a central role for achieving
optimal performance in MALDI.

In the first part of this work, a new method of preparing the samples to increase
contaminant tolerance is described. While the solvent composition and matrices used
in the “dried droplet” method have changed since MALDI was introduced, there has
been little fundamental change in this protocol. The “dried droplet” method for
MALDI MS is a simple one step process, but high concentrations of nonvolatile liquid,
such as glycerol, urea, DMSO and other protein stabilizers, can reduce or eliminate
the intensity of protein ion signals. Instead of using the one step process, we developed
a three step process. The examples presented in this part of this thesis illustrate how
analyses were improved as a result of the new sample preparation procedure. The
sample films produced by the new method adhere firmly to the substrate, allowing
easier washing of the film compared to the dried-droplet deposits. The films were more
uniform than dried-droplet deposits with respect to ion production. The presence of
non-proteinaceous material at high concentrations in the solution did not seriously
affect ion production from these films.

The basic difference between laser desorption/ionization and matrix-assisted laser
desorption/ionization is that the laser radiation is directly absorbed by the analyte

in the former case, while the matrix dominates energy absorption and the formation



of ions in the latter. In the second part of this work, the influence of matrix con-
centration on analyte ion yield and the mass resolution of the molecular ion signals
were investigated. MALDI time-of-flight mass spectra of protein mixed at different
concentrations in each of gentisic acid, trans-a-cyano-4-hydroxycinnamic acid and
sinapic acid matrices, were obtained. The results showed that the intensities of the
analyte ion peaks increase gradually with an increase in concentration of matrix in
solution and then decrease slightly as the matrix concentration continues to increase.
The analysis of the spectra also showed that the molecular ion peaks are broadened,
and the mass resolution decreases, as the matrix concentration increases. A proposed
interpretation of these results is given based on two categories of matrix concentration
effects: a physical effect involving energy deposition and redistribution processes, and
a chemical effect involving co-crystallization of the matrix and analyte followed by
photochemical ionization.

Poor crystallization of a MALDI sample has a negative effect on its ability to
generate ions. In the last part of this work a strategy was demonstrated to allevi-
ate this problem. Certain amounts of impurities (or additives), present in solution
during crystallization, have a pronounced effect on the crystallization process, in
particular on the morphology of the deposited crystals. The technique of control-
ling crystal growth by additives was also discussed. The crystallization of gentisic
acid mixed with its isomers and other benzoic acid derivatives was then investigated.
The performance of the resulting crystals in MALDI MS was evaluated. The re-
sults showed that the admixture of gentisic acid with 2,3-dihydroxybenzoic acid or
3-amino-2,5,6-trifluorobenzoic acid homogenized the crystal morphology, and conse-

quently improved the MALDI MS performance.
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Chapter 1

Introduction

In this chapter a short overview describing recent developments of desorption
methods in mass spectrometry is given. In particular, research related to Matrix-
Assisted Laser Desorption and Ionization (MALDI) is discussed. Then a summary

of the present work is given.

1.1 Development of Desorption Methods

Mass spectral analysis is one of the most powerful analytical methods charac-
terized by both high sensitivity and high information content. Mass spectrometry
provides information to the analytical chemist concerning atomic composition and
molecular structure of an unknown compound, or the concentration of a target an-
alyte present in complex matrices. Mass spectrometry also continues to provide a
valuable experimental approach for physical and physical-organic chemists interested
in the energetics of gaseous ions and their interactions with neutral molecules, sur-
faces, electromagnetic radiation, etc. Formerly, samples for a mass spectrometer had
to be supplied in the gas phase to allow ionization to take place. Several options are
possible. In the easiest case, the sample is a gas or has sufficient vapour pressure at
room temperature. Thermally stable samples can be heated and evaporated in the

vacuum of the mass spectrometer’s ion source. With the growing demand for the
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detection and structure determination of ever larger and more complex molecules in
biochemical analysis, conventional desorption and ionization methods in mass spec-
trometry exhibit increasing difficulties with these larger molecules because of the
involatility and instability of such materials.

The first significant improvement in MS ion sources for large molecules was the
discovery of Plasma Desorption Mass Spectrometry (PDMS) by Torgerson and Mac-
farlane [1]. In a PDMS ijon source, a sample is deposited on a thin metal foil. A 10
uCi 2%2Cf source is placed behind the sample foil. In each fission event, two collinear
fission fragments with an energy of 80 to 120 MeV are created. One fragment hits the
start detector and triggers the measurement, whereas the other penetrates the sam-
ple and causes desorption of a number of secondary ions. These ions could then be
accelerated away from the surface and analyzed in a mass spectrometer. The simplic-
ity, tolerance towards impurities, and sensitivity, made PDMS ideal for biopolymer
analysis during the 1980’s. However, the method was limited to a mass range of up
to 45,000. this fact stimulated further exploration of desorption methods.

In the early 1980’s fast atom bombardment mass spectrometry (FABMS), an
offspring of secondary ion mass spectrometry (SIMS) with special sample preparation,
was introduced by Barber et al [2]. Asin PDMS, desorption/ionization of non-volatile
biopolymers in FABMS is induced by primary particle impact. A focused beam of
neutral atoms (Xe, Ar in 6 - 10 keV) was used in early experiments [3], and ions
(Cs* up to 40 keV) were used in later developments [4]. Unlike in PDMS, stable ion
currents lasting for minutes could be produced, but the use of a liquid matrix, such
as a mixture of glycerol, water and an acid, is essential. An advantage of the liquid
matrix is that analyte molecules at the surface are continually replenished from the
interior of the sample droplet by diffusion and convection. Broad applicability to a

wide variety of compounds of biochemical interest (m/z < 25,000 [5]), as well as facile
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integration of the FAB ion source into common sector and quadrupole instruments,
led to the great popularity of the ion source in many laboratories during the 1980’s
and early 1990’s [6]. Resolution and sensitivity depend on the properties of analytes
and the matrix constituents. The high background ion signal usually arises from
the matrix liquid. The viscous matrix leads to ion suppression effects, e.g. more
hydrophilic compounds tend to remain in the droplet interior whereas hydrophobic
compounds tend to migrate to the surface of the droplet, suppressing the ionization
of the more hydrophilic compounds. However, these suppression effects are much less
serious for “continuous-flow-FAB”, since the surface is continuously refreshed [3].

Instead of using energized particles as in PDMS and FABMS, a laser beam can be
used for ion generation in mass spectrometric analysis. The historical development
of the field has been strongly influenced by that of laser technology. In 1966 the
design of a mass spectrometer, for ions generated from a surface with a Q-switched
laser beam, was reported [7]. The rather poor quality of the results in these times
was attributable to the limited performance of the lasers used in these studies. The
laser desorption/ionization (LDI) technique was revived after Posthumus et al. (8]
reported the production of cations from polar non-volatile molecules (m/z < 1250) by
laser desorption in the source of a double focusing mass spectrometer. However, the
effort to implement the LDI method for higher mass compounds was not successful.
In laser desorption experiments the sample should have a high absorption coefficient
at the laser wavelength. For commonly used UV lasers, this condition is not met
for large numbers of important biopolymers. Also, the direct absorption of radiation
by those analytes often leads to fragmentation and failure to obtain useful molecular
mass information.

The idea of mixing analytes with a good absorber and limiting radiation damage

to the analytes appears to have been demonstrated first by Tanaka et al. [9], who
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mixed fine metal powder into glycerol as matrix and produced spectra of proteins
(m/z < 35,000) with a pulsed UV laser, and by Karas and Hillenkamp [10] who used
a solid matrix to obtain spectra of mellitin and other peptides. Hillenkamp’s group
did the initial research and made contributions that paved the way for the acceptance
of the technique. Beavis and Chait entered the field early and have also made very
important contributions, in particular by demonstrating the usefulness of a new class
of matrices [11, 12, 13, 14]. Karas and Hillenkamp’s technique, in which the analyte
molecules are mixed with a suitable matrix in molar ratios of the order of 1:10000,
and the resulting solid solution then excited by pulsed laser, has been widely adopted
as standard practice for the analysis of biopolymers and is commonly referred to as
matrix-assisted laser desorption/ionization (MALDI).

Since the introduction of MALDI in 1988 the application of MALDI mass spec-
trometry has become an important research field. Primary target analytes of this
technique are peptides and proteins. In practice, MALDI has demonstrated a number
of advantages over FAB. Ion production from high-molecular-weight polypeptides by
MALDI extends well above the 5000 u limit commonly the case for FABMS measure-
ments [15]. MALDI shows little discrimination between different peptides. FABMS
tends to provide unstable or low ion currents for hydrophilic peptides whereas MALDI
spectra show no deterioration for this important class of compounds. MALDI also
shows detection limits of < one picomole of analyte for peptides [16]. This sensitivity
is clearly an asset in many areas of biochemical research where often only minute
traces of the analyte are available. Protein molecular mass determinations are par-
ticularly straightforward with MALDI. Molecular weights of the largest proteins suc-
cessfully analyzed are well above 200,000 u [17]. Prompt ion fragmentation occurs
rarely for MALDI. The most intense peaks in the high-mass region of the spectra
are protonated molecules, including singly, doubly and multiply charged ions. This
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feature makes it easy to find the molecular masses of proteins. In addition to peptides
and proteins, other classes of compounds, such as oligosaccharides [18], nucleic acids
(19, 20], and synthetic polymers [21, 22], can be analyzed. The absolute sensitivity
of such analyses was found to be similar to that reported for peptides [23]. The
technique appears to be well-suited to analysis of complex mixtures such as enzy-
matic digests, [24, 25, 26, 27]. A combination of enzymatic digestion and MALDI
can, therefore, contribute to protein sequence determination [28]. The application of
MALDI to quantitative analysis has also been approached by a number of groups,
as the result of improvem ents in sample preparation and instrumental protocols

[29, 30, 31, 32].

1.2 Previous Work on MALDI

More than 1000 papers have been published on MALDI since its introduction
in 1988. This section is an overview of that literature as it pertains to the topics
discussed later. An important aspect of MALDI is the fact that the results depend
entirely on the correct choice of matrix for a given laser wavelength. The first suc-
cessful MALDI mass spectra of proteins were recorded by Hillenkamp's group [10]
using nicotinic acid as the matrix, and by Tanaka et al. [9] using cobalt powder
finely dispersed in glycerol. In the former case, the laser source was a frequency-
quadrupled Nd:YAG laser radiating at 266 nm, whereas the latter investigation used
an NV laser emitting at 337 nm. Beavis and Chait have systematically investigated
various matrices, and found very good results for derivatives of aromatic carboxylic

acids, such as 2-pyrazinecarboxylic acid, 4-hydroxy-3-methoxybenzoic acid (vanillic
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acid), and trans-3,5-dimethoxy-4-hydroxycinnamic acid (sinapic acid) [11, 12]. Re-
viewing the performance of matrices discovered, they have suggested three criteria to
be fulfilled by a useful matrix in MALDI, namely: low sublimation pressure; capacity
to strongly absorb at the wavelength used; and miscibility of the matrix solution with
aqueous analyte solutions. Many groups have tried to find better matrices for var-
ious analyte polymers. Karas and co-workers introduced 2,5-dihydroxybenzoic acid
(2,5DHB) as a matrix [23]. This matrix not only offers good sensitivity for pep-
tides and proteins, but also works well for carbohydrates [18] and glycolipids [33].
o-Cyano-4-hydroxycinnamic acid (4HCCA) was also shown to be a good matrix for
protein analysis, with lower propensity for matrix adduct formation, by Beavis and
Chait [34]. Zhao et al. [35] have demonstrated that nitrobenzyl alcohol on fibrous
paper substrate is very useful for proteins. Though several other useful matrix com-
pounds have been found, sinapic acid, 2,5DHB and 4HCCA seem to be currently
popular matrices for solving most practical problems.

The characteristics of the laser radiation are also an important experimental factor
for MALDI performance. The early work suggested that there was a threshold for
production of protein ions as a function of laser irradiance in MALDI, and that the
threshold value is 100 MW cm™? using nicotinic acid [10]. Subsequent investigations
have shown that the early measurement was in error, and that the true threshold
is approximately 1 MW cm™2 [12, 14, 36, 37, 38]. A parameter that has proven to
be less critical is the wavelength of the laser light. Many different pulsed lasers over
the wavelength range 266 - 420 nm have been used to produce protein ions [39, 40].
The main constraint on the laser wavelength is that the laser light must be absorbed
strongly by the matrix crystals, but not by analytes, in order to minimize unwanted
photochemical reactions. Since absorption in the amino acid side-chains of proteins

becomes important below 280 nm, nitrogen lasers (337 nm) and frequency-tripled
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Nd:YAG lasers (355 nm) are currently favored over frequency-quadrupled Nd:YAG
lasers (266 nm).

In order to provide information for the theoretical treatment of MALDI, the ve-
locity distributions of the ions produced by MALDI have been measured by several
groups. The main finding is that all the molecular ions ablated from the MALDI
sample have about the same speed distribution, with an average speed of approxi-
mately 500 m/s and a distribution half-width of approximately 100 m/s [36, 41, 42].
The speed distribution is independent of molecular mass in the 1000 - 15,600 u range.

Sample preparation also has a significant effect on the MALDI ion production.
As usually prepared by the “dried droplet” method, a droplet of a solution of matrix
and analyte is deposited on a metal substrate and allowed to dry. This preparation
often results in samples with a nonhomogeneous morphology, which contain a higher
analyte concentration around the crystal edges. For this reason the MS intensity
can vary widely with position of laser irradiation of the dried droplet. A systematic
investigation of the effects of different drying techniques on the efficacy of the “dried
droplet” method of sample preparation indicated that vacuum drying is faster, and
provides better ion yields and resolution, in MALDI-TOF spectra [43]. An alternate
fast evaporation method was introduced by Vorm et al. [44]. In this procedure, matrix
solution was first applied to the probe tip of the mass spectrometer in a highly volatile
solvent, e.g., acetone, to obtain a thin layer of the matrix. In a second step a drop of
analyte solution was deposited on the layer. The resulting sample surfaces became
much more homogeneous, and the spectra showed higher resolution when a reflectron
was used. More recently, the influence of matrix solution composition and pH on
MALDI-MS analysis of peptides and proteins was described by Cohen and Chait
[45]. They prepared matrix solutions by adding 4HCCA to the organic solvent in

different compositions. The acidity of these solutions, in the 1.1 - 3.0 pH range, was
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controlled by the addition of water and acid. The results from the experiment showed
that the analysis of proteins and high-mass peptides (> 3000 u) is best performed
using higher acidity matrix solutions (pH < 1.8), and the analysis of small peptides
(< 3000 u) is best carried out using matrix solutions of samewhat higher pH.

Despite the success of MALDI for ionization of large molecules, the theoretical
description of its mechanism remains a subject of continuing debate. A detailed
discussion of possible models and mechanisms for MALDI, proposed up to 1992/93,
has been summarized by Sundqvist [46], and by Vertes and Gijbels [47].

Earlier attempts to deal with certain aspects of the MALDI process have mainly
focused on the mechanism of energy transfer between the matrix molecules and the
analyte molecules [48], and on the development of the expanding plume of matrix
molecules [49]. Vertes et al. [50] have suggested that there is an obstacle in the energy
transfer to the embedded guest molecules. This so-called energy transfer bottleneck
is caused by mismatch between the guest - host interaction frequency and the internal
vibrational frequencies of the guest molecule.s. Vertes has also used a one-dimensional
hydrodynamic model to calculate the expansion and temperature of the expanding
plume of matrix molecules [51] and suggested that, at the sublimation temperature,
there is a phase transition causing a plume of ejected material. The generated plume,
in turn, undergoes gas dynamic expansion and adiabatic cooling. The entrained large
molecules are therefore also stabilized in the expansion.

Another approach has been taken by Johnson and co-workers [52, 53]. A pressure
pulse model, originally formulated for fast heavy-ion-induced sputtering, was applied
to the ejection process in MALDI. In the original model the penetrating primary
particles deposit their kinetic energy into the solid and set up a pressure gradient.
Upon exceeding a threshold value this pressure gradient drives the expansion of the

surface layer leading to desorption. In the case of MALDI, as the laser light penetrates
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the target, energy is deposited and a pressure gradient builds up. This model predicts
the existence of a fluence threshold, and that the energy conversion efficiency will be
higher as pulse length is reduced.

Although the proposed models are able to account for some features of the MALDI
experiments, none of them has attempted to explain ion formation, a prerequisite for
mass analysis and detection in mass spectrometry. They have also not addressed the
differences in efficiency between matrices with similar phase transition temperatures

and optical characteristics.

1.3 Summary of This Work

As mentioned in the previous section, the method of analyte/matrix preparation
plays a crucial role in achieving optimal performance in MALDI. In the first part of
this work a new method of preparing the sample to increase contaminant tolerance
is described. While the solvent composition and matrices used in the “dried droplet”
method have changed since MALDI was introduced, there has been no fundamental
change in this protocol. This method for MALDI MS is a simple one step process, but
high concentrations of nonvolatile solvents, such as glycerol, urea, DMSO and other
protein stabilizers, can reduce or eliminate the intensity of protein ion signals. Instead
of using the one step process, we have used a three-step process. A drop of matrix
was initially deposited on a polished flat probe and dried, then crushed and smeared
on the probe surface by using a glass slide. A second drop of a solution of a mixture of
matrix and protein was then applied to the spot bearing the smeared matrix material.
The resulting polycrystalline film adhered firmly to the probe surface, and could be

then washed vigorously to remove contaminants. The examples presented in Chapter
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3 illustrate how analyses were improved as a result of this new sample preparation
procedure.

The basic difference between laser desorption/ionization and matrix-assisted laser
desorption/ionization is that the laser radiation is directly absorbed by sample in the
former, but the matrix dominates energy absorption and the formation of ions in the
latter. Therefore, in the second part of this work (Chapter 4) the influence of matrix
concentration on the analyte ion yield, and on the mass resolution of the molecular ion
signals, was investigated. MALDI time-of-flight mass spectra of protein mixed with
different concentrations of matrix solution, for each of 2,5DHB, 4HCCA and sinapic
acid, were obtained. The results showed that the intensities of the analyte ion peaks
increase gradually with an increase in the concentration of the matrix solution under
fixed laser fluence, and then level out and decrease slightly as the concentration of
matrix solution is further increased. Analysis of the spectra also showed that the
molecular ion peaks are broadened, i.e. mass resolution decreases, as the matrix
concentration increases. These results were compared with the observations made
by other groups using different approaches. An interpretation of these results has
been proposed, based on two categories of matrix concentration effects, namely, a
physical effect characterized by energy deposition and redistribution processes, and a
chemical effect characterized by co-crystallization of the matrix and analyte followed
by subsequent photochemical ionization.

Another potential pitfall with MALDI is poor crystallisation, which is known to
significantly affect ion production. In the last part of this work (Chapter 5) a strat-
egy was attempted to alleviate this problem. Impurities (or additives) present in the
matrix solution can have a pronounced effect on the crystallization process, in partic-
ular on the morphology of the deposited crystals. The technique of controlling crystal
growth by the use of additives is discussed. Crystallization of 2,5DHB mixed with
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its isomers and other benzoic acid derivatives are then reported. The performance
of the resulting crystals in MALDI MS was evaluated. The results showed that mix-
tures of 2,5DHB with 2,3-dihydroxybenzoic acid or 3-amino-2,5,6-trifluorobenzonic
acid improved the homogeneity of the resulting crystal morphology, and consequently
improved the MALDI MS performance.



Chapter 2

Experimental Apparatus

To date, matrix-assisted laser desorption of biopolymers has been obtained mainly
in combination with time-of-flight (TOF) instruments. This observation is connected
to the fact that laser desorption and ionization of molecules usually comes about
during a short laser pulse, Tpu = 1078 5, and the time-of-flight mass spectrometer
makes it possible to record the whole mass spectrum of a sample following that
pulse. The mass spectra studied in this thesis were obtained with a linear time-of-
flight analyzer constructed in-house. The linear time-of-flight mass spectrometer was
designed by Dr. Beavis and has been described elsewhere [54]. In this chapter an
overview is given of the experimental apparatus as well as the ionization and light

sources.

2.1 Laser Ion Source and TOF Instrument

Time-of-flight mass spectrometers are relatively simple, inexpensive instruments
with high sensitivity and a wide mass range, comparing to scanning mass spectrome-
ters. As shown in Figure 2.1, ions are formed in a short source region in the presence
of an electrical field (£) that accelerates the ions into a longer, field-free drift region

(L). Ideally, all ions enter the drift region with the same kinetic energy (K E)

12
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KFE = zeES (2.1)

(where e is the charge on an electron, z is the number of charges and S is the

distance of the ion acceleration), but they will have velocities (v) given by:

2zeES

m

(2.2)

Uz=

which depend on their mass (m). The time (t) required to traverse the drift region

[ m
t= ZZeE.S'L (2.3)

also depends on the mass of the ion, so that the time spectrum can be converted

directly to a mass spectrum

2
? — 2 ESL. (2.4)

To obtain timing information, the time of ion formation must be known. Thus TOF
mass spectrometers generally use pulsed ionization, which is appropriate to the nature

of the MALDI process.
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Figure 2.1: Principle of time of flight mass spectrometry.
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A schematic drawing of the present apparatus is shown in Figure 2.2. The field-
free region was constructed from 2.00” ID tubing and from a cube with openings on
each of its 6 sides, using 3.37” conflat style flanges with copper gasket seals. The
tube, cube and flanges are all made of 304 stainless steel, and were obtained from
Huntington Mechanical Laboratories, Inc. (Georgetown, Ontario, Canada). One end
of the tube was connected to a stainless steel vacuum housing (4.00” ID, 3-way tee),
which was modified to serve as the detector chamber, using the flange. The other
end was attached to the cube, which includes the ion source. The pumping system
was an Edwards 100/300 Diffstak diffusion pump backed with an E2M8 roughing
pump (Edwards High Vacuum, Burlington, Ontario, Camada). The diffusion pump
was hung from the 3-way tee. An ion gauge mounted on the wall of the 3-way tee
was controlled by a HP 5945A gauge controller. The total ion flight length was

approximately one meter.
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Figure 2.2: Instrumental arrangement.
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One gate valve (Huntington GVA-200-v) was used near the ion source. The ion
source could therefore be isolated from the flight tube by the gate valve. The ion
source was designed using a ball-mounting scheme. In this scheme, the electrode
system was assembled by stacking stainless steel rings alternating with 3/16” ceramic
balls. A cross-sectional view of the ion source assembly is shown in Figure 2.3. Three
balls were used between any two rings. There are three through holes in the rings
to cradle the ceramic balls. The stack was then clamped with three threaded rods.
This mounting arrangement ensured that the rings were accurately centered. The
acceleration section consisted of two electric fields accelerating the ions in the same
direction. The total accelerating voltage used in all experiments was 430 KV, with

430 and +15 KV on the sample stub and the first acceleration ring, respectively.

Sample
Stub
Sample

Figure 2.3: The ion source assembly.
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The exit ring was held at ground potential. The ions were finally extracted through
a high-transmission grid. A low ripple high voltage supply (Spellman Electronics,
Hauppauge, NY, USA) produced the main acceleration voltage and a resistor chain
mounted external to the ion source set the voltage on the first ring.

A nitrogen laser, emitting at 337 nm with 3 ns pulse width (LSI-337ND, Laser
Science Inc.), was used for sample desorption/ionization in all experiments. The pulse
energy of this laser was approximately 120 uJ, therefore a Fresnel reflection attenuator
was used to control carefully the irradiance on the sample. A spatial filter was also
used. It consisted of a f=200 mm silica convex lens, a 200 zm pin hole to improve
the beam’s homogeneity and a f=100 mm silica convex lens (Newport, Mississauga,
Ontario, Canada). The light was finally focused by a 100 mm silica convex lens to
a spot size of typically 100 gm in diameter on the sample, through a silica window
mounted on the ion source cube. The laser incidence angle was approximately 70
degrees to the surface normal.

The Fresnel reflection attenuator was designed and constructed in-house. A
schematic diagram of the attenuator is shown in Figure 2.4. Two sets of two cir-
cular microscope cover-slips mounted parallel in the end of two shafts produced the
reflection. Each shaft had a gear mounted on it, and the two gears meshed so that
turning either shaft drove the other. Both shafts were mounted on a plate with bear-
ings. Turning one shaft rotated the other shaft in the opposite direction, thus opening
up the angle between the pair of cover-slips. This arrangement allowed the opera-
tor to vary the attenuation caused by Fresnel reflection at different incidence angles,
while minimizing the output’s angular deviation. The calculation of transmittance
dependence on laser incident angle for the attenuator is presented in the appendix.
The property of the attenuator was initially evaluated by measuring a transmitted

laser beam with a power meter. A regular calibration of the laser energy was not
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necessary since the laser radiation was not a critical parameter for this work. Once
proper laser power reached for each experiment, it was unchanged during few weeks

through all of the samples to be run on that occasion.

Gear

¢ Microscope
UO cover-slip

Figure 2.4: Fresnel reflection attenuator.
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2.2 Ion Detection

Detection of relatively small ions, of masses up to several thousand atomic mass
units, is straightforward using secondary electron multipliers (SEM) or multichannel
plates (MCP). Larger ions require a higher acceleration potential to acquire high
enough velocity for an efficient ion/electron or ion/ion conversion in the detector. In
order to achieve suitable sensitivity the detector was constructed using a MCP /SEM-
hybrid configuration, consisting of a 25 mm diameter multichannel plate (Hamamatsu
F-1094-1) and a mesh dynode electron multiplier with a 25 mm diameter active area
(Hamamatsu R2362, Hamamatsu Corp., Bridgewater, NY, USA). The channel plate
was mounted approximately 3 mm in front of the electron multiplier. The side of
the multichannel plate facing the ion beam was at ground potential. The back of
the plate was at +1.1 kV. The potential difference between the rear surface of the
multichannel plate and the first dynode of the electron multiplier was appropriately
420 V. The electrons emitted from the rear surface of the MCP in response to an
ion striking its front surface gained adequate energy and struck the first dynode of
the multiplier. The voltage across the dynode resistor chain was 2.0 kV. The output
anode was connected to high voltage through a 1 MQ2 pull-up resistor and the output
was taken off the anode by two series of 50 nF capacitors (3 kV WDC). The output
terminator resistance was 50 2.

The analog signal was preamplified and digitized by a digital oscilloscope (Tek-
tronics 520, 500MS/s, 50,000 point record length option, Tektronix Canada Inc.,
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Weston, Ontario). A high-speed optical detector (photodiode) intercepting a por-
tion of the laser beam triggered the oscilloscope. An AT-type PC computer (Em-
Pac 386DX33) with the GPIB-II interface (AT-GPIB, National Instruments, Pointe-
Claire, Quebec, Canada) was used for data acquisition. Each digitized record was
transferred to the computer individually, where it was inverted, inspected to ensure
that no overshoots were recorded, summed in a buffer, and displayed. The internal
calibration was obtained by using the empirical equation \/7_71_/: = at + b, where the
constants ¢ and b were determined by two known masses that appear in standard

mass spectra.
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Polycrystalline Film Method of Sample Preparation

The dried-droplet method, a popular procedure for preparing protein-doped ma-
trix crystals for MALDI-MS, is a simple process. However, high concentrations of
involatile solvents, strong detergents and some commonly-used protein stabilizers can
reduce or eliminate the intensity of protein ion signals. In this chapter, a new method
of preparing the sample probes to increase contaminant tolerance is described. The
examples presented in this chapter illustrate how analyses are improved using this

new sample preparation procedure.

3.1 Conventional Method of Sample Preparation and its Disadvantages

Matrix-assisted laser desorption was introduced in 1988 by Tanaka and co-workers
[9] and Hillenkamp and co-workers [10]. In their original work, Tanaka dissolved the
polypeptide of interest in glycerol and mixed the glycerol solution with a finely divided
metal powder. A drop of this suspension was placed on a probe tip and intact protein
ions were produced by a pulsed ultraviolet laser (a nitrogen gas laser, A = 337 nm).
Hillenkamp [10] mixed aqueous solutions of a protein and nicotinic acid. A drop
of this mixture was dried, and irradiated by a frequency-quadrupled Nd:YAG laser,
with a wavelength of 266 nm. The major difference between the results of the Tanaka

method of sample preparation and the Hillenkamp method was sensitivity. Tanaka’s

20
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method required nanomoles of protein to prepare a sample for successful analysis.
The Hillenkamp method required picomoles of protein, i.e. it was 1000 times more
sensitive.

Progress in the past few years has been made with new matrix materials. The
sample preparation procedure, however, has undergone very little change. Most of
the matrices used today are aromatic organic acids, and the procedure for sample
preparation may be summarized as follows. The first step is to make a saturated
solution of the matrix material and mix the matrix solution (5-10 microliters) with
a small volume (1-2 microliters) of a 10 umol protein solution. Both the protein
and matrix material must be dissolved in the solvent, rather than suspended as
finely divided solids. The optimum molar ratio of matrix to analyte in the final
sample solution is between 1:1000 and 1:10,000. A droplet (0.5-2 microliters) of the
resulting mixture is placed on the mass spectrometer’s sample stage and dried at
room temperature. As the solvent slowly evaporates, matrix crystals are forrned and
proteins are incorporated into the solid matrix crystals rather than being confined to
their surface [23, 55, 56]. The above procedure is shown schematically in Figure 3.1.
This procedure is now commonly referred to as the “dried-droplet” method, and is
simple to perform, and effective.

Many biological samples are prepared or stored in solutions containing buffers
and stabilitizers. These solutions can consist of mixtures of many species, such as
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), dithiothreitol(DTT),
dimethyl sulfoxide (DMSQO), glycerol, urea and NaCl. These components can be
present either to increase the solubility of the protein or to stabilize the protein’s
structure for long-time storage. Removal of the solution may be difficult if its presence
is necessary to dissolve the protein. The concentrations of these additives can be quite

high, e.g., 6 M urea is commonly used to enhance protein solubility in aqueous
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Figure 3.1: Flowchart showing the dried-droplet method of sample preparation.
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solutions.

The presence of these buffers or stabilizers in the dried-droplet method is very
detrimental to obtaining high quality MALDI mass spectra. They can be classified
into two categories. Strong cationic detergents such as sodium dodecylsulfate (SDS)
can cause problems even at extremely low levels. They completely suppress all protein
signals if present at the concentrations normally used to promote protein solubility.
Another class of detrimental contaminants is involatile liquid components such as
glycerol. The dried-droplet method forms crystals at random seed sites throughout
the solution as the solvent evaporates. These seed sites are either particulate mat-
ter accidentally introduced to the solvent or undissolved matrix crystal fragments.
The solvent evaporation makes the surface of the droplet a preferred place for the
formation of crystal nuclei. Observation by microscope shows that the microcrystals
are formed at the air-liquid interface and then carried into the body of the solution
by convection. If no involatile additive is present, these crystals adhere to the metal
substrate, and the adhered crystals can be gently washed to etch away any highly
soluble contaminants (such as salts). If involatile liguids such as glycerol are present,
the crystals may either not form or remain coated with the glycerol, preventing at-
tachment to the substrate. Even if crystals form and can be placed in the ion source,
a coating of involatile liquid can abolish ion emission from the sample’s surface when
present in the final matrix/polypeptide solution at greater than 1% (v/v). Recogniz-
ing and solving these problems has been a challenge since MALDI was introduced.
Sample preparation by growing large, protein-doped matrix crystals under more con-
trolled conditions [54] has been shown to be effective for sample solutions containing

low protein concentrations and high concentrations of involatile liquids or salts.
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3.2 New Method of Sample Preparation

This section describes an alternate method of sample preparation [57], developed
as a way of obtaining a more uniform and reproducible MALDI sample, and min-
imizing the effect of contaminants on ion emission. Two solutions containing the
matrix were prepared. These are referred to below as solution A and solution B. All
the solutions were prepared and used at room temperature (22° C). Solutions were
handled carefully, so as to minimize transfer of undissolved crystalline solid from one
step to the next. In addition, fresh solutions were prepared every day, in order to
prevent nucleation.

Figure 3.2 illustrates the proposed polycrystalline film method of sample prepa-
ration. Solution A contained the matrix alone. It was prepared using 0.3 ml of 2:1
(water):(acetonitrile) (v/v) or any appropriate solvent mixture. An excess of matrix
was added to the solvent in a 0.5 ml Eppendorf tube and stirred for at least one
minute with a vortex mixer. The tube was then placed in a bench-top centrifuge
and spun to deposit undissolved matrix particles on the bottom of the tube. The
supernatant was removed to another tube with a micropipet. Solution B contained
matrix and analyte. The initial matrix solution was prepared by saturating 0.3 mL
of a selected mixed solvent with matrix, and then removing excess matrix particles
in the same manner as Solution A. Details of different solvent composition are shown
in Section 3.3. An aliquot of this matrix-saturated solution was then mixed with a
protein-containing solution to produce a final protein concentration of approximately
1 micromolar and a matrix/analyte ratio of 5,000:1. Any precipitation of the solute
in either the protein-containing solution or the matrix-containing solution could lead

to poor mass spectra. The substrate used was the mass spectrometer’s sample stub;
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a stainless steel cylinder. The upper surface of the stub was polished with 400 grade
finishing paper to remove machining marks but no special treatment was given to
the surface. The stub was thoroughly cleaned with methanol and distilled water be-
tween each sample deposition. Brief washing of the surface of the sample stub in an
ultrasonic bath was necessary to ensure that the previous sample was completely re-
moved. As shown in Figure 3.2, a 0.5-1 microliter aliquot of Solution A was deposited
on the surface and dried. The deposit formed was identical to that obtained by the
dried-droplet deposit method, described above. A clean glass slide was then placed
onto the dried deposit and pressed down onto the surface with an elastic rod, such as
a pencil eraser. The glass slide was twisted several times to smear the deposit onto
the surface. The crushed matrix could be brushed with a tissue or blown with air to
remove any loose matrix particles. A 0.5-1 microliter aliquot of Solution B was then
applied to the spot bearing the smeared matrix material. Within a few seconds an
opaque film formed over the substrate’s surface below the droplet, covering the metal.
After about one minute, the probe tip was immersed in room temperature water to
remove involatile liquid components and other contaminants. It is not necessary to
let the droplet dry before washing: the film did not wash off easily. Excess water on
the surface of the deposit was blotted with a tissue, and the sample was allowed to
dry at room temperature.

It was noted that the aliquot of Solution B used to create the film must be free of
particulate matter. Any particles of matrix present in this solution resulted in rapid
nucleation of matrix crystals throughout the solution, interfering with the formation
of the film. If Solution B was obviously cloudy, further centrifugation was necessary
to clear the liquid. The sample preparation described above is referred to as the
“polycrystalline film” method in the following sections.

Subsequent to its initial publication [57], a refinement of this method has been
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discovered. In this refined method, the matrix is dissolved in isopropanol to a con-
centration of lg/L. Several microliters of this solution are then spread out over the
surface of the sample stage and dried rapidly with a stream of room temperature
air. A very thin layer of fine crystals results from this treatment. This layer is then
crushed by rubbing the surface with a paper lab wipe repeatedly and firmly. The drop
of the sample and matrix in 2:1 water:acetonitrile is then applied as in the previous
method. This alternate method is easier to perform on sample stages that are not
perfectly flat.

A layer suitable for polycrystalline film formation can also be deposited by elec-
trospray. The matrix in this case is dissolved at 1g/L in methanol and electrosprayed
onto the surface at a sufficiently low flow rate to prevent wetting of the surface. The
resulting layer will form a polycrystalline layer when the second solution is applied

to its surface.

3.3 Experimental Results

The following matrix materials were used in this study: trans-3,5-dimethoxy-
4-hydroxycinnamic acid (sinapinic acid, SA) (Aldrich, lot#KY07201TV); trans4-
hydroxy-3-methoxycinnamic acid (ferulic acid, 4-FA) (Aldrich, lot#08522CY) [11];
trans-a-cyano-4-hydroxycinnamic acid (4-HCCA)(Sigma, lot#92H3649)(34] and trans-
2-hydroxycinnamic acid (o-coumaric acid, oCA)(Sigma, lot#11H2505). All the ma-
trices were purchased directly from commercial chemical suppliers and used without
further purification. The protein used was horse skeletal muscle myoglobin (Sigma,
catalog #M-0630, lot #61H7100). The materials were weighted on the bance and the

molecule weight used for calculation of concentrations was as quoted on the lable of
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the bottle. The solvents used were filtered, deionized water (produced using a Mil-
lipore cartridge system), acetonitrile (Fisher, reagent grade), urea (BDH, molecular
biology grade) and glycerol (Fisher, reagent grade).

Photomicrographs illustrating the procedure for producing the polycrystalline
films are shown in Figure 3.3. Figure 3.3(a) shows the initial dried-droplet deposit
of sinapinic acid. The result was a carpet of micro-crystals of different sizes and
orientations. The dominant crystal habits were thin tablets and long prisms. Figure
3.3(b) shows the same sample, after smearing the crystals with the glass slide.

Figure 3.3(c) is the polycrystalline film. At this scale, surface details of the film
cannot be distinguished. Further magnification of the sample produced no further
information: the surface appeared to be covered by unresolvable bright specks. Figure
3.4 is a scanning electron micrograph of a polycrystalline film produced using 4-
HCCA. Under a light microscope, this film was indistinguishable from that shown
in Figure 3.3(c). The film is composed of small crystals, with crystal dimensions
less than one micrometer. Most of the crystals have dimensions of 200-400 nm. The
crystals appear to be randomly oriented with respect to the substrate. The crystal
habits are consistent with a monoclinic crystal structure.

Figure 3.5 is a mass spectrum of horse skeletal muscle myoglobin obtained from
a 4-HCCA film. The solvent used for this spectrum did not contain any of the usual
additives used in protein solutions. This spectrum is used for comparison with Figures
3.6-3.8. Myoglobin was chosen to illustrate protein ion production only because it
has become a de facto standard for protein mass spectrometry. Other proteins have
been tried, with similar results [58]. The sample did not show any strong variations
in ion signal intensity as the laser was scanned across the surface of the film. This
observation shows that the polycrystalline film method has a major advantage over

the dried-droplet method. The dried-droplet method generally produces samples in
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Figure 3.5: A laser desorption TOF mass spectrum of horse skeletal muscle myo-
globin (mol. mass = 16951 u) taken from an 4-HCCA polycrystalline film. The
singly and doubly charged ion species are shown. Solution B was 2:1 (aqueous 0.1 %
trifluoroacetic acid):(acetonitrile)(v/v) containing 0.5 uM myoglobin. This spectrum
represents the sum of transients recorded for 30 consecutive laser shots.
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which some parts of the deposit produce little or no analyte signal, while from other
regions intense signals are produced. It should be noted that the ion production
threshold behavior of these polycrystalline films was qualitatively different from that
observed using the dried-droplet deposit method. Once threshold was reached, the
protein analyte ion current from the film increased very rapidly with increased laser
irradiance. The ion current increased more sharply than for dried-droplet deposits
made from a similar solution. This strong dependence of ion-current on irradiance
made it difficult to prevent saturation of the ion detection system.

Figure 3.6 was obtained with the same matrix as Figure 3.5, but using a Solution
B containing 20% glycerol. It was noted that the traditional dried-droplet method
applied to this solution B produced no protein ion signals. The polycrystalline film
had the same morphology as the film shown in Figure 3.3c. The protein ion produc-
tion characteristics of this film were identical with those of the film produced without
any glycerol (Figure 3.5).

Figure 3.7 is a mass spectrum obtained from the same matrix, but with solution
B composed of 2:1 (aqueous 6 M urea):(acetonitrile) (v/v). Again the dried-droplet
method of this solution B produced no protein ion signals. The polycrystalline film
produced strong signals over the entire surface of the film.

Figure 3.8 presents a mass spectrum obtained from the same matrix as Figure 3.5,
but with Solution B composed of 2:1 (aqueous 1 M sodium chloride):(acetonitrile)
(v/v). Once again, the presence of high concentrations of non-proteinaceous material
in the solution did not seriously affect ion production.

Similar experiments were carried out using 3-indole(trans)acrylic acid, trans-
sinapinic acid and 2,5-dihydroxybenzoic acid(2,5DHB) as matrices and myoglobin as
analyte. The films produced by using 3-indole-(trans)acrylic acid and trans-sinapinic

acid appeared similar to Figure 3.3c. They had similar properties with respect to
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Figure 3.6: A laser desorption TOF mass spectrum of horse skeletal muscle myoglobin
(mol. mass = 16951 u) taken from an 4-HCCA polycrystalline film. The singly
and doubly charged ion species are shown. Solution B was 5:3:2 (aqueous 0.1 %
trifluoroacetic acid):(acetonitrile):(glycerol) (v/v/v) containing 0.5 M myoglobin.
This spectrum represents the sum of transients recorded for 30 consecutive laser
shots.
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Figure 3.7: A laser desorption TOF mass spectrum of horse skeletal muscle myo-
globin (mol. mass = 16951 u) taken from an 4-HCCA polycrystalline film. The
singly and doubly charged ion species are shown. Solution B was 2:1 (aqueous 6 M
urea):(acetonitrile)(v/v) containing 1.0 uM myoglobin. This spectrum represents the
sum of transients recorded for 30 consecutive laser shots.
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Figure 3.8: A laser desorption TOF mass spectrum of horse skeletal muscle myo-
globin (mol. mass = 16951 u) taken from an 4-HCCA polycrystalline film. The
singly and doubly charged ion species are shown. Solution B was 2:1 (1 M NaClI
):(acetonitrile)(v/v) containing 0.5 gM myoglobin. This spectrum represents the
sum of transients recorded for 30 consecutive laser shots.
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involatile liquid components and produced strong protein ion signals. These spectra
are not shown here because they only repeat those shown in Figures 3.5-3.8. The
polycrystalline film produced by using 2,5DHB showed different morphology from the
other films. It was composed of small crystals, which were 4-5 times smaller than
the crystals formed by the dried-droplet method, but were still distinguishable under
an optical microscope. Careful observation showed that the smeared crystals from
solution A were partially dissolved after the solution B was placed on the sample
stage. Since 2,5 DHB is a highly water soluble matrix, it is easily washed off from the
sample stage when the sample stage is immersed in water to remove involatile liquids
and additives (Figure 3.2). Water soluble matrices, such as 2,5DHB, are therefore
not suitable for polycrystalline film sample preparation.

A series of experiments was carried out to determine whether the nuclei formed
by smearing the first deposit were acting as simple particulate nuclei or whether their
crystal structure was important in film formation. A deposit of a particular matrix
in Solution A was used as a base, and the second deposit of a different matrix in
Solution B was placed on the base to see if film would grow. No films were formed
using permutations of the matrices listed above. This result strongly suggests that
a supersaturated solution nucleates much more readily when crystals of the solute
are present. The effects produced by the presence of a seed crystal have been called
secondary nucleation [59, 60]. If the smeared deposit was acting simply as a collection

of particles, its chemical composition should not alter its efficacy in producing films.

3.4 Discussion

The results presented above suggested that the matrix has a special role in the
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dried-droplet sample preparation method. Co-crystallization of matrix and analyte
from matrix saturated solutions serves as an analyte purification step, since only the
polypeptide molecules enter the crystal, excluding most other contaminants. Ex-
periments involving growing polypeptide-doped sinapic acid crystals from solutions
containing involatile liquids [54] provided a rationale for this purification process.
This purification mechanism appears to work well over a broad range of analyte and
contaminant concentrations [55, 56]. A laser-generated phase transition in the matrix
crystals produces the MALDI effect [47].

In the dried-droplet method, matrix crystals begin to form as the most volatile
solvent components evaporate. The most volatile component is typically an organic
solvent such as methanol or acetonitrile. It is necessary that the matrix compound’s
solubility decreases as the volatile solvent evaporates. Crystallization continues as
the droplet dries. The concentrations of the analyte and soluble contaminants in-
crease as the droplet volume decreases, resulting in a highly concentrated solution
as the last volatile solvent components disappear. It is this surface layer, grown at
ill-defined analyte and contaminant concentrations, that is actually examined by the
laser. Often the matrix can exclude the contaminants, or minimize their effects on
the resulting surface layer, resulting in an analytically useful sample surface. Un-
fortunately, situations arise where highly concentrated contaminants interfere with
matrix crystallization/analyte inclusion, resulting in low quality samples.

Based on the above discussion of dried-droplet sample preparation, it seems clear
that it would be difficult to prepare truly reproducible samples from the dried-droplet
method. The evaporation of solvent may cause trace contaminants to become impor-
tant solutes during the growth of the surface layer of the sample crystals.

Much more reproducible results should be obtained from growing matrix crystals

under near equilibrium conditions in a mother liquor containing both matrix and
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analyte. Such a method of sample preparation, producing large matrix/protein crys-
tals, is possible but is time consuming and uses larger amounts of analyte than the
dried droplet method [23]. Experiments involving the growth of large matrix/protein
crystals have shown that proteins can be preferentially extracted into matrix crystals
from solutions containing high concentrations of glycerol or dimethylsulfoxide[54].
Crystals grown in this manner are useful samples if they are large enough to be easily
washed prior to laser analysis.

Rapidly grown polycrystalline films, as described in this chapter, represent a dif-
ferent approach to creating a sample unaffected by evaporation of solvent in drying
droplets. As opposed to slowly growing large crystals in nearly equilibrium condi-
tions, the fabrication of polycrystalline films uses auxiliary seed sites to control a
rapid crystallization process [61, 62]. Crystal nucleation at the air-liquid interface
is replaced by secondary nucleation arising from the layer on the surface of the sub-
strate. Microcrystals form inside the bulk solution, where solution concentrations
change slowly. The film adheres to the surface, so the crystallization can be halted
by washing off the droplet before its volume decreases significantly. The small size
of crystals in the film means that the laser illuminates many crystals and crystal
orientations at once, resulting in more uniform ion emission. The entire film can be
considered as a single device, with ion emission characteristics that are the average of
the ensemble of microcrystal structures and orientations. This is the most important
feature of the polycrystalline film method compared to the dried droplet method.
The films are much more uniform than dried-droplet deposits with respect to analyte
ion production.

Another significant feature of the film growth protocol described above is its
operational similarity to that of the dried-droplet method. Films that produce intense

protein-ion currents can be grown in the presence of high concentrations of involatile
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solvents without any pre-purification. These films adhere firmly to the substrate,
allowing easier washing of the film compared to dried-droplet deposits.

The polycrystalline film method described in this chapter is the first successful
approach to improve MALDI sample preparation. The method has been widely
adopted in the field of MALDI applications. Many users have viewed this method as

a major development in the study of MALDI.



Chapter 4

Effects on MALDI Performance of Protein/Matrix Molar Ratio

As mentioned above, sample preparation in MALDI involves co-crystallization of
the analyte molecule with an excess of low mass, light-absorbing, organic molecules
- the matrix. It has been demonstrated that a number of compounds from different
chemical classes are suitable as matrices in MALDI. In this chapter the influence
of initial matrix concentration on analyte ion yields and the mass resolution of the
molecular ion signals are investigated. The results of the investigations are explained

in terms of a proposed mechanism.

4.1 Phenomenological Description of Laser-Induced Thermal Desorption

To generate ions in MALDI, analytes must be desorbed and, at some point, ion-
ized. Several recent papers have presented theoretical investigations on the process
of molecules ablated from an energized matrix [47, 48, 52, 63, 64]. All these inves-
tigations have tried to answer the question: How can large molecules be transferred
to the gas phase without fragmentation and degradation? Energy deposition and
redistribution processes have been considered as a key factor in the description of
MALDI mechanisms. The sequence of processes is proposed to be as follows: absorp-
tion of UV radiation by the crystal; rapid energy transfer into the lattice; thermal

sublimation of the matrix; followed by a dense gas of matrix carrying the analyte

40
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molecules embedded in it away from the surface. In this section a kinematic model
for the above process is presented. The model is due to discussion in the book “Laser
Beam Interactions with Materials” [65].

The temporal distribution of a laser pulse at the sample is not uniform in time,

but approximates a Gaussian distribution function:
I(t) = Iyexp[—(t — to)?/7}] (4.1)

where I, is the peak of the laser pulse irradiance (in Wem™2), ¢q is the time at peak
power of the pulse and 7, denotes for the halfwidth of the pulse.

The UV radiation falling on the crystal surface is absorbed in layers with a thick-
ness of [, and results in electronic excitations in those layers. The thickness [ can be
related to the inverse of the absorption coefficient a. In nicotinic acid, for example,
a is 4 x10* cm™1, leading to a value for ! between 0.1 to 1.0 gm. Through very fast
internal conversion processes, the electronic excitation leads to internal vibrational
excitation, and these internal vibrations are transferred to lattice vibrations. The
characteristic time for this process ranges from 10~? to 1072 s [66].

If one assumes that the absorbed UV radiation energy of nanosecond laser pulses is
instantaneously transformed to thermal molecular motion, the standard heat equation
can be applied to describe the crystal heating dynamics of the matrix. Consider a
homogeneous crystal in the form of a slab between the planes z=0 and z=L. The
slab is assumed to be thermally insulated, so that no heat flow across the boundaries
is allowed. The laser beam is incident onto the plane z=0. This situation can be
described by

aT

L DT+ ZI(t)e 4.2
5 = DT+ 1) (42)

where I(t) is the incident irradiance, D is the thermal diffusivity of the medium (in

m?s~1), ¢, is the specific heat of the medium (in Jkg™!K~!), « is the absorption
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coefficient of the medium and p is the density of the medium (in kg m™3). Assuming
that all the absorbed energy is converted into heat and taking into account the fact
that the heat has no time to penetrate into the sample during a laser pulse of length

T <1078 5, the temperature rise on the crystal surface AT can be evaluated by

AT =22 (4.3)
cop

where & = [ I(t)dt is the laser fluence (in J cm™2). Equation (4.3) implies that
the temperature change AT at a fixed laser power is proportional to the absorption
coefficient &. The heat flow equation (4.2) can be solved by using a Green'’s func-
tion technique [67]. For the influence of a uniform penetrating light source with I

irradiance the rise of surface temperature, AT, at time ¢ is [65]

AT(t) = % {-j—; - % [1 - exp(a?a)zerfc(-c;—&)]} (4.4)

where the diffusion length § = 2v/Dt and the thermal diffusivity D = K/c,p; here
K, p and ¢, are the thermal conductivity (in Wm~'K™!), the density and the specific
heat of the material, respectively. The molecular desorption rate constant W, depends

greatly on the temperature, as described by the Arrhenius law
W =y exp[—E/k(To + AT)] (4.5)

where »; = 1012 — 10! 57! is the typical lattice vibration frequency, E is the binding
energy of a molecule on the surface in the crystal and Tj is the initial temperature.
The rate of sublimation of the molecules from the heated layers is, therefore, given
by

dNy/dt = N,W (4.6)
where N, is the number of molecules in the gas phase adjacent to the surface and N,

is the number of molecules on the surface, per unit area.
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It has been shown experimentally that molecules can be desorbed intact and with
relatively little internal energy at high heating rates, whereas they decompose at
low heating rates [68]. Numerical calculations for the case of adenine crystals [66]
and nicotinic acid [48] indicated that the rates required to desorb molecules without
fragmentation are in excess of 10% K/s.

To explain the observation that guest molecules do not fragment and degrade,
it was proposed [47, 48] that highly excited host molecules and lattice vibrations
would undergo adiabatic cooling during sublimation and energy transfer to the guest
molecules during sublimation would be low enough to prevent decomposition.

To treat energy redistribution between the matrix and analyte, the energy density

of the incident irradiance, pe, is partitioned in the following way [48]:
pe=(1—z)H+L+zG+ B 4.7)

where H, L,G and B denote the energy density content of the host molecules, of the
lattice and of the guest, and the energy density used for bond breaking, respectively;
z is the volume fraction of the guest molecules. For easily comparing the discussion
here to that in the literature, the energy density of the incident irradiance is notated
as pe , as used in the literature.

The area of the volume element heated by the laser is considered to be determined
by the laser beam cross section. Its thickness is proportional to the inverse of the host
absorption coefficient, a'. Therefore, the increase in energy density in this volume
due to laser heating is given by:

d(PC)heat _ay + aGI(t)- (4.8)

dt VT

Here, I(t), the laser irradiance, is expressed by Equation (4.1), and ey and ag

are the effective absorption coefficients of the host and guest (weighted by their

concentrations).
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In the power density regime discussed above, there are two main mechanisms to
cool the excited volume: phase transformation and heat conduction. In terms of the
enthalpies of the possible phase transition processes, the two most effective cooling
phase transitions are considered to be sublimation and evaporation.

The cooling rate, expressed by the phase transition enthalpy, A Hpher, and tem-

perature, Tp4, is written as [48]

d(p€)coot _ rpoAHpnty [AH,A"(TL - Tphtr)] (4.9)
dt 2rM RT RTLToher ]

where pg is the ambient pressure; T is the lattice temperature and M is molecular

mass.

In the kinetic equations for energy redistribution, the energy exchange terms are

proportional to the energy differences and are given by

dH _ oy d(pe)neat
a = an + oc dt aHL(H - L) i a}[(;(H — G) - aHBH (4.10)
dL d(pe)coo
- = ent(H — L) —arg(L - G) - -———(PZZ ' (4.11)
dG _ ag d(pe)heat
and
dB
T appH + agpG. (4.13)

Here, ayr,anc, anp, are, and acgp are the host-lattice, host-guest, host-bond- break-
ing, lattice-guest, and guest-bond-breaking energy transfer coefficients, respectively.
It is assumed that all of the processes except bond breaking are reversible.

The physical situation described by these equations can be explained as follows.

The laser radiation electronically excites the host and, with a lower cross section, the
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guest molecules. Fast internal conversion processes of the electronic excitation leads
to internal vibrational excitation. At a given rate (ayy) these internal vibrations are
transferred to lattice vibrations and are also channeled directly to guest vibrations
(aue). The lattice is cooled by the phase transformation and transfers energy to the
guest molecules (o). The guest heating rate is determined by direct light absorption
and energy transfer from both the lattice and directly from the host molecules. Both
the host and the guest molecules are subject to irreversible fragmentation, which
consumes some part of the energy.

The energy transfer rate coefficients in Equations 4.10 - 4.13 are similar to those
used for a guest molecule physisorbed on a host in Ref. [69]. The role of the ph-
ysisorption bond in Ref. [69] is played here by hydrogen bonds and van der Waals
interactions between the host and the guest molecules. The resulting energy transfer

coefficients are given by:

anr = vy exp(—€nL) (4.14)
aye = vaCeg exp(—Ena) (4.15)

and
arc = vLCgexp(—£1g)- (4.16)

Here Cg is the fractional volume concentration of guest molecules, Cg = z/(1 — z),
and €yr, énc and €rc are adiabaticity parameters [69]. It is the appearance of the
guest concentration ratio, Cg, in Eqns (4.15) and (4.16) that leads to its role as
a critical parameter. Too high a value of Cg leads to increased lattice/guest and
host/guest molecular coupling.

Computational results [48] based on the above model suggest that the crucial
kinetic competition is between cooling by sublimation of the host molecules and

energy transfer to the guest molecules. The highest possible rate of sublimation
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could be achieved by increasing the surface-to-volume ratio, using a host matrix
with a low sublimation temperature and using a laser pulse short enough to promote
volatilization instead of degradation. The rates of energy transfer to the guest could
be reduced by using a subcritical concentration of the guest molecules, and using a
matrix host molecule with poor frequency overlap with the frequencies of the guest
molecule. In this chapter we investigate the empirical support for energy deposition
and redistribution processes of MALDI mechanisms. While it is understood that
the matrix plays an essential role in MALDI performance, a quantitative evaluation
of matrix concentrations on MALDI performance has not been done. The present
investigation focuses on the influence of matrix concentrations on both the analyte
ion yield and the mass resolution. The significance of the investigation is to provide
not only empirical tests of proposed MALDI mechanisms, but also to investigate how

to optimize MALDI performance using proper ratios of matrix/analyte.

4.2 Experiment and Results

The matrix materials used in the present study, such as sinapinic acid, ferulic
acid, a-cyano-4-hydroxycinnamic acid, were the same as that used in Chapter 3. In
addition, 2,5-dihydroxybenzoic acid (gentisic acid, 2,5DHB) (lot# JY03202JX) [23],
obtained from Aldrich Chemical Company, Inc, was used. All of the matrices were
purchased from commercial chemical suppliers, and used without further purification.
The protein used was horse skeletal muscle myoglobin. Deionized water was prepared
with a Millipore cartridge system. Acetonitrile (MeCN) and ethanol were obtained
from Fisher Scientific. Trifluoroacetic acid (TFA) was obtained from Sigma Chemical
Co..
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Appropriate amounts of matrix were dissolved in premixed solvents to give the
different concentrations of matrix solutions. The solvent for sinapinic acid, ferulic
acid and 4-HCCA was 2:1 {(v/v) 0.1% aqueous TFA:MeCN, and was used to produce
concentrations of matrix in solution from 10 mM to 200 mM. Gentisic acid was
dissolved in T:1 {v/v) pure ethanol:0.1% aqueous TFA, to give concentrations of
matrix in solution from 25 mM to 175 mM. Myoglobin was dissolved in 0.1% aqueous
TFA at a concentration of 10 uM. MALDI sample preparation was performed in
the following manner. The analyte solution was mixed with an equal volume of
matrix solution. 1 gL of mixture was deposited onto a stainless steel probe tip and
stirred with the tip of a stainless steel tweezer until a layer covering the target was
observed. The sample was then allowed to dry completely in air. The total quantity
of myoglobin deposited on the target was approximately 5 pmol for all experiments.
As compared with unstirred samples, which mainly dried to give irregular crystals
distributed along the rim of a circular region for 2,5DHB and ferulic acid, the stirring
procedure produced many smaller microcrystals uniformly distributed over the target
surface, improving the reproducibility of mass spectra. In the case of 2,5 DHB, use
of ethanol rather than MeCN also helped produce a homogeneous sample layer.

The mass spectrometer was operated in the linear mode with an ion acceleration
voltage of 30 kV. The laser power was 30% above the threshold for each matrix and
unchanged through all concentrations of the matrix. The mass spectra presented here
have been accumulated over 20 laser pulses. The concentrations of matrix solutions
studied in this chapter, and the molar ratios of matrix/protein in each sample, are
summarized in Table 4.1. For each matrix, minimum and maximum concentrations
of matrix in its solution, listed in the Table, correspond respectively to the limit of
detection of analyte ions on MALDI and to the solubility limit at room temperature.

Six typical TOF mass spectra of myoglobin mixed with the different concentrations
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Table 4.1: Summary of matrix solution concentrations

_— — e — —— —_—
— === — — —

4HCCA Ferulic Sinapinic 2,5DHB Molar ratio of
acid acid matrix/protein
(mM) (mM) (mM) (mM) in sample
10 10 1000
25 2500
30 30 30 3000
50 50 50 50 5000
70 70 7000
75 7500
80 8000
100 100 100 100 10000
140 14000
150 150 150 15000
175 17500

200 20000
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of matrix solutio for each of 2,5DHB, 4HCCA, and sinapinic acid, are shown in Figures
4.1, 4.2, and 4.3, respectively. In all spectra, the major peaks observed correspond
to the singly and doubly charged analyte molecular ions.

Figures 4.1 - 4.3 demonstrate that the intensities of the analyte ion peaks increase
gradually with an increase in concentration of matrix solution using a fixed laser
fluence, and then decrease slightly as the concentration of matrix solution continues
to increase. This general trend is demonstrated more clearly in Figures 4.4, 4.5 and
4.6 for the different matrices by plotting the ion yield of analyte against the matrix
to analyte molar ratio. Each point in Figures 4.4 - 4.6 represents an average of 6 -
9 replicate experiments on the same sample surface. Error bars indicating standard
deviations are also shown. This investigation however, could not be extended to much
lower matrix concentrations (<10 mM), as no analyte molecular ions were observed
for the laser fluence available. Figures 4.4 and 4.6 show that the protein ion intensity
increases with increasing matrix concentration in the sample and reaches a plateau
around a molar ratio of ~ 10%.

The effect of matrix concentration on the resolution of the mass spectrum was also
investigated by measuring the full-width at half-maximum (FWHM) of the analyte
molecular ion peaks. This investigation was motivated by the observation of unsym-
metric myoglobin ion peaks, especially using 2,5DHB and sinapinic acid as matrices.
Spectra were obtained from six - nine spots on each of the samples, then the mass
resolutions (FWHM) were measured for each of the spectra and averaged for each of
the concentrations of matrix solution. The results are presented in Figures 4.7, 4.8
and 4.9 for 2,5DHB, 4HCCA and sinapinic acid, respectively. These figures show that
the molecular ion peaks were broadened, and the mass resolution correspondingly de-
creased, as the matrix concentration was increased. Similar observations have been

made by Shannon Cornett et al. [70] for gramicidin D (=2 1881 u) in a binary matrix,
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Figure 4.1: The positive ion TOF mass spectra of horse skeletal muscle myoglobin
(mol. mass = 16951 u) in solutions of 2,5DHB matrix of different concentration
at fixed laser power. The amount of myoglobin in each sample was approximately
5 pmol. The singly and doubly charged ion species are shown. Each spectrum
represents the sum of transients recorded for 20 consecutive laser shots.
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Figure 4.2: The positive ion TOF mass spectra of horse skeletal muscle myoglobin
(mol. mass = 16951 u) in solutions of 4HCCA matrix of different concentration
at fixed laser power. The amount of myoglobin in each sample was approximately
5 pmol. The singly and doubly charged ion species are shown. Each spectrum
represents the sum of transients recorded for 20 consecutive laser shots.
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Figure 4.3: The positive ion TOF mass spectra of horse skeletal muscle myoglobin
(mol. mass = 16951 u) in solutions of sinapinic acid matrix of different concentration
at fixed laser power. The amount of myoglobin in each sample was approximately
5 pmol. The singly and doubly charged ion species are shown. Each spectrum
represents the sum of transients recorded for 20 consecutive laser shots.
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Figure 4.4: Plots of the ion yield of myoglobin versus the 2,5DHB to myoglobin molar
ratio for singly (a) and doubly (b) charged molecular ions. The amount of myoglobin
in each sample was fixed at approximately 5 pmol.



Chapter 4. Effects on MALDI Performance of Protein/Matrix Molar Ratio 54

12.0 T v Y v T T
10.0 | 1
c
2 -
g 8.0 T e -
e - T .-v~" + 1
_g e T L
[4) " 4L
—> I’
g 6-0 - T”I 4
@ -4
s [ - ” - “
P -,
% 40 -t .
[ o -~ - L
g e
g_: L
2.0 -
|
0.0 " [] o L. A N z 1 " 1 i
0.0 2000.0 4000.0 6000.0 8000.0 10000.0 12000.0
Molar ratio of 4HCCA / protein
(a)
25-0 4 L] LI T v L
. 20.0 .
2
E ( I“s = ’E ~
g - ’ < ~ ~- ~
£ 150 e ~ :
2> X =
o -
3 _-
S 7
s 10.0 F 7 e
= ot
2 I i
g s
=3 ’
50 ¥ 8
O-o a ;] i 1 " 1 —_ [l " L
0.0 2000.0 4000.0 6000.0 8000.0 10000.0 12000.0
Molar ratio of 4HCCA / protein
(b)

Figure 4.5: Plots of the ion yield of myoglobin versus the 4HCCA to myoglobin molar
ratio for singly (a) and doubly (b) charged molecular ions. The amount of myoglobin
in each sample was fixed at approximately 5 pmol.
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Figure 4.6: Plots of the ion yield of myoglobin versus the sinapinic acid to myoglobin
molar ratio for singly (a) and doubly (b) charged molecular ions. The amount of
myoglobin in each sample was fixed at approximately 5 pmol.
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Figure 4.7: Plots of the measured peak widths (FWHM) versus molar ratio of 2,5DHB
to myoglobin for singly (a) and doubly (b) charged molecular ions. Spectra were
obtained from 6-9 spots on each of the samples, then peak widths (FWHM) were
measured for each of the spectra, and averaged.
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Figure 4.8: Plots of the measured peak widths (FWHM) versus molar ratio of 4HCCA
to myoglobin for singly (a) and doubly (b) charged molecular ions. Spectra were
obtained from 6-9 spots on each of the samples, then peak widths (FWHM) were
measured for each of the spectra, and averaged.
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Figure 4.9: Plots of the measured peak widths (FWHM) versus molar ratio of sinap-
inic acid to myoglobin for singly (a) and doubly (b) charged molecular ions. Spectra
were obtained from 6-9 spots on each of the samples, then peak widths (FWHM)
were measured for each of the spectra, and averaged.
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and by Perera et al. [71], with bovine insulin (5733.5 u) in coumarin 152.
The deposit produced using ferulic acid as the matrix showed morphology similar
to that obtained with 2,5DHB. The results were similar to those for sinapinic acid,

and are not shown here because they only repeat those shown in Figures 4.3, 4.6 and

4.9.

4.3 Discussion

On the basis of the results presented above, two categories of matrix effects can
be identified, based on the influence of increasing matrix concentration on analyte
ion yield [72].

The first category, essentially physical effects, involves the energy deposition and
redistribution processes. The matrix molecules dominate the process of energy de-
position. The process is known to be a bulk process rather than a monolayer event
[46]. The number of matrix molecules in the heated crystal layers, N, in Equation
4.6, can be an important factor in the process of matrix sublimation. The number
of matrix molecules absorbing the laser energy depends on the film thickness and
the concentration ratio of matrix to analyte. Film thicknesses were determined from
the concentration and volume of solution deposited. With this knowledge, and the
assumption of uniform film distribution, plus matrix density estimates of ~ 1 g cm™3,
average film thicknesses were estimated to vary from several hundred nanometers to
several micrometers in this study. By combining the calculations of the film thick-
ness and the results shown in Figures 4.4-4.6 it is believed that, as the concentration

of matrix solution and thus the film thickness increased, more matrix material was

ejected into the gas phase by a laser pulse. This hypothesis is fairly well supported
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by the recent qualitative study of MALDI desorption by means of the associated
acoustic signal [38].

In addition to the effect of matrix solution concentration (i.e. of total quantity of
matrix in the MALDI sample) on energy deposition, it is also necessary to discuss its
effect on energy redistribution. As the ratio of matrix to analyte in a sample increased,
the rates of energy transfer for host-guest and lattice-guest, ayge and arc defined in
Equations 4.15-4.16, are reduced. Consequently the efficiency of the energy transfer
into the crystal lattice is raised, and the rate of matrix sublimation is increased as
well.

The second category, chemical effects, includes co-crystallization of the matrix
and analyte, and photochemical ionization. Detailed studies of single crystals of
sinapinic acid have recently shown that proteins are incorporated into the matrix
crystal structure by preferential interaction with specific hydrophobic crystal faces
[55]. Both hydrophobic and hydrophilic interactions between matrix and analyte
molecules are undoubtedly affected by the relative concentrations of the matrix and
analyte. In this hypothesis, it can be assumed that the number of matrix incorpo-
ration sites decreases as matrix solution concentration (and thus total quantity of
matrix) decreases, resulting in a reduced density of proteins bonded to these planes
of the crystal [55].

There is an unanswered question in the discussion thus far. How does matrix
solution concentration (and thus matrix:analyte ratio) affect analyte ion formation,
a prerequisite for mass analysis and detection in mass spectrometry? It is assumed
that analyte ion formation takes place in the gas phase, in particular in the dense
gas plume above the sample surface. Thermal ion formation is not likely in the
case of large molecules because the required temperature would certainly destroy

these molecules. However, photoionization of matrix molecules is feasible because
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two photons of the most commonly used laser radiation in MALDI together provide
enough energy to ionize many organic molecules. This photoionization process could
also be more effective in the gas phase. In the clouds of ions and neutrals derived from
matrix molecules and neutral analyte molecules, the photoionized matrix molecules
become agents for chemical ionization of analyte molecules, and the latter behave as
proton traps. In other words, analyte ionization takes place in the gas phase by proton
transfer from matrix-derived ions or electronically excited matrix molecules to neutral
analyte molecules. An investigation of the mechanism for proton transfer reactions in
MALDI was recently conducted by Russell et al. [73]. They concluded that MALDI
involves proton transfer reactions between excited states of matrix molecules and
ground states of the analyte. If this picture is correct, it can be further hypothesized
that, as the content of matrix in the sample increases, more matrix ions are produced
in the gas phase. If the number of analyte molecules in the gas phase is constant,
the increased abundance of matrix ions will increase the proton attachment reaction
rate, and consequently enhance the analyte ion yield. The plateaus in Figures 4.4
and 4.6 can be explained by the saturation of the proton transfer process.

The decrease of the analyte ion intensities at very high matrix content is likely
caused by the ejection of the matrix vapor plume from the front surface of the crystal.
Studies of arrival-time distribution measurements for protonated ions clearly show
that ions are formed over microsecond time periods following the initial laser pulse
[74]. In the case of high concentration of matrix, the evaporated material could
form a dense gas plume as indicated before. The particles ejected at early times
could attenuate the laser radiation reaching the sample surface and thus minimize
the energy deposition and photoionization processes.

It is observed in MALDI experiments that both analyte peak widths and intensi-

ties are dependent upon the laser fluence [36, 71, 75]. However, there may be many
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other factors that influence the peak width and intensity. For instance, the width
of the protonated ion signal for analyte was found to depend on the nature of the
matrices [73]. Alternatively, the peak widths may be broadened as the result of un-
resolved ions, e.g. [M + H]|* and [M + Na]*, or matrix adducts {13, 70]. Based on
the energy deposition and gas phase ionization model discussed before, it is believed
that the present observations are related to the total energy deposited to the sample
as well as the density of the material ejected by the laser irradiation. The results
shown in Figures 4.7 - 4.9 can be explained by attachment of matrix molecules to
analyte ions, since the analyte ion could experience a high density matrix plume at

higher matrix concentrations, resulting in increased possibility of the attachment.



Chapter 5

Influence of Matrix Additives on MALDI

In MALDI, detection sensitivity, selectivity, mass resolution and other perfor-
mance indicators are strongly dependent on the sample/matrix preparation. The
crystallization of the mixture of the matrix and the analyte is the basic process of
the sample preparation. In this chapter the control of crystal growth by additives
will be discussed. Experiments involving 2,5-dihydroxybenzoic acid mixed with its
isomers and other benzoic acid derivatives are described. The performance of the
mixtures in MALDI MS is evaluated. Initial results indicate that use of additives
possessing various properties can serve as a general means of improving the MALDI

MS performance for certain matrices.

5.1 Influence of Additives on the Growth of a Crystal

The overall shape of a crystal is determined by the relative rates of deposition
of particles on its various faces, the general rule being that faces which grow slowest
appear as large, developed faces. The growth rates are determined primarily by a
combination of structurally related factors, such as intermolecular bonds and dislo-
cations, and external factors such as temperature, degree of supersaturation, solvent
and impurities. Although strictly speaking the solvent itself has to be considered as

an impurity, the term “impurity” (or “additive”) used in this chapter is restricted to
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compounds other than solute and solvent.

For molecular crystals, quantitative measurement of relative face growth rates was
initially introduced by Hartman and Perdok [76]. They proposed that the attachment
energy FE,::, defined as the energy per molecule released when a new layer is attached
to the surface of the crystal, is a controlling parameter for the growth rate R nor-
mal to a face, so that faces with higher E,. grow faster [77]. Early attempts to use
the Hartman-Perdok theory for molecular crystals were thus qualitative, with bond
chains identified and their relative strengths assessed [78]. The increasing access to
powerful computers through the 1980s has led to quantitative predictions of crystal
morphology. Initially these studies involved a direct extension of the Hartman-Perdok
method by calculating the energies of specific bonds. More recently, direct calcula-
tions of slice energy E,, defined as the energy per molecule released when a slice
is formed, and attachment energy E,.: for specific crystal planes, have used crystal
structure data together with interatomic potential functions describing the interac-
tion energies between pairs of non-bonded atoms [79, 80]. Several calculations of
crystal morphology based on the Hartam-Perdok method have been published, and
are in good agreement with observed forms [81, 82, 83].

The presence of impurities in a system can have a profound effect on the growth of
a crystal. Some impurities can suppress growth entirely; some may enhance growth,
while others may exert a highly selective effect, acting only on certain crystallographic
faces and thus modifying the crystal habit. Some impurities can exert an influence at
very low concentrations, whereas others need to be present in fairly large amounts.
The extensions of the Hartman-Perdok model have shown how additives as impurities
exert an influence on attachment energies and hence on morphology [79, 84]. To do
this, additive molecules are substituted for substrate molecules in the growth slice

taking each lattice site in turn. This assumption gives new values for slice (Ey) and
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attachment (£, ) energies. It has been shown that the binding energy E; at a surface
site is [79]:

Ey = Ey + Eqau (5.1)

for a substrate molecule so that it is possible to calculate the change in binding
energy due to the inclusion of an additive in the slice. The faces most likely to be
influenced by an additive are those for which this change, A E}, is minimized.

By making use of the model discussed above, Roberts and Docherty have shown
a good example, for the first time, of calculations of morphological change of a crys-
talline substance (benzamide) due to the presence of an additive (benzoic acid) [85).
The results of the calculations were found to be consistent with the available ex-
perimental data [86]. In the benzamide crystal, hydrogen-bonded cyclic dimers are
interlinked along the b axis to form hydrogen-bonded ribbons. These ribbons are
stacked along the a axis to give (001) layers held together by weaker van der Waals
bonds, as shown in Figure 5.1. Retardation of growth, primarily along the b axis, was
achieved by adding benzoic acid as impurity. The addition of benzoic acid disrupts
growth in the b direction by interfering with the -N-H...O=C- hydrogen bonds. As
shown in Figure 5.2, at the growing end of the ribbon motif an attractive -N-H...O=C-
bond is replaced by a repulsive O...O interaction. Retardations of growth along the
a axis and c axis were achieved by adding o-toluamide and p-toluamide, respectively
[86]-

2,5-dihydroxybenzoic acid (2,5-DHB) is a widely used matrix for matrix-assisted
laser desorption/ionization mass spectrometry at 337 and 355 nm (23, 87]. In the
standard preparation for MALDI (“dried droplet” method), 2,5-DHB forms a rather

nonhomogeneous sample structure. It shows two distinct regions, i.e. a rim with
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Figure 5.1: Molecular packing in benzamide as viewed along the a axis.
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Figure 5.2: Chain formed by the hydrogen-bonds of benzamide. An additive benzoic
acid molecule, which replaces a benzamide molecule, is shown.
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crystal needles protruding towards the inside and a thin polycrystalline inner region
(see Figure 5.3). Spectra with the highest analyte signal intensity are obtained from
the crystal needles at the rim, in particular from the tips of the needles. A more
recently developed sample preparation method, the poly-crystalline thin film method
[44, 57] (see Chapter 3 of this thesis), has led to improved results in some matrices,
but it was not generally useful for 2,5-DHB. 2,5-DHB is more soluble in water and
most organic solvents than other common matrices, so that the second drop and
washing procedure described in Section 3.2 completely redissolve the matrix surface.
The characteristics of the crystalline deposit formed by 2,5-DHB create a problem. It
is somewhat difficult to form a homogeneous mixture of matrix and analyte, result-
ing in poor shot-to-shot, point-to-point and sample-to-sample reproducibility. This
problem has impaired the application of 2,5-DHB in MALDI quantitative analysis
[31, 32]. However, other characteristic features of 2,5-DHB, such as tolerance towards
common reagents and contaminants, and high sensitivity for many analytes, make
it a desirable matrix for biomolecular mass analysis. Therefore, it is of considerable
practical importance to find a method for modifying the morphology of 2,5-DHB
crystalline deposits, based on the theory and experiments presented above. In this
chapter we present the first investigation focuses on the improvement of the MALDI

sample morphology using additives.

5.2 Experimental and Results

The following matrix materials were used in this study: 2,5-dihydroxybenzoic acid

was used as the substrate, while its positional isomers and two other benzoic acid

derivatives were used as additives (see Table 5.1 for their abbreviations as used here).
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Table 5.1: List of additives used in the experiment

Abbreviation Name of Additives

2,3-DHB 2,3-dihydroxybenzoic acid (lot# LF14112MX)
2,4-DHB 2,4-dihydroxybenzoic acid (lot# JG02530TF)
2,6-DHB 2,6-dihydroxybenzoic acid (lot# EF10430MZ)
3,4-DHB 3,4-dihydroxybenzoic acid (lot# PF02229MF)
3,5-DHB 3,5-dihydroxybenzoic acid (lot# LF01028EZ)
4A3MB 4-amino-3-methoxybenzoic acid (lot# MZ01116MY)
3ATFB 3-amino-2,5,6-trifluorobenzonic acid (lot# KZ01514HX)

All the matrix materials were purchased from Aldrich Chemical Company, Inc. and
used without further purification. All the solvents used were obtained from the same
sources as stated in the previous chapter.

Initial solutions of the individual matrices were prepared at a concentration of
10g/L by dissolving in 2:1 (v/v) 0.1% aqueous trifluoroacetic acid:acetonitrile. The
solutions of 4A3MB and 3ATFB were heated briefly to 40° C to remove any undis-
solved material. Each of the initial solutions was then cleared by centrifugation before
mixing. Each of the additive solutions was added to 2,5-DHB solution in the appro-
priate ratios. Details of solution composition are indicated in the appropriate figure
captions.

Matrix solutions were stirred using a vortex-mixer for more than four minutes,

followed by two minutes in an ultrasonic bath. The solution was then stirred again and
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allowed to equilibrate for several hours. The analyte samples used in the experiments
were bovine insulin and myoglobin. They were dissolved in 0.1% aqueous TFA at 10
uM concentration.

The final sample was prepared by using the dried-droplet method. The protein
solution was stirred with the matrix at a typical ratio of 1:10 using a vortex mixer
(3 min.). Aliquots of 0.5 - 1 gL of the mixture were deposited onto a stainless steel
probe tip and allowed to air-dry at room temperature.

MALDI-MS was performed using a linear time-of-flight instrument, a description
of which can be found in Chapter 2. Background pressure within the instrument,
measured by an ion gauge located below the flight tube, was lower than 3 x 10~7 torr
for all measurements. The instrument was not equipped to permit the microscopic
observation of the irradiated sample. The laser spot on the sample surface could,
however, be monitored by sight through a window on the top of the ion source. Ion
desorption was initiated by a nitrogen laser emitting at 337 nm with a pulse duration
of 3 ns. The laser irradiance was 30% above the threshold for each of the samples.
The desorbed ions were accelerated to 30 keV energy.

In the crystals of dihydroxybenzoic isomers, the structures consist of centrosym-
metric dimers linked together by hydrogen bonds between the carboxylic groups
(88, 89]. However, the modes of packing of the dimers turn out to be quite different in
the isomeric compounds, despite their common tendency to form hydrogen-bonded
pairs. The interactions of the phenolic hydroxy groups play an important role in
determining the structure, and result in the different morphologies. For instance, the
unit cells of 2,4-DHB and 2,5-DHB are quite different (Table 5.2), the former being
triclinic and the latter monoclinic.

In situ photomicrographs of 2,5-DHB isomer crystals were taken in order to un-

derstand their structure and morphology. All samples were prepared by applying
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Table 5.2: The crystal data for 2,4DHB and 2,5DHB

— —
_—— — —  — —

a b c o B8 ¥ Z Space group
2,4DHB[90] 9.67 11.56 7.05 105°38 91°43' 79°55' 4 P7
2,5DHB[89] 23.95 491 5.62 100°59’ 4 P2, /a

— —_— e ——
— _— —_—————  —— — —

1 uL of the initial solutions onto the probe tip, and were allowed to air-dry at room
temperature. Under microscopic inspection a rather similar sample structure was
revealed for 2,3-DHB, 2,4-DHB and 2,6-DHB crystals, as shown in Figures 5.4 -
5.6. The crystal needles start to grow at the edge of the droplet, extend towards
the inside, and distribute over nearly the whole sample area upon droplet drying.
Crystals of 3,4-DHB and 3,5-DHB form the same structure as 2,5-DHB with two
regions, i.e. crystal needles near the rim and polycrystalline material in the center.
Light micrographs of the other isomers, 3,4-DHB and 3,5-DHB samples, are shown
in Figures 5.7 and 5.8, respectively.

The mixture of 2,5-DHB with its isomers changed the resulting crystal structures
and morphologies. Figures 5.9 - 5.13 show the photomicrographs of 2,5-DHB mixed
with its five isomers individually. The sample solutions were prepared by adding the
additive solution into the 2,5-DHB solution in a 1:1 ratio. In the mixture of 2,5-DHB
with 2,3-DHB, shown in Figure 5.9 (a)-(b), it can be seen that the dense crystal grains
distribute homogeneously over the central region. The same crystal distribution
and morphology could be observed in the sample of a-cyano-4-hydroxycinnamic acid
(4HCCA) prepared by the dried-droplet method (shown in Figure 5.9(c)). The crystal
morphology obtained for the mixture of 2,5-DHB:2,6-DHB (shown in Figure 5.10) was
analogous to that for the 2,5-DHB:2,3-DHB mixture. The mixture of 2,5-DHB with
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the other three isomers, 2,4-DHB, 3,4-DHB and 3,5-DHB, presented an accumulation
of the crystal on the rim and very thin tablets covering the center (see Figures 5.11
- 5.13).

The mixture of 2,5-DHB:2,3-DHB was particularly interesting. In the central
area of the sample the crystals all produced good ion currents when irradiated. The
signal intensity of analyte ions did not vary measurably over the different spots.
This observation demonstrates that analyte molecules were incorporated into matrix
crystals homogeneously, and the crystals distributed evenly over the central region.
A typical TOF mass spectrum of myoglobin in the mixture of 2,5-DHB:2,3-DHB is
shown in Figure 5.14.

Another observation was that the mixture of 2,5-DHB:2,3-DHB had a low ten-
dency for adduct ion formation (between analyte and matrix), in comparison with
2,5-DHB alone. Bovine insulin mass spectra from 2,5-DHB, and from its mixture
with 2,3-DHB, are shown in Figure 5.15. The concentration of bovine insulin and
the ratio of analyte to matrix were identical in the two samples. The main difference
between the two spectra is the adduct peak of the singly charged molecular ion at
m/z=5733, which is apparent for 2,5-DHB and obscure for 2,3-DHB:2,5-DHB mix-
ture. To test the detection limit using the 2,3-DHB:2,5-DHB mixture, the protein
solution was mixed with the matrix at the ratio 1:20, so that the amount of the
analyte included in a dried sample was reduced to half of the original amount. The
result for myoglobin at low concentration in the mixed matrix is displayed in Figure
5.16. The protonated molecule peaks were still clearly observed (compare Figure
5.14) with only 0.5 pmol of protein loaded on the probe. The limit of detection was
approximately 0.1 picomole, under these experimental conditions.

The MALDI performance of 2,5-DHB with its other isomers was also examined.

For 2,5-DHB:2,4-DHB and 2,5-DHB:2,6-DHB the analyte ions were ejected by laser
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Figure 5.14: A laser desorption TOF mass spectrum of horse skeletal muscle myo-
globin (mol. mass = 16951 u) taken from 2,3-DHB:2,5-DHB. The singly and doubly
charged ion species are shown. Sample solution was prepared as a mixture of 1:10
(v:v), 104M myoglobin:co-matrix at 10g/L. 1 uL of sample solution was dropped
on the probe tip. This spectrum represents the sum of transients recorded for 20
consecutive laser shots.
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Figure 5.15: Laser desorption TOF mass spectra of bovine insulin(mol. mass =
5733.5 u) taken from (a) 2,3-DHB:2,5-DHB, (b) neat 2,5-DHB. The matrix adduct
peak of the singly charged molecular ion is apparent for neat 2,5-DHB.
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Figure 5.16: A laser desorption TOF mass spectrum of horse skeletal muscle myo-
globin (mol. mass = 16951 u) taken from 2,3-DHB:2,5-DHB. The singly and doubly
charged ion species are shown. Sample solution was prepared as a mixture of 1:20
(v:v), 10#M myoglobin:co-matrix at 10g/L. 1 gL of sample solution was dropped on
the probe tip. Amount of myoglobin in dried sample was 0.5 picomole. This spectrum
represents the sum of transients recorded for 20 consecutive laser shots.
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light from the rim of a sample. None were obtained from the central area. Figure
5.17 shows a spectrum of myoglobin in 2,5-DHB:2,4-DHB. The sample used for this
spectrum was prepared in the same way as used for 2,5-DHB:2,3-DHB. A spectrum
of myoglobin from 2,5-DHB:2,6-DHB was shown in Figure 5.18. Analyte ion signals
did not change significantly as laser fluence increased. No analyte ion signals could
be detected from the mixtures of 2,5-DHB with 3,4-DHB and 3,5-DHB even at high
analyte concentration.

4A3MB and 3ATFB as additives with 2,5-DHB were also investigated. As shown
in Figure 5.19 pure 4A3MB forms long crystal needles, distributed over nearly the
whole sample area. There are no crystalline deposits in the center. However, 3ATFB
forms the same structure as 2,5-DHB with two regions: crystal needles near the
rim and polycrystallines in the center as shown in Figure 5.20. Anpalyte molecular
ions were produced from both mixtures. A 3ATFB:2,5-DHB mixture showed better
performance in MALDI-MS than a 4A3MB:2,5-DHB mixture. Figure 5.21 shows the
photomicrograph of mixture of 2,5-DHB:4A3MB. As the concentration of 3ATFB in
mixture solution increased, crystals became more closely packed and smaller. Figure
5.22 shows the photomicrographs of 2,5-DHB mixed with 3ATFB at different ratios.
A homogeneous crystal distribution at 1:1 ratio improved spot-to-spot reproducibility.
Figure 5.23 presents an typical mass spectrum obtained from the mixture of 2,5-
DHB:3ATFB at 1:1 ratio. The appearance of multiply protonated analyte ions in the
spectrum indicates that the addition of 3ATFB improves protonation in MALDI.

5.3 Discussion

The principles and the experimental results presented in Sections 5.1 and 5.2 have
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Figure 5.17: A laser desorption TOF mass spectrum of horse skeletal muscle myo-
globin (mol. mass = 16951 u) taken from the rim of a 2,4-DHB:2,5-DHB deposit.
The singly and doubly charged ion species are shown. Sample solution was prepared
as a mixture of 1:10 (v:v), 10gM myoglobin:co-matrix at 10g/L. 1 gL of sample so-
lution was dropped on the probe tip. This spectrum represents the sum of transients
recorded for 20 consecutive laser shots.
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Figure 5.18: A laser desorption TOF mass spectrum of horse skeletal muscle myo-
globin (mol. mass = 16951 u) taken from the rim of a 2,6-DHB:2,5-DHB deposit.
The singly and doubly charged ion species are shown. Sample solution was prepared
as a mixture of 1:10 (v:v), 10uM myoglobin:co-matrix at 10g/L. 1 uL of sample so-
lution was dropped on the probe tip. This spectrum represents the sum of transients
recorded for 20 consecutive laser shots.
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Figure 5.23: A laser desorption TOF mass spectrum of horse skeletal muscle myo-
globin (mol. mass = 16951 u) taken from the mixture of 3ATFB:2,5-DHB at 5:5
ratio. The singly, doubly and triply charged ion species are shown. Sample solution
was prepared as a mixture of 1:10 (v:v), 10#M myoglobin:co-matrix at 10g/L. 0.5 uL
of sample solution was dropped on the probe tip. This spectrum represents the sum
of transients recorded for 10 consecutive laser shots.
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shown that the presence of additives in a matrix has a profound effect on MALDI
ion production. Few investigations directed at the different physical and chemical
properties of matrix mixtures have been reported. One approach tested the effect
of a carbohydrate such as glucose or fructose, with 2,5-DHB. The result reported by
Koster et al. [91] demonstrated that the resolution was thereby increased significantly
for MALDI coupled to Fourier transform mass spectrometry. A different approach
has been tested by the Miinster group [92, 93], who showed that the addition of a low
concentration of 2-hydroxy-5-methoxybenzoic acid to 2,5-DHB reduced the intensity
of matrix background ions, and resulted in more intense and narrower molecular ion
signals in the spectrum. This effect was postulated to be due to a disorder in the
2,5-DHB, cause by the presence of 2-hydroxy-5-methoxybenzoic acid in the lattice,
resulting in reduced lattice energy and enhanced ion desorption. Another approach
explored is the use of a laser dye in combination with 2,5-DHB to increase the effi-
ciency of energy absorbance [94]. This technique was similar to initial experiments in
MALDI development [9, 95], which involved the use of an ultra fine metal powder to
promote energy transfer. These approaches, however, did not concentrate on the im-
provement of the MALDI sample distribution, and did not show a significant change
of sample morphology. It was observed that 2,5-DHB crystals do not uniformly dis-
tribute on the sample target, nor does the analyte distribute uniformly among the
crystals [56]. The MALDI MS spectra from inhomogeneous samples showed dramatic
variations in terms of resolution, intensity, and signal profiles as the laser spot was
scanned over the probe tip. Therefore, one has less confidence evaluating MALDI
performance when forced to compare MALDI mass spectra taken from different spots
or samples. The present work emphasizes homogenization of MALDI samples by in-
troducing additives into the matrix crystal. The best results were obtained from the

co-matrices of 2,5-DHB:2,3-DHB and 2,5-DHB:3ATFB.
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The crystal structure of pure 2,5-DHB consists of pairs of molecules linked by
hydrogen bonds between the carboxylic groups, as shown in Figure 5.24. The dimers
are stacked along the b axis by van der Waals bonds to form a chain. In addition, the
chains are held with respect to one another by the hydrogen bonding of the phenolic
hydroxylic groups in position 5 and by van der Waals interactions.

Formation of a column by parallel stacking of hydrogen bonded dimers is fre-
quently observed in the crystal structures of benzoic acid derivatives. Therefore, it is
assumed that as 2,5-DHB mixed with its isomers at high fractions of 2,5-DHB there
were two types of dimers formed in sample crystals, namely, mono-component dimer
(m-dimer), which consists of two 2,5-DHB molecules, and dual-component dimer
(d-dimer), which consists of one 2,5-DHB molecule and one molecule of its isomer.
The hydrogen bonds and van der Waals interactions among the dimers, which play
an important role in determining the structure, were thus modified in direction and
amplitude. These changes certainly exert an influence on binding energy and result
in different crystal morphology as was demonstrated. It is expected that further
investigation of the structures of such systems could be fruitful in the future.

Homogeneity of a mixture sample was also related to molar ratio of co-matrix in
the sample. As the molar ratio of 2,3-DHB:2,5-DHB increased from 1:5 to 5:5, the
appearance of the co-matrix film gradually changed from the 2,5-DHB type distribu-
tion to the morphology shown in Figure 5.9. The same trend was observed for the
mixture of 3ATFB:2,5-DHB in Figure 5.22. This transition could be attributed to
dominance of the m-dimers in the crystal structure at lower molar ratios, and the
d-dimers at higher molar ratios.

The differences in the MALDI responses of 2,5-DHB mixtures with its isomers
could also reflect in part the different ultraviolet absorption spectra of dihydroxyben-

zoic acids. The UV absorption spectra of some substituted benzoic acids have



97

Chapter 5. Influence of Matrix Additives on MALDI

Figure 5.24: Projection of 2,5-DHB crystal structure, showing dimers stacked along

b axis.
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been studied in water or aqueous dioxan over a pH range of about 1-8 by Kamath
et al. [96]. The relevant properties of absorption spectra of dihydroxybenzoic acids,
selected from their study, are listed in Table 5.3. However, it was observed that in
the MALDI film the absorbance maximum is shifted =20 nm to higher wavelengths,
and a long absorption tail extends towards higher wavelengths [38]. Taking the above
facts into consideration, it is likely that 2,3-DHB affects laser energy absorption more
than other isomers when mixed with 2,5-DHB.

The results presented in this chapter have shown that the use of additives to
matrices may provide a general and simpler means of improving the current matrix
systems. This method is of considerable significance to quantitative study of MALDI
application. The promising results of this investigation have recently stimulated much
interest among users of MALDI [97]. In the future, new matrix molecules with new

additives will broaden the field of applications of this still relatively new technique.
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Table 5.3: Properties of UV absorption of dihydroxybenzoic acids

— —_— === —

Maitrix Amaz Solution €
(nm) (mol~'cm™!)
2,3-DHB 317 3162
2,4-DHB 295 5248
2,5-DHB 330 4073
2 6-DHB 316 3630
3,4-DHB 293 5623

3,5-DHB 306 2951

—_——
= — — === — ==




Chapter 6

Summary

In this thesis, the effects of sample preparation on matrix-assisted laser desorp-
tion/ionization of proteins have been described. A time of flight mass spectrometer
was used to identify the masses of the generated ions.

In chapter 3, a new method of preparing the sample probes for MALDI experi-
ments was described. The dried-droplet method of preparing matrix-embedded pro-
tein samples for MALDI-MS is a simple one-step process, but high concentrations
of involatile solvents such as glycerol, urea, DMSO, and other protein stabilizers
can reduce or eliminate the intensity of protein ion signals. In the new approach,
a tightly adhered crystal nucleation layer was formed on the surface of the sample
holder, resulting in a more uniform crystal nucleation surface for the matrix/analyte
solution as it dried. The resulting film did not wash off in room-temperature wa-
ter. The experiments presented in this chapter show that additions of glycerol or
salt to the matrix-protein solution do not appear to affect laser ionization efficiency
for myoglobin, if this improved methodology is used. The films are more uniform
than dried-droplet deposits with respect to ion production, and this represents a
major advantage. The new method has been recognized as a major development of
MALDI sample preparation. The important features of this method have also led
to the substantial use of the MALDI technique in biomolecule mass analysis. The
paper describing this method has been cited 34 times till the end of 1996 since it was
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published in 1994.

In chapter 4, the energy deposition and redistribution processes for MALDI were
described phenomenologically. The matrix plays an essential role in this description.
The influence of matrix concentrations on both the analyte ion yield and on the mass
resolution of the molecular ion signals was investigated. MALDI time-of-flight mass
spectra of protein mixed with different concentrations of matrix solution, for each of
2,5-DHB, 4HCCA and sinapic acid, were presented. The results show that the inten-
sities of the analyte ion peaks increase gradually with an increase in concentration
of matrix solution at fixed laser fluence, and then decrease slightly as the concentra-
tion of matrix solution continues to increase. The analysis of the spectra also shows
that the molecular ion peaks are broadened, that is the mass resolution decreases, as
the matrix concentration increases. The results of the investigations are important
because they provide more evidence to support the model proposed to describle the
laser ablation of the matrix and energy redistribution. Another significance of the
results is to show us that the ratio of matrix/analyte in MALDI samples is a critical
parameter in MALDI performance.

The characteristics of the crystalline deposit formed by 2,5-DHB create a prob-
lem for MALDI. It is somewhat difficult to find a mixture of matrix and analyte
which is homogeneous in terms of shot-to-shot, point-to-point and sample-to-sample
reproducibility. This problem has limited the use of 2,5-DHB in MALDI quantita-
tive analysis. In chapter 5, a strategy to alleviate this problem was presented. The
technique of controlling crystal growth by additives was discussed first. Controlled
amounts of additives present in solution during crystallization may have a pronounced
effect on the crystallization process, in particular on the morphology of the deposited
crystals. Experiments on 2,5-DHB mixed with its isomers and other benzoic acid

derivatives were described, and the performance of the resulting crystals for MALDI
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MS was evaluated. The results show that mixtures of 2,5-DHB with 2,3-DHB or
3-amino-2,5,6-trifluorobenzonic acid have a more homogeneous crystal morphology,
and consequently improved MALDI MS performance. While 2,5-DHB is still used as
a favorable matrix, the results presented in this chapter show a significant develop-
ment of using 2,5-DHB for quantitative analysis by MALDI. The presentation of this
work on 1997 ASMS conference has triggered much interest among practitioners of
MALDI. More than 200 requests for a reprint of the presentation have been sent to
author. In the future, this relatively new technique could be applied to new matrix
molecules with new additives.

While this thesis was being finally revised, two recently published papers were
brought to the author’s attention. Knochenmuss et al. [98] presented an investiga-
tion of matrix ion suppression effects in MALDI. The matrix ion suppression effect
is a remarkable phenomenon noted in the literature [99, 100, 101]: at appropriate
matrix:analyte mixing ratios (10:1 to about 2000:1) small to moderate sized analyte
ions (1000 - 20000 u) can fully suppress positively charged matrix ions in MALDI
mass spectra. From the results of their investigation they proposed a general model
for prompt MALDI ion creation processes. In this model excited, but not ionized,
matrix molecules are the common precursors for all subsequent ion products. The
simultaneous neighboring presence of two such excitations is required for ionization.
The proposed model further supports the discussion of matrix concentration effects
on analyte ion formation presented in Section 4.3 of this thesis.

In their report describing a new liquid matrix for MALDI, Kolli et al. [102] pre-
sented a binary mixture of a-cyano-4-hydroxycinnamic acid and 3-amino-quinoline.
The major benefit of this matrix is that it is a viscous liquid with a self-healing sur-
face. These properties provide very long-lasting and reasonably constant ion currents

from only a few pmol of analyte without refocusing the laser/mass spectrometer.
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This behavior allows MALDI spectra to be obtained on magnetic sector instruments
with point detectors. The current results obtained using new matrices will stimulate
practitioners of MALDI to further efforts to develop new matrices. Those new matri-
ces would be expected to have specific functions for analyzing different samples and

for working on different kind of mass spectrometers.
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Appendix

The simplest form of light is a monochromatic, linearly polarized plane wave. This
model provides a good approximation to a real laser beam. The dynamic properties
of the reflection and refraction of light depend entirely on the specific nature of
electromagnetic fields and their boundary conditions.

The notations of the plane wave and the boundary conditions used in this calcula-
tion are similar to those used in the text book “Classical Electrodynamics” written by
J. D. Jackson [103}. In applying the boundary conditions it is necessary to consider
two separate situations, one in which the incident plane wave is linearly polarized
with its polarization vector perpendicular to the plane of incidence, and the other in
which the polarization vector is parallel to the plane of incidence. A single microscope
cover-slip used in the construction of the attenuator has two surfaces, with thickness
d = 0.1175 mm as shown in Figure 2.5.

First consider the electric field parallel to the plane of incidence. At surface I, z

= 0, the boundary condition (I)

(Bo+ By) x i = (Bp + B3) x @@ (6.1)

gives

Eocosi — E cosi = Eacosr — Ejcosr ; (6.2)

and the boundary condition (II)

(B-.o + 3-.1) X 1= (.B-‘g =+ B.s) X (6.3)
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Figure 6.1: Transmission of light through a microscope cover-slip.

By + By = B, + B; (6.4)

gives

Eo+ E, =n(E; + E3) . (6.5)

At surface II, z = d, the boundary condition (I) gives

Escosre’*'® — E5cosre™*'¢ = E, cosie’*? (6.6)

where k = £, k' = n% = 222 and n is the index of the refraction. The boundary

condition (II)
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gives

n(Eqe'®d 4 Eye~ %) = Eeitd (6.7)

It is useful to define a parameter m where

m=cosi=\/1—s.in:i___ l—si.n:.i . (6.8)
cosr 1 —sin®r 1—“:2'

From Equations (2.6), (2.9), (2.10), (2.11) and (2.12) one obtains

Eg _ 4nm
Eo ~ (1 + nm)2eik-¥)d — (1 — nm)Zeilk+k)d

Therefore, the transmittance T of the single cover-slip of thickness d is written

(6.9)

T= IEO " 1+ nfm* 4+ 6n2m? — (1 — n?m2)2 cos(2dk’) (6.10)
If the electric field is perpendicular to the plane of incidence, using
the boundary conditions (I) and (II), one can obtain, at surface I (z = 0),
Eo + El = Ez + E3 (6.11)
and
(Fo — Ey)cosi =n(E; — E3)cosr (6.12)
at surface II (z = d),
Eqe’®? 4 Fye¥'d = Ee*? (6.13)

and
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n(E; — Es)e *?cosr = Eqe*cosi . (6.14)

From the equation (2.15) - (2.18) one obtains

Ey _ 4nm
Eo  (n+m)2et—Fd _(n = m)2ei+k)d

Therefore, the transmittance T of the single cover-slip of thickness d is written

(6.15)

2,2
7= B 8n_m . (6.16)
Eo n4 + mt 4+ 6n2m? — (n?2 — m2)2 cos(2dk’)
For an attenuator consisting of four slips, the transmittance is
Ty=T* (6.17)

The plots of transmission versus incident angle are shown in the following

Figures 6.2 and 6.3.
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Figure 6.2: Plot of transmittance versus incident angle for TE wave.
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Figure 6.3: Plot of transmittance versus incident angle for TM wave.
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