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Abstract

Thin-layer chromatography (TLC) is of great importance for the pharmaceutical industry
as a simple, quick, and low cost analytical method. Considerable effort has been made
over the past decades to combine the simplicity of TLC with the selectivity and
sensitivity of mass spectrometry (MS) detection. In the pharmaceutical industry
sensitivity is an especially important factor, since the allowed impurity level of most
drugs is under 0.1%.

The aim of the present thesis was to develop methods for the direct examination of
pharmaceutical compounds from TLC plates by matrix-assisted laser
desorption/ionisation time-of-flight mass spectrometry (MALDI TOF MS). The study
was started by comparing several approaches for the application of the matrix for direct
TLC-MALDI including a newly developed electrospray matrix deposition method. This
new method was found to be superior to the other techniques studied. It produced a
stable signal, minimised analyte spreading, and hence allowed the scanning of a TLC
plate to obtain chromatographic as well as mass spectral data. The plotted mass
chromatograms assisted in spot location, and allowed the calculation of Ryvalues.
These showed good agreement with the Rrvalues determined by UV detection. The
decrease in mass resolution and mass accuracy commonly observed in TLC-MALDI
TOF MS due to the uneven nature of the silica gel layer was corrected by internal
recalibration on selected matrix ions during the scanning of the TLC plate. To enhance
the signals recorded directly from a TLC plate the use of an extraction solvent prior the
matrix application was explored. Further improvements in sensitivity were obtained by
modifying a robotic x-y-z axis motion system to act as an electrospray deposition
device and by use of special Si 60 Fzs4 HPTLC-MALDI targets. Using both approaches
sensitivities in the high fmol range were obtained. To minimise matrix interference,
which can suppress analyte signals, the application of suspensions of particles of
different materials and sizes (Co-UFP, TiN, TiO,, graphite and silicon) onto eluted TLC
plates were investigated. The structural analysis of pharmaceutical compounds was
achieved by post-source decay — matrix-assisted laser desorption/ionisation (PSD-
MALDI) mass spectrometry performed directly on the separated spots. TLC-MALDI MS
is not only applicable to the qualitative analysis of pharmaceutical compounds. The
generation of quantitative data by using a structural analogue as an internal standard is
also described. Different approaches to the incorporation of the internal standard into
the TLC plate were tested. The most successful approach was to develop the TLC
plate in the mobile phase to which the internal standard was added. Good accuracy,
precision, linearity and sensitivity was obtained using this approach.
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The pharmaceutical industry has produced hundreds of new compounds for the market
over the last decade. This development would certainly not have been possible without
the corresponding improvements in analytical techniques, e.g. of vibrational
spectroscopy (Raman and IR), column chromatography (GC and HPLC), planar
chromatography (TLC and HPTLC), and hyphenated techniques of column or planar
chromatography with mass spectrometry (MS).

Thin-layer chromatography (TLC) is of great importance for the pharmaceutical
industry as a simple, quick, and low cost analytical method [reviewed in 1-5],
particularly in three areas: (i) research and development of new drugs, (ii)
manufacturing process of drugs, and (iii) detection of residues and monitoring of
poisoning cases [6]. As an off-line method TLC offers the possibility of analysing many
samples simultaneously, and hence is often used in routine investigations. Even though
high performance liquid chromatography (HPLC) is usually conducted as a
complementary technique, with TLC the chances of observing the presence of
unknowns is greater. In column chromatography unknowns might be missed due to non
elution from the stationary phase or migration within the solvent front. TLC is also
commonly performed as a cleanup step, which is simultaneously carried out with the

separation, offering a further advantage to this relatively low technology technique.

To improve the sensitivity and to allow chemical identification of the compounds,
considerable effort has been made over the past decades to combine TLC with MS
[reviewed in 7-10]. Especially in the pharmaceutical industry sensitivity is crucial, since

the allowed impurity level of most drugs is under 0.1% [11].

The whole range of modern ionisation techniques has, at one time or another, been used
for coupling TLC to MS. From this whole range, there are essentially two modes of
TLC-MS, which can be broadly categorised as either indirect or direct methods. In
indirect methods, the analyte is removed from the TLC plate by scraping it off with the
stationary phase, followed by extraction into a suitable solvent for MS analysis. In
direct methods the TLC plate, or a large portion of it, is left undisturbed and introduced
into the mass spectrometer for analysis. This increases the information available from
the TLC plate. Chromatograms or images of the analyte spots on the TLC plate can be
obtained. Furthermore, chromatographically overlapping analyte spots with different

molecular weights can be fully resolved by MS detection.
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The following ionisation techniques have been applied to direct TLC-MS methods: fast
atom bombardment (FAB) [12], liquid secondary ion mass spectrometry (LSI MS) [13],
laser desorption (LD) [14] and matrix-assisted laser desorption/ionisation (MALDI)
[15-25]. TLC-FAB MS and TLC-LSI MS normally require the use of a vacuum stable
liquid matrix, e.g. glycerol. The liquid matrix provides extraction of the analyte from
inside the TLC plate towards the top of the TLC plate where it can be desorbed during
the analysis. In addition, the liquid matrix aids in soft ionisation of the analyte.
However, liquid matrices cause analyte spreading in the plane of the TLC plate. TLC-
LD MS is performed without the addition of a liquid matrix due to the greater
penetration depth of a laser beam compared to an atom or ion beam. Even though TLC-
LD MS provides high sensitivity and spatial resolution, it suffers from poor signal
reproducibility and significant molecular fragmentation [15]. The latter disadvantage
can be overcome by using an IR laser for desorption and an UV laser for ionisation, but
this technique requires complex instrumentation [26]. The coupling of TLC with
MALDI can potentially overcome these drawbacks. TLC-MALDI MS has been shown
to be useful for the analysis of a variety of biopolymers, including peptides and proteins
[15-18], nucleotides [19], glycosphingolipids [20], lipopolysaccharides [21], and
oligomers [22]. Low molecular weight compounds, such as dyes [16-17], drugs [23],
metal acetylacetomates [24], and pesticides [25] have been also investigated. In recent
years the interest in the use of TLC-MALDI MS for the direct analysis of TLC plates

has increased [27].

The aim of the present thesis was to develop methods for the analysis of pharmaceutical
compounds by direct TLC-MALDI TOF MS. The thesis is divided in ten chapters.
Chapter 2 gives an overview of the evolution of TLC-MS, involving the different
ionisation techniques employed, with special emphasis on MALDI mass spectrometry.
Six main chaptefs follow, in which several issues for successful TLC-MALDI coupling

are addressed:

Chapter 3 is concerned with the method used for the deposition of the MALDI matrix
onto the TLC plate. The matrix facilitates the ionisation of the analyte molecules,
separated on the TLC plate. The application of the matrix directly onto the TLC plate
has to be done in such a manner that analyte spreading along the silica gel layer is
avoided. Thus, the chromatographic integrity of the analyte spots is maintained. Several

approaches for the application of the matrix for TLC-MALDI coupling have been

3



compared, including a newly developed electrospray deposition method. This
electrospray method was found to be superior to the other techniques studied. It
produced a stable signal, minimised analyte spreading and hence allowed the scanning

of a TLC plate to obtain chromatographic as well as mass spectral data.

Chapter 4 discusses the requirement for efficient extraction of the analyte from the
interior of the silica gel layer to increase the sensitivity. To enhance the signal recorded
directly from a TLC plate the use of an extraction solvent prior matrix application was
investigated. The porosity of the silica gel layer can also lead to problems. Ions starting
from different points on the surface can have a slight variation in their flight times, and
hence a decrease in the mass resolution of spectra recorded is observed, when a TOF
analyser is employed. The mass measurement inaccuracies, typically obtained in TLC-

MALDI TOF MS analysis, were corrected by internal recalibration on selected matrix

ions during the MS scan.

In chapter 5 the generation and characterisation of an impurity profile of a
pharmaceutical compound by TLC-MALDI TOF MS at the 0.1% level is reported.
Mass chromatograms could be constructed down to 2.4 pmol spots of the impurity.
Further improvements in sensitivity were achieved by using a special Si 60 Fjs4
HPTLC-MALDI target. Using this special target mass spectra in the high fmol range

were obtained.

For the analysis of low molecular weight compounds, such as pharmaceuticals, strong
matrix peaks can interfere with the analyte signal. Chapter 6 presents a study of the
minimisation of such matrix interference by applying suspensions of different materials

and sizes (Co-UFP, TiN, TiO,, graphite, and silicon) onto eluted TLC plates.

The combination of TLC with MALDI is not only applicable to the qualitative analysis
of pharmaceuticals. Chapter 7 describes the generation of quantitative data by using a
structural analogue as an internal standard. Different approaches to the incorporation of
the internal standard into the TLC plate were investigated and are presented. The most
successful approach was to develop the TLC plate in the mobile phase to which the
internal standard was added. Good accuracy, precision, linearity and sensitivity could be

obtained using this approach.



In chapter 8 the use of post-source decay (PSD) — MALDI, directly performed on TLC

plates, is presented as a method to aid the identification of compound spots. Two

matrices were tested for the TLC-PSD MALDI analysis of several small drug

molecules, the organic matrix a-cyano-4-hydroxy cinnamic acid (a-CHCA) and the

particle suspension matrix graphite.

The results presented in chapters 3 to 8 are finally concluded in chapter 9 and some

possible suggestions for future studies were made.
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2.1.2 Jonisation Techniques

TLC-EI MS. The use of the classical ionisation technique electron ionisation (EI) [5-7],
in conjunction with the “traditional” scrape and elute method in TLC-MS, is generally
limited to the analysis of relatively non-polar and thermally stable compounds. The
reasons are that polar involatile compounds have a strong adsorption to the silica gel
layer, and hence high temperatures are required to evaporate them, and at these
temperatures they decompose. One possibility to overcome this problem is the use of

less adsorbent phases, such as polyamide TLC plates [8].

Recently Brzezinka et al. [9] have described the screening of biological samples for
drugs and metabolites by indirect TLC-EI MS. The appropriate zone of the silica gel
TLC plate was scraped off and extracted in methanol. The extracts were then transferred
to the direct insertion probe of the mass spectrometer. Evaporation of the drug
molecules were accomplished by a source temperature of 200°C. The gas-phase
molecules were ionised by collision with unusually energetic electrons (100 eV),
emitted from a heated filament. Typically, the radical cation M" as well as several
fragment ions of the drug molecules were present in the recorded mass spectra. The
formation of fragment ions was caused by the release of the excess energy of the radical

cations.

TLC-CI MS. Chemical ionisation (CI) [10-11] combined with TLC is considered as an
alternative to TLC-EI MS for the analysis of volatile samples. However, TLC-CI MS
has not been widely used. The most comprehensive work in this area has been reported
by Ramaley et al. [12-13], introducing a TLC-MS scanner. The instrument was based
on thermal or laser desorption of analytes, separated or spotted on a TLC plate, into a
gas stream, which carried the sample molecules into the ion source of a quadrupole
mass spectrometer. Methane was used as CI reagent gas to form protonated molecules
[M+H]" of the sample by proton transfer reactions between the highly acidic reagent gas
CHs" ions and the neutral sample molecules. The TLC plate was moved at a constant
speed using stepper motors to enable the evaporation of all analyte spots present on the
plate. Only low resolution chromatograms were obtained by this approach, due to

redistribution of desorbed material within the TLC plate.



TLC-LSI MS and TLC-FAB MS. The sputtering techniques, liquid secondary ionisation
(LSI) [14-15] and fast-atom bombardment (FAB) [16-17] have been coupled to TLC to
avoid the separate and discrete evaporation step, necessary in TLC-EI MS and TLC-CI
MS. The sample molecules are transferred directly from the condensed-phase into the
gas-phase, enabling the analysis of polar, involatile, thermally unstable compounds, e.g.
biomolecules. A variety of reports, including indirect and direct coupling methods by

means of one- or two-dimensional images, are described in the literature [3].

Chang et al. [18] have described a TLC-FAB MS method that involved the transfer of
an analyte spot within the silica gel layer to a FAB probe tip. After the TLC separation,
the TLC spot was localised with UV fluorescence and removed from the backing by
pressing the probe tip, covered with double-sided tape, onto the silica gel layer, as

shown in Figure 2-2.

< DOUBLE-

FACED
TAPE

/

TLC
SPOT

Figure 2-2. Transfer of the TLC spot to the FAB probe tip [18].

To extract the analyte from the absorbent and to aid in soft ionisation, a small amount of
the FAB matrix, glycerol, was added to the removed spot. Desorption and ionisation of
the sample was accomplished by irradiation with a fast neutral beam (6 kV xenon
atoms). The exact mechanisms of the ion formation is not clear, however proton-transfer
reactions are believed to play an important role [19]. The mass spectra of the antibiotic
samples showed protonated molecules [M+H]', as well as [M+Na]® and [M+K]"
adducts. The matrix glycerol employed gave high background signals in the low mass

range. However, no interference with the analyte signals were reported.

To enable the trace analysis of tetracyclines in bovine tissues and milk by TLC-FAB
MS, Oka et al. [20-22] developed a technique to concentrate the analyte in the spot into

a smaller area. The so called “trapezoid condensation technique” involves scraping a
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trapezoidal shape around the TLC spot followed by the application of the polar solvent
methanol, causing the migration of the analyte towards the tip of the trapezoid. The

procedure is presented in Figure 2-3. A FAB matrix is then applied to the condensed

zone to enable direct MS analysis.

Fron Origia Sample spoc

Figure 2-3. Procedure of the “trapezoid condensation technique” [20].

The acquisition of one-dimensional images of developed TLC plates by TLC-FAB MS
was reported by Tamura et al. [23]. The insertion probe inlet of the mass spectrometer

was modified to hold a 10 mm x 65 mm TLC plate, as shown in Figure 2-4.

From FAB gun

Fast atom beam (Xe)

TLC plate

Figure 2-4. Design of the modified insertion probe inlet of a FAB mass spectrometer, allowing
the scanning of a TLC plate in one dimension [23].

Since the incident particle beam was fixed, the various spots on the TLC plate were
subsequently brought into focus by stepper motors, which moved the TLC plate along

the y-axis. The obtained chromatograms exhibited reduced resolution due to diffusion
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processes of the analyte caused by the liquid matrix; particularly if analysed a long time

(10 minutes) after application.

A similar approach was reported by Nakagawa and Iwatani [24] for the direct TLC-LSI
MS determination of several drug metabolites. The design of the movable direct
insertion probe was similar to the type described by Tamura et al. [23]. The only
obvious difference was the particle beam used for the deposition and ionisation process;

an ion beam (cesium ions) was used, instead of a neutral beam.

Besides one-dimensional imaging, TLC-LSI MS has been successfully applied to record
two dimensional images of a variety of compounds, including drugs, peptides, bile
acids, diuretics and alkaloids [reviewed in 1, 25-27]. Busch et al. [27] first introduced
such a mass spectrometer enabling the scanning of a TLC plate in the x- and y-axis. For
the collection of the images in most experiments a gallium ion gun was employed due to
its small beam diameter (1 pm). Thus, the spatial resolution could be readily improved
compared to a cesium ion gun (20 pm) or an argon FAB gun. To minimise the
limitation in the spatial resolution, arising from the liquid matrix, the phase-transition
matrix threitol (melting point: ~ 71°C) was tested [26]. The matrix was applied to the
TLC spot by means of spray deposition. The energy of the primary ion beam in the
mass spectrometer was sufficient to melt threitol precisely at the point of analysis,

therefore providing a spatially discrete extraction.

TLC-LD MS. Another desorption-ionisation technique, which also allows the analysis of
polar thermally unstable substances, is laser desorption (LD) [5-6]. Coupling to TLC
has the advantage that no liquid matrix is required, and hence the spatial resolution for
imaging of TLC plates is only limited by the incident laser beam. The imaging
capabilities of such a technique has been shown for triphenylmethane dyes, distributed
on a polymer membrane, using a laser-desorption based microprobe (LAMMA) [28].
The LAMMA instrument was equipped with a ultraviolet (UV) laser, focused to a spot
size of 5 pm. The mass analysis was accomplished in a TOF analyser. The ions are
believed to be desorbed and ionised with the UV laser due to excitation processes and
individual electronic and photochemical reactions [29]. A thermal process was also
suggested by transfer of the energy through substrate absorption followed by heating up
of the sample layer [30]. The recorded mass spectra were dominated by molecular

cations M*" of the dye molecules and several fragment ions.
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The ionisation of a range of low molecular mass organic compounds directly from
polyamide TLC plates was reported with this microprobe [31]. However, the polyamide
stationary phase caused background ions in the low mass range of the recorded mass
spectra. Furthermore, a high degree of fragmentation was obtained, due to the high laser
power required for desorption of the analytes from such a material. The described
fragmentation combined with poor reproducibility [32] encouraged the development of
two-step laser mass spectrometry (L2 MS) for the surface analysis of TLC plates, since

it also offers the advantage of no sample preparation.

TLC-L2 MS. The detection of various thermally labile biological molecules from silica
gel TLC plates has been presented by Li and Lubmann [33] using L2 MS. In L2 MS the
desorption and ionisation process is separated from each other. In the first step
(desorption step), an infrared (IR) laser pulse is employed to ablate the analyte with the
silica gel from the TLC support. The desorbed material is entrained in a supersonic jet
of CO; and transported towards a time-of-flight (TOF) mass analyser. The supersonic jet
has three main functions [33]: (i) transport of the desorbed species away from the TLC
plate to prevent sample condensation; (ii) cooling of the desorbed neutral molecules to
avoid thermal decomposition, and (iii) increase in mass resolution of the recorded
spectra by minimisation of the energy spread. The last point will be explained in more
detail in section 2.2.4 of this thesis, where TOF mass spectrometry is discussed. In the
second step (ionisation step), a pulse from a tuneable UV laser is used for resonance-
enhanced multi-photon ionisation (REMPI) [5] of the neural gaseous molecules. In the
resonance-two-photon ionisation (R2PI) [34], which takes place, the gaseous molecules
in the ground-state, absorb one photon to reach their first excited-state. When they
absorb a second photon, their internal energy is above the ionisation potential (IP) and
dissociation of an electron occurs, resulting in the formation of radical cations. This soft
ionisation scheme prevents extensive fragmentation, and therefore the recorded spectra
are dominated by molecular ions, of those compounds that strongly absorb the selected
ionisation wavelength. Since the ionisation wavelength is tuneable, it is possible to
minimise the background level caused by the silica gel and to detect selectively analytes
in unresolved TLC spots. The application of this technique has also been demonstrated
for the determination of the drug naproxen [35] and the construction of one-dimensional

images of small peptides, developed on a TLC plate [36].
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TLC-MS-MS. Tandem mass spectrometry (MS-MS) [5-6, 37] applied in combination
with TLC offers the advantage that structural information of the compounds of interest
can be obtained and that the background noise is eliminated. In TLC-FAB MS and
TLC-LSI MS the background noise is typically obtained due to the use of a liquid
matrix, and in TLC-LD MS arising from the material of the TLC plate. A wide range of
compound classes, including drugs and their metabolites, polymer additives, and
glycolipids have been investigated in a direct or indirect approach [reviewed in 38]. For
those compounds, which were not amenable by EI, FAB or the related ionisation
technique LSI was used. In the TLC-MS-MS experiments a molecular ion species of the
analyte was selected in the first mass analyser, and thus separated from the interfering
background ions. Excitation of the selected molecular ion species occurred in a collision
cell with neutral gas molecules (usually He, Ar or Xe). The dissociated ions were then
analysed in a second mass analyser. The only disadvantage of the tandem MS analysis

was the higher sample quantity required compared to single stage TLC-MS.

TLC-MALDI MS. Matrix-assisted laser desorption/ionisation (MALDI), as a technique
to ionise analytes separated on a TLC plate, has been examined by several groups in
order to compensate for the limitations of the previously discussed ionisation methods.
In comparison to LD, the sample preparation by MALDI involves the use of a matrix.
However a greater versatility in the MS analysis is provided, by enabling the formation
of larger ionic species from thermally labile non-volatile compounds with nearly no
fragmentation. The fundamentals of MALDI mass spectrometry are separately
discussed in section 2.2 of this chapter. Here, only the important features of direct TLC-
MALDI coupling are covered. For the indirect TLC-MALDI approach (scrape and

extract technique) the reader is directed to two recent publications [39-40].

As mentioned in the introduction (chapter 1) of this thesis, the challenge of direct TLC-
MALDI coupling is the application of the matrix solution onto the TLC plate without
causing planar diffusion. Several possible application procedures are described in the
literature, and as the reader will see in chapter 3 of this thesis, have been investigated

for their suitability in order to obtain chromatographic data.

In the original work, by Hercules and co-workers [32], the matrix solution was directly
deposited on the separated TLC spot, using a pipette or syringe. Before matrix

application, an extraction solvent was applied to the TLC spot to move the analyte
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molecules to the surface, thus enhancing the sensitivity. Once matrix and analyte were
co-crystallised, portions of the TLC plate were introduced in the mass spectrometer for
analysis. Although the technique enabled the construction of two-dimensional images,
the shape of the TLC spots were altered due to spot diffusion, caused by the matrix
deposition. Hence, a new technique [41] was introduced, which is presented in Figure

2-5.

A. Matrix deposition
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Figure 2-5. Matrix deposition for direct TLC-MALDI analysis [41].

The new, very complex, technique involved pressing a previously prepared layer of
matrix crystals into a pre-wetted TLC plate. The selection of the extraction solvent was
based on its retardation factor (Rg) [42]. A high R¢ value appeared to correlate to a high
extraction efficiency. The signal intensity of a selected analyte peak, recorded from a
TLC plate, showed typically a maximum at mid Ry values, since too high extraction
efficiencies caused analyte spreading. Several follow up studies were carried out,
including the qualitative determination of pesticides [43], carcinogen DNA adducts

[44], and the quantitative analysis of drugs [45].

Since sensitivity is an important factor for the usefulness of an analytical method, the

same group has recently presented a TLC-MALDI hybrid plate [46]. The use of this
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special plate enabled, according to the authors, the recovery of 100 % of the deposited
or developed analyte spot. This was achieved by eluting the separated analyte spot to an
area, where the silica gel layer was removed and a matrix layer was created. With this
hybrid plate the detection of the analyte in the rough and polar silica gel absorbent was
avoided, and hence detection limits in the low femtomol range were obtained. Another

approach, for improving the sensitivity in TLC-MALDI, is shown in Figure 2-6.
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Figure 2-6. Pre-concentration of analyte spots for direct TLC-MALDI coupling to enhance
sensitivity [47].

Matusumoto et al. [47] pre-concentrated the analyte spot by scraping off the silica gel
layer on one side of the TLC plate and development of the TLC plate in a second polar
solvent, after a 90° rotation of the plate (an approach similar to two-dimensional TLC).
Thus, the analyte migrated towards the edge of the silica gel layer and was
simultaneously concentrated. This technique shows similarity to the “trapezoid
condensation technique”, developed by Oka et al. [20]. Finally for MALDI analysis the

matrix was directly applied on the edge of the silica gel layer at the position of the

analyte.

Direct TLC-MALDI mass spectrometry has not only been applied to model compounds,
“real” samples, such as the identification of unknowns in a synthesised organic mixture
[48], or biological material such as glycosphingolipids [49] or lipopolysaccharides [50],
have also been successfully analysed. In the two latter applications, the biological

samples were not only directly detected on the TLC plate, but also after heat transfer to
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a membrane. The sample preparation steps for the so called TLC blotting-MALDI MS
experiments is explained in Figure 2-7. After the TLC plate was wetted in an extraction

solution, the TLC spots were transferred to the membrane by employing heat.
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Figure 2-7. Sample preparation for TLC-MALDI MS and TLC blotting-MALDI MS experiments
[49].

The direct TLC-MALDI MS experiments presented so far have all been obtained by
employing a TOF analyser. Recent developments in MALDI have introduced the
possibility of mass analysing ions, formed in an external ion source, in an ion trap or
fourier transform ion cyclotron mass spectrometer. Further information about the
different types of mass analysers used for MALDI, can be found in section 2.2.4 of this
chapter. TLC-MALDI analysis of dyes in an ion trap mass spectrometer [51], as well as

the determination of gangliosides in a fourier transform instrument [52] have been

demonstrated.

TLC-SALDI MS. One disadvantage of using a matrix in TLC-MALDI is the matrix
related background, occurring in the low mass range (below 500 m/z). Attempts to
reduce these inference signals were reported by Cheng ef al. using surface-assisted laser

desorption/ionisation (SALDI) coupled to TLC [53-57]. In this technique the
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appropriate zone of the TLC plate was in general covered with carbon particles
(graphite, or carbon activated particles), suspended in glycerol, and introduced in the
mass spectrometer, where the sample was irradiated with a UV laser. Using this
methodology a variety of low molecular weight compounds could be detected, for
example peptides [53-54], organic reactions products [55], polymers [56], and
porphyrine derivatives [57]. A more detailed description of this technique can be found
in chapter 6 of this thesis, where a similar approach was chosen for the analysis of

tetracyclines.

TLC-ESI MS. Electrospray ionisation (ESI) [5-7, 58], another fairly new soft ionisation
technique, was recently used for the detection of analytes, separated by reversed-phase

TLC [59]. The design of the TLC-ESI interface is shown in Figure 2-8.
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Figure 2-8. TLC-ESI MS interface [59].

The extraction solvent (methanol-water) was delivered through the central capillary tube
to the analyte spot on the TLC plate. After a short time, the solvent extract was absorbed
by capillary action in the absorbent material, placed in a further tube, surrounding the
solvent delivery capillary. For mass spectrometric analysis, the analyte was extracted
from the absorbent with an aliquot of solvent and directly injected in a triple-quadrupole
mass spectrometer. The fine needle, which was held at a high potential (3-5 kV)
produced a spray consisting of charged solvated aerosol particles, which evaporated and
reduced their size till they were unable to “hold” the electrical charge on the rapidly
decreasing surface area. The solvent clusters of the resulting single ions were removed

by heating to 80°C. After ionisation of the sample molecules at atmospheric pressure,
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they passed several skimmers entering the high vacuum system of the analyser. Since
the recorded mass spectra showed several abundant ions in the low mass range,
produced from the material of the TLC plate, which was also extracted, tandem MS was
performed on the protonated analyte species. To minimise the spreading of the analyte

during the extraction step, a hydrophobic barrier by means of melted wax was tested.

A newer TLC-ESI interface directly pumps the analyte extract in the ESI mass
spectrometer [60-61]. The described extractor works similar to a HPLC pump valve and
forms a strong sealing to the TLC 'support by cutting the absorbent layer. Qualitative
and quantitative data were obtained with this set-up. Both TLC-ESI interfaces are at an

very early stage and seem rather complex.

2.2 MALDI Mass Spectrometry

2.2.1 Introduction

The introduction of matrix-assisted laser desorption/ionisation mass spectrometry
(MALDI MS) as a soft ionisation technique in the late 1980s by Karas and Hillenkamp
[62-64] and by Tanaka ef al. [65] has greatly helped to bring mass spectrometry into
biomolecular science. MALDI MS enables the mass analysis of large, non-volatile and
thermally labile compounds, such as proteins, oligonucleotides and synthetic polymers
[66]. In the thirteen years since its introduction MALDI has become a standard method
for the mass spectrometric analysis of biological macromolecules [67-68], due to its
high sensitivity (attomole-range) [69], the accessible mass range (above 300 kDa) [66]
and improvements in the resolution of time-of-flight (TOF) analysers [70-71]. Although
MALDI is a powerful technique for the production of gas-phase ions from large
molecules, the ion formation pathway remains still not fully understood. In a typical
MALDI analysis, the analyte of interest is co-crystallised with an excess of a solid
matrix, which has a strong extinction coefficient at the wavelength of the laser and
hence directly absorbs the laser energy. The laser pulse induces desorption and

ionisation processes of matrix and analyte molecules in a very dense plume, as shown in

Figure 2-9.
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Figure 2-9. Schematic representation of the desorption/ionisation process. Matrix molecules
absorb the laser energy, volatilise explosively and liberate the analyte ions to form the MALDI
plume [72].

The ions formed in the MALDI plume are extracted by a strong electric field into the
field-free region of the TOF analyser, where they are separated according to their mass-
to-charge (m/z) ratio. Depending on the polarity of the electric field, positive or
negative ions are extracted. Each ion induces a current at the detector, which is then
monitored as a function of time yielding a mass spectrum. Several tens of mass spectra

are summed up to improve the signal-to-noise ratio.

In the following sections, the experimental factors effecting the outcome of a MALDI
spectrum are presented and the current knowledge on desorption-ionisation processes in
the MALDI plume are discussed. A brief overview of the basic instrumentation
currently available for TOF mass spectrometry is also given. This should give the reader

an insight into the great diversity of MALDI TOF mass spectrometry.

2.2.2 Experimental Parameters in MALDI Mass Spectrometry

The number of parameters influencing the outcome of a MALDI experiment is
enormous. Here, only the laser wavelength (A), the choice of matrix (B), and the sample

preparation technique (C) are discussed, since they are considered to be the most

significant [73].

A. Laser wavelength. The laser wavelength is a particularly important parameter in

MALDI. Traditionally MALDI wuses ultraviolet (UV) fixed frequency lasers
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with nanosecond pulses. In the original work, Karas and Hillenkamp [62] employed a
frequency-quadrupled Nd:YAG laser at 266 nm to detect proteins with molecular
masses above 10 kDa embedded in nicotinic acid. Later, lasers emitting at 337 nm
(nitrogen laser) and 355 nm (frequency-tripled Nd:YAG laser) [74] were used.
Although all UV laser wavelengths have been successfully applied to MALDI MS,
nitrogen lasers are found in most commercial instruments, since they are reliable and
inexpensive. A nitrogen laser was also used in this work. In a parallel development,
lasers in the infrared (IR) wavelength range have been applied: Er:YAG lasers emitting
at 2.94 pm [75] and CO, lasers, emitting at 10 um [76]. The introduction of tuneable
free-electron lasers (FEL) [77] and optical parametric oscillator (OPO) based systems
[78] have made the use of IR-MALDI very attractive, since they may be used in
conjunction with ice as the matrix. The visible (VIS) wavelength range is not often used
in MALDI due to a limited choice of good matrices. Dye compounds, e.g. rhodamine

6G [79] or graphite plates [80] have been shown to be effective, when a frequency-
doubled Nd:YAG laser (532 nm) is employed.

B. Matrix. In addition to the selection of the laser wavelength, the matrix plays a key

role in MALDI mass spectrometry. The functions of the matrix are characterised as
follows [64, 81]:

e The high molar excess of the matrix (typically in the range of 1000 fold)
provides separation of analyte molecules from each other, and therefore
reduces the intermolecular interactions between individual analyte
molecules.

e The energy deposition into the analyte molecules occurs through the matrix,
thus the matrix must show a strong resonance absorbance at the applied laser
wavelength. (In the case of particle suspension matrices, this is discussed
extensively in chapter 6 of this thesis.)

e The matrix promotes analyte ionisation. (This will be described in detail in

section 2.2.3 of this chapter.)

Besides this three properties, further requirements of the matrix, such as vacuum
stability and compatible solubility with the analyte, are necessary. It is impossible to
predict a priori if a compound is a good matrix or not, due to the limited understanding
of the desorption-ionisation process. Thus, the discovery of new matrix materials with

the desired properties has been a matter of empirical search [73]. There are several
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compounds, which have been used as MALDI matrices, however only a few compounds
have established themselves as “common matrices”. Frequently used UV matrices are
derivatives of benzoic acid, e.g. 2,5 dihydroxy benzoic acid (DHB) [82-84], and
derivatives of cinnamic acids, e.g. a-cyano-4-hydroxy cinnamic acid (a-CHCA) [85].
For the analysis of oligonucleotides, 3-hydroxy picolonic acid (3-HPA) [86] is a
potential matrix. Glycerol [87], succinic acid [88] and water [89] have been proven as
useful IR matrices. The structures of some common UV and IR matrices, including

those used in this work, are shown in Figure 2-10.
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Figure 2-10. Structures, chemical names and abbreviations of common MALDI matrices. The
abbreviations are usually used throughout this thesis.
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The mass spectral quality can often be improved by addition of a low molecular weight
compound to the analyte-matrix mixture. On examination of the physio-chemical
properties of these compounds, one can roughly distinguish between two different
groups. The first group is embodied by substances, like fructose [90] or diamonium
hydrogen citrate [91], which show no properties required for a matrix compound and
hence are called as “matrix additives” or “co-matrices”. Fructose for example improves
the mass spectral quality by decreasing the fragmentation rate of peptides and proteins.
It is believed that the laser energy causes the pyrolysis of fructose molecules, which
then absorb excess energy causing cooling during the desorption-ionisation process
[92]. A very well known representative of the second group is “super DHB” (DHBs),
which is a mixture of 2,5-dihydroxy benzoic acid (DHB) and 2-hydroxy-5-methoxy
benzoic acid (HMB) in the volume ratio 9:1 [93]. HMB is a compound, which has the
properties of a matrix, and hence the resulting mixture of these two matrices is named a
“binary matrix system”. In principal more then two matrices can be mixed together,
however each compound added increases the possibility of interference with analyte

signals in the low mass range.

C. Sample Preparation Technique. A variety of different sample preparation
techniques have been developed, since the introduction of MALDI mass spectrometry

[62-65]. A summary of the most common sample preparation methods is given in Table
2-1.

Table 2-1. Different sample preparation techniques applied in MALDI mass spectrometry.

Solid matrix Dried-droplet
Fast-evaporation

Pellet

Spin-coating
Electrospray

Air-spray
Matrix-precoated targets
Liquid matrix Chemical liquid

Particle suspension
Special preparation | Solid supports

The dried-droplet method [82], originally developed by Karas and Hillenkamp, is

nowadays used routinely in combination with the matrices DHB, DHBs and 3-
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HPA. A drop (1ul) of an aqueous matrix solution is mixed with a drop (1pl) of an
analyte solution and dried. The resulting analyte-doped matrix crystals show typically a
heterogeneous morphology, and therefore induce a lower mass accuracy, especially in

linear TOF mass analysers.

Therefore the fast-evaporation method [94] was introduced to improve the mass
accuracy and mass resolution of the MALDI measurements. Matrix and sample are
handled separately: a drop (1ul) of the matrix solution (e.g. a saturated solution of a-
CHCA in acetone) is applied to the target and is dried, and on top of it a drop (1pul) of an

aqueous analyte solution is deposited.

If the analyte is insoluble and it seems impossible to embed it in a matrix environment
by the two previously described methods, the pellet method [95] is a possible solution.

A mixture of finely ground matrix and analyte is pressed together in a hydraulic press.

There is a natural interest in the improvement of spectral quality by means of increased
reproducibility and signal intensities. This enables the quantitative analysis of different
compound classes by MALDI mass spectrometry. The sample preparation techniques,
spin-coating [96], electrospray [97-99] and air-spray [100], have been developed to
create a more homogeneous layer of equally sized matrix-analyte crystals, since even
with the fast-evaporation method [94] a certain degree of heterogeneity within the
MALDI sample is obtained, as revealed recently by mass spectrometric imaging [101].
Equally sized matrix-analyte crystals are believed to enhance the overall MALDI
performance [102]. In spin-coating, a large volume (3-10 pl) of a premixed analyte-

matrix solution is deposited on the target, yielding an even distribution of the analyte.

In the electrospray method [97-98] a small amount of the analyte-matrix mixture is
electrosprayed from a HV-biased (3-5 kV) stainless steel capillary onto a grounded
metal sample plate, mounted 0.5-3 cm away from the tip of the capillary. The diameter
of the capillary, the flow rate, as well as the distance between the capillary tip and the
table effects the size of the micro-crystals. Not only a mixture of analyte-matrix solution
can be electrosprayed, Caprioli et al. [99] used this method to electrospray a matrix only
solution onto tissue sections for molecular imaging of individual compounds distributed
in the biological sample. An alternative, simple, low-cost sample preparation technique
is the air-spray method [100], in which the pre-mixed matrix-analyte mixture is
deposited onto a heated stainless steel target with a compressed air-brush device. The
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two latter presented sample preparation techniques have been further studied for matrix

deposition onto TLC plates, as described in chapter 3 of this thesis.

Often only a small amount of the analyte is available and the addition of the matrix
solution to the analyte decreases the analyte concentration. In this situation the use of
matrix-precoated targets [103-104] is advantageous; an aqueous solution of the analyte
is spotted directly onto a matrix-precoated target. Most efforts have been focused on the
development of thin-layer matrix-precoated membranes, e.g. nitrocellulose, anion- and
cation-modified cellulose, nylon, PVDF or regenerated cellulose dialysis membranes
[103]. This method offers the possibility of off-line coupling of MALDI to liquid
separation techniques, such as capillary electrophoresis (CE) [105] or liquid
chromatography (L.C) [reviewed in 106-107].

The preparation of analytes with chemical liquids [63, 87] is rather straightforward. An
appropriate molar ratio of the analyte is dissolved in an UV-absorbing liquid, e.g. o-
nitrophenyl octyl ether [63] or an IR-absorbing liquid, e.g. glycerol [87]. The
requirements for co-crystallisation and solubility, when employing solid matrices, are

thus circumvented.

The addition of fine metal or carbon particles to a non-absorbing liquid (e.g. glycerol,
liquid paraffin or ethylene glycol) is also a way of preparing samples for MALDI. The
solid particles absorb the laser energy and assist in analyte desorption and the liquid
dissolves and ionises the analyte. This concept offers more flexibility compared to a
laser energy absorbing liquid or solid matrix. The use of such particle suspensions [108-
114] was first introduced by Tanaka er al. [65] and since then several combinations of
particles and liquids have been used to analyse proteins, oligosacccharides, synthetic
polymers, and dyes. Further information about this approach and its application in TLC-
MALDI MS can be found in chapter 6 of this thesis.

An extension of the particle suspension technique is the solid support method [80, 106,
115-116]. The laser energy absorbing particles are compressed or sintered to form an
“active” MALDI support. A variety of materials, including Si, TiN, CuO, graphite, and
carbon particles have been tested [80, 106]. However, best known is the use of porous
silicon as sample support (desorption/ionisation on porous silicon or DIOS) [115-116].

This concept is very promising for practical applications, although current limitations
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are a limited mass range, poor reproducibility of the fabrication process, and surface

contamination.

2.2.3 Desorption and Ionisation Mechanisms in UV MALDI

Investigation of the MALDI mechanism has been the focus of interest of a number of
research groups. Several models explaining the desorption and ionisation processes
occurring in the MALDI plume have been proposed, and these are discussed in the
following section. Each is considered separately for simplicity reasons, although it

certainly does not reflect reality, where they probably work in combination.

Desorption Mechanisms. A quasi-thermal desorption model was recently suggested
by Hillenkamp and co-workers [117-118]. The first step involves a pressure-driven
decomposition of the matrix-analyte material into smaller particles. The smaller
particles consist of clusters and single molecules [119-120]. In a second step the clusters
and individual molecules are thermally desorbed from the sample surface forming the
MALDI plume. At the first few seconds, the MALDI plume is characterised by high
density and high collision rates. After a few nanoseconds an explosive phase transition
occurs, in which molecular gas-phase species of matrix and analyte are formed through
expansional cooling. The initial velocities of ions formed in the plume are about 300-
500 m/s [121], and such high initial velocities are assumed to indicate a soft desorption

process.

lonisation Mechanisms. The ionisation processes in MALDI mass spectrometry are
less well understood then the desorption processes. Models for ion formation were
summarised in a recent review by Zenobi and Knochenmuss [73] and discussed again

more recently by the same authors [122] and by Karas et al. [123].

The current view is that several different pathways are contributing to the formation of

ions, as summarised in Table 2-2.
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Table 2-2. Possible pathways for MALDI ion formation.

Primary ion formation Desorption of pre-formed ions
Multi-photon ionisation
Energy pooling
Excited-state proton transfer
Disproportionation reactions
Thermal ionisation

Secondary ion formation Proton transfer
Electron transfer
Cationisation

The term primary ion formation stands for pathways in which gas-phase ions are
created from neutral molecules or aggregates (often derived matrix species) in the
MALDI plume. Many of these ions will undergo collisions, which is believed to be
particularly important for the formation of analyte ions. These reactions will be

described later in the section on secondary ion formation.

Primary ion formation. An important primary ion formation pathway is the desorption
of pre-formed ions [124]. In this mechanism the ions observed in the MALDI spectrum,
e.g. peptide-metal adducts, are believed to be already present in the solid sample and are

ejected as those in the gas-phase by the laser pulse.

The formation of matrix radical cations (M'") by muliti-photon ionisation is considered
by many authors as a strong candidate for the UV-MALDI primary ionisation step,

following the equation:

v _n) M a
Ionisation of the matrix molecule can only occur if the absorbed energy given by the
laser is higher then the ionisation potential (IP) of the matrix molecule. The IP of the
common matrix DHB was recently determined as 8.05 eV [125]. This means, that three
photons (each 3.7 e€V) of a nitrogen laser (commonly used for MALDI experiments)
would be required to ionise one DHB molecule, which is not possible with the laser
irradiance typically used. Nevertheless, ionisation could occur via the described two-

photon absorption and an assisting thermal step, as described by Allwood ef al. in a
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photothermal model [126] or by energy pooling [125]. In the latter model two nitrogen
photons are absorbed by two neighbouring matrix molecules, which go into the excited
state (M*M*) and pool their energy to yield one matrix radical cation (M) as follows:

2 (hv)
M —» MM* —P» M+M* —» M+M*+¢

This model is more likely, since clusters are known to be liberated from the MALDI
sample [119-120].

The excited-state proton transfer pathway is also a frequently proposed MALDI
ionisation model [127]. A single excited matrix molecule (M*) is presumed to be much
more acidic compared to its ground state. An analyte or matrix molecule in the ground-

state in the proximity of an excited matrix molecule can then accept the labile proton:

+ [M-HJ + [A+H]"

M 1 (hv) » M*

+M [M-H] + [M+H]"

Since this model only requires one nitrogen photon it is favoured. However, the
knowledge of the local environment in the MALDI plume is still too small to fully
evaluate this approach [73].

Disproportionation reactions [128] have been suggested to explain the simultaneous
formation of positive and negative ions in the MALDI experiment. Proton transfer of
two coupled matrix molecules in the excited—state is believed to occur, following the

equation:
2 (hv) ) +
M~ Ty MM** o [M-HJ + [M+H]
This reaction was found to be energetically accessible (5 eV) with two 337 nm photons

[128].

For particle suspension matrices thermal ionisation [65, 73, 111] is a very probable
mechanism. The liquid is generally transparent to the laser radiation, which is absorbed
by the particles. Smaller particles have been found to work better, since the reflection of
the laser light is reduced and the enhanced surface area results in a higher absorbance

efficiency of the laser light. Both factors are presumably responsible for the higher
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peak temperatures reached with smaller particles [65, 111].

Secondary ion formation. In the gas-phase proton transfer reactions [122] are
believed to occur between matrix ions and neutral molecules (analyte or matrix

molecules).

If non polar compounds with IPs lower then that of the matrix are analysed in MALDI,
electron transfer reactions [129] between a matrix radical cation (M) and an analyte

molecule (A) can take place to form an analyte radical cation (A™"):
Mera —25 5 Mear

The secondary ionisation steps discussed so far involve the charge transfer in the gas-
phase. For compounds that have an ionic character the release of pre-formed ions
(cations) upon laser irradiation possibly contributes to the total ion yield [130]. The

mechanism describing this pathway of ion formation in MALDI is called cationisation
[130].

A uniform model for ion formation in MALDI was introduced in 2000 by Karas and co-
workers [123], and needs mentioning. The dominant ionisation process in this
hypothetical “lucky survivor model” is considered to be the desorption of multiply
charged clusters. After evaporation of neutral matrix molecules, the desolvated and
highly charged analyte ions are neutralised or charge reduced by electron capture or
proton-transfer reactions with reactive matrix species. Thus, only singly charged analyte
ions are believed to have a chance to survive in the dense MALDI plume. The model

was later extended in accordance to different compound classes and preparation
techniques [131].

After ions have been formed in the MALDI source, they are accelerated towards the

mass analyser. A common type of mass analyser coupled to MALDI sources is the TOF

analyser, which will be discussed now.

2.2.4 Time-of-Flight Mass Spectrometry

The TOF mass analyser [132] is possibly the simplest analyser, and is ideally suited for

MALDI ion sources, due to its virtually unlimited mass range and the high duty
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electric field is applied. Minor differences in kinetic energy of ions with the same m/z
values are corrected, since ions of greater energy penetrate deeper in the reflectron than
less energetic ions. This ensures that ions with different kinetic energies, but the same
m/z values, arrive at the detector at the same time. The reflectron TOF mass
spectrometer can also be used to gain structural information of the analytes using post-

source decay, as described below.

Post-Source Decay (PSD). Since a large portion of the molecular ions undergo
intensive metastable decay in the drift region, before they enter the mass analyser,
structural elucidation can be performed in a reflectron TOF mass spectrometer. Intact
molecular ions, which gained sufficient internal energy during the desorption process,
can release their excess energy by dissociation during their flight, i.e. metastable
decomposition. This process is called post-source decay (PSD) [138-143] and its
principles are illustrated in Figure 2-13. The product ions formed by PSD continue to
travel through the drift region with the same velocity, but with a range of kinetic
energies, since their mass has changed. Ions with a higher kinetic energy (i.e. heavier
ions) penetrate deeper into the “ion mirror” than lighter ions and hence mass to charge

separation of the non-dissociated precursor ion and the product ions is achieved.

M+H]+

100}
75

00 1050 1100 HS0' Uns

Low mass
PSDions —

Detector g ol

D
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T n
| &-7°
Uace Up \“'
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First field free drift path

Figure 2-13. Principles of PSD-MALDI TOF mass spectrometry [142].

32



(134

Conventional reflectrons require several experiments to be performed with the “ion
mirror” voltage optimised for each small sequence of the product ion spectrum. A
complete PSD ion spectrum can be obtained by combining the small sequences
together. This is not required when a curved-field reflectron is employed. This type of
reflectron is able to disperse all PSD ions over the acquired spectrum with the same “ion
mirror” voltage applied. A complete product ion spectrum can thus be acquired within a
single step [144]. The use of this technique in combination with TLC-MALDI MS is

described in chapter 8 of this thesis.

Latest developments. In the last 14 years MALDI has been coupled to both linear and
reflectron TOF systems, operated with or without delayed extraction. The latest results
report the successful coupling of MALDI sources with quadrupole-TOF systems (g-
TOF) using orthogonal extraction conditions [145-146, reviewed in 147] and with TOF-
TOF systems [148]. Both instruments allow tandem mass spectrometry (MS-MS)
experiments to be carried out on MALDI generated ions. The precursor selection occurs
in the first analyser (quadrupole or TOF) and the product ions produced by collision-
induced dissociation (CID) are mass analysed in the second analyser, the TOF analyser.
Using a TOF analyser as the precursor ion mass filter has the advantage of a high duty
cycle and the disadvantage of transmitting high energy ions into the collision cell, thus
obtaining product ion mass spectra, which can provide less structural information, than
those obtainable from low energy collisions. Other mass analysers, such as fourier
transform (FT) cells [149-150] and ion trap (IT) mass spectrometers [151-152] have
been successfully coupled to external MALDI ion sources. High mass resolution spectra
from a range of fragile biomolecules, such as oligonucleotides [149], gangliosides
[150], peptides [151], and oligosaccharides [152] could thus be recorded. In MALDI-
FT-MS fragmentation and metastable decay of labile ions is a limiting factor, due to the
relatively long time between the ionisation and detection (in the range of a few seconds
instead of microseconds, normally obtained in MALDI-TOF-MS). Cooling of the hot
ions with a high pressure gas [149-150] has been used to circumvent this disadvantage.
In atmospheric pressure (AP)-MALDI-IT-MS the gas stream also assists in guiding the

ions from the external source to the inlet system of the analyser [151-152].
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Chapter 3

Preparation of TLC Plates for MALDI MS Analysis



3.1 Introduction

The key step to a successful TLC-MALDI TOF MS analysis is the application of the
MALDI matrix onto the developed TLC plate, prior to introduction into the mass
spectrometer, as indicated in chapter 2 of this thesis. Several techniques for the
deposition of the matrix have been described in the literature. The earliest method for
plate preparation, developed by Gusev et al. [1], involves pressing a previously
prepared layer of matrix crystals into the TLC plate. Bristow and Creaser [2] reported
the TLC-MALDI determination of dyes, using plates prepared by spraying the matrix
solution onto the plate with a TLC reagent sprayer. An air-spray method was developed
by Haddleton et al. [3] as a sample preparation method for the MALDI MS analysis of
polymers. Electrospray for sample preparation in MALDI was first suggested by
Axelsson et al. [4] and independently, at about the same time, by Hensel et al. [5]. In
this technique, a small amount of matrix-analyte mixture is electrosprayed from a HV-
biased stainless steel or glass capillary onto a grounded metal sample plate, mounted 0.5
- 3.0 cm away from the tip of the capillary. A high degree of reproducibility was
demonstrated for this sample preparation technique and it was shown to yield high
quality quantitative data. Caprioli ef al. [6] used electrospray matrix deposition to coat
tissue samples during the MALDI based molecular imaging of peptides and proteins in

biological samples.

In this chapter methods for the application of the matrix in TLC-MALDI TOF MS have
been evaluated that allow the scanning of a TLC plate in order to obtain
chromatographic as well as mass spectral data. The aim of this work was to develop a
method for matrix deposition that is capable of being automated. This will allow routine
use of the technique, and hence alternative approaches to the matrix pressing method [1]
were tested. Preliminary work carried out showed that the use of a TLC reagent sprayer,
[2] or an air-spray [3], to coat the TLC plate with matrix crystals, caused spreading of
the TLC spots and would therefore not be suitable for the acquisition of
chromatographic data. Since it was felt that the fine droplets produced by electrospray
[4-6] would lead to minimal spreading, this technique was chosen for extensive

investigation.



3.2 Experimental

3.2.1 Materials

The analyte tetracycline (compound A) was purchased from Sigma-Aldrich (Dorset,
U.K.). Samples of known manufacturing impurities, epitetracycline (compound B),
anhydrotetracycline (compound C) and compound D were supplied by Pfizer Global
R&D (Sandwich, U.K.). The structures of these compounds are as shown in Figure 3-1.

In all cases, the formula weight (FW) quoted is the molecular mass calculated using the

isotope-averaged atomic masses.

(A) ©

Tetracycline (FW 444.4) Anhydrotetracycline (FW 426.4)

D)

H
OH OH 0 O o

Epitetracycline (FW 444.4) (FW 412.4)

Figure 3-1. Structures of tetracycline and some of its impurities.

The following MALDI matrices were evaluated for TLC-MALDI analysis of these
compounds: a-CHCA, HABA and DHB [7-8]. The matrices were purchased from
Sigma-Aldrich (Dorset, U.K.). The solvents, acetone, methanol, ethanol and
dichloromethane used, were all HPLC grade. Trifluoroacetic acid (TFA) (AR grade)

was typically added at 0.1% v/v to the matrix solutions.

The TLC plates employed were silica gel 60 Fas4, 0.2 mm thickness and aluminium
backed (Riedel-de Haen, Germany).



3.2.2 Instrumentation

The time-of-flight (TOF) mass spectrometer employed in these investigations was a
modified LaserTOF 1500 (SAI, Manchester, U.K.). This is a linear TOF instrument,
equipped with a nitrogen laser (A=337 nm) and delayed ion extraction. More
information about the instrument and its performance can be found in the appendix
(chapter 10) of this thesis. The sample holder of this instrument was redesigned to allow
TLC strips of approximately 64 x 2 mm to be fitted into a recessed slot. The sample
probe and software were also modified to allow free movement along the z (vertical)
axis, and software was developed that allowed the construction of mass chromatograms

from the acquired data sets. Only the positive ion mode was used in this study.

3.2.3 TLC Separation

Tetracycline and its impurities were separated to the procedure described by Weng et al.
[9]. Before use, the silica gel plates were sprayed with an aqueous solution of disodium
EDTA (10% w/w, adjusted to pH 9.0), dried horizontally at room temperature for 30
minutes, and then in an oven for another 30 minutes (120°C). The TLC development
tank was lined with filter paper and saturated with the mobile phase
dichloromethane/methanol/water (53/35/6, v/v) for at least an hour prior to use.
Typically, a 10 pl aliquot of a sample solution (20 mg/ml in methanol) was applied to a
plate with a disposable spotting pipette. The plate was developed to a distance of 7.0
cm, air dried at room temperature and the analyte spots were visualised under UV light
(A=254 nm).

3.2.4 Application Techniques of Matrix Material

Method 1: Transfer of a previously prepared matrix crystal layer into the TLC plate. A
homogeneous matrix crystal layer was created on a 25 x 25 mm aluminium plate by
depositing 50 pl aliquots of a saturated solution of a-CHCA, dissolved in acetone, on it.
Sample spots, cut from the TLC plate, were wetted with an extraction solvent (ethanol
or methanol/water 1:1, v/v). The previously prepared matrix layer on the aluminium

plate was then pressed into the TLC plate for 2 minutes, using a small press. After
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transfer, the aluminium plate was removed and thus the coated TLC spots were stuck to

a MALDI target using double-sided tape.

Method 2: Brushing of a supersaturated matrix solution. A 50 x 2 mm strip of a
developed (or uneluted) aluminium-backed TLC plate was mounted onto a MALDI
target with double-sided tape. An extraction solvent (ethanol) was applied to the TLC
spots. A hot supersaturated slurry of a-CHCA in acetone was then dabbed onto the TLC
strip with a stiff brush. The prepared target was dried at room temperature for at least 30

minutes before analysis.

Method 3: Electrospraying of a matrix solution. For matrix application via electrospray,
an electrospray deposition device was constructed, as illustrated in Figure 3-2. This
electrospray deposition device consisted of a syringe pump (Harvard 11), fitted with a
25 pl syringe, which was connected via PTFE/PEEK tubing to a HPLC ‘zero dead
volume’ fitting to a capillary steel needle, to which a high voltage (1-4 kV) was applied.
The capillary needle was further threaded through a HPLC T-piece ‘zero dead volume’
fitting, through which dry nitrogen could be applied coaxial to the capillary tube. The
TLC strip, which was attached to the MALDI target, was earthed and held horizontally
during spraying and set at a distance of ca. 2-4 mm from the spray needle. The voltage
and distance between the capillary needle tip and TLC plate were adjusted such that a

stable Taylor cone was visible and remained stable.

A 50 x 2 mm strip of the developed (or uneluted) aluminium-backed TLC plate was
stuck onto a MALDI target with double-sided tape. An extraction solvent (ethanol) was
applied to the TLC spots, when required. Matrix concentrations were between 10-100
mg/ml, depending on the matrix solubility. Two solvent systems were tested: solvent
system A, methanol containing 0.1% TFA and solvent system B, methanol containing
0.1% TFA/ water in the volume ratio 1:1. Typically, a 25 pl syringe was filled with
matrix solution and electrosprayed at a rate of 150 ul/h while the TLC plate was moved
at ca. 0.6 cm/min. The voltage applied to the capillary needle of the electrospray device
was typically ~ 1.5 kV.
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molecular weight analytes, such as bioploymers, where very large matrix excess is used
[12]. The mass spectrum obtained with the use of a-CHCA at a molar ratio to

tetracycline of 100:1 showed considerable matrix suppression effects [13].

3.3.2 Comparison of Matrix Application Techniques

Method 1: Pressing. The indirect means of matrix deposition, by pressing a
predeposited matrix layer into a wetted TLC plate, has been reported to work
successfully by Gusev et al. [14]. This is not consistant with the studies presented here;
the procedure was found to be extremely difficult, and only small sections of the silica
gel plate could be handled. Therefore a developed TLC plate was cut up into small
sections 1.5 x 1.5 cm. The silica gel plate was quite fragile and frequently cracked
during the procedure. Mass spectrometric analysis of successfully prepared TLC spots
showed areas of localised analyte-doped matrix crystals, but the number of points, from
which analyte signals were obtained, was insufficient to allow chromatographic

information to be obtained from a spot.

Method 2: Brushing. Deposition of matrix material by brushing a supersaturated
solution of matrix into a TLC plate showed some incorporation of analyte-doped
crystals and did yield analyte mass spectra. Figures 3-3 to 3-6 show mass spectra from
TLC spots obtained from the analysis of tetracycline and some of its known
manufacturing impurities. The TLC procedure was as described in the experimental
section. Figure 3-3 shows the mass spectrum obtained from epitetracycline retardation
factor Re = 0.11. The [M+H]" ion can be clearly observed at m/z 444.8. Figure 3-4
shows the mass spectrum of tetracycline, itself Ry = 0.25, the [M+H]" ion at m/z 445.3.
Two unknown impurities at Ry values of 0.34 and 0.60 are shown in Figures 3-5 and 3-
6, respectively. The pre-treatment of the TLC plate with disodium
ethylenediaminetetraacetic acid solution was necessary for the improvement of the
separation of tetracyclines from the impurities. Without the pre-treatment, streaking was
observed on the plate, due to the interaction of the basic moieties of tetracycline with
metallic impurities in the silica. However, this procedure frequently contributed to the
enhancement of signals from sodium and potassium adducts of tetracycline (m/ 467 and
483, respectively) and its impurities, which complicates the interpretation of the mass

spectra.
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Figure 3-3. Mass spectrum of epitetracycline (ETC, R; 0.11), from an a-CHCA matrix applied
using the brushing method.
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Because of the cation adducts, the close range of molecular weights of potential
impurities, and deterioration of resolution on TLC-MALDI coupling, unambiguous
identification of the impurities on the basic of assignment of the [M+H]" mass peaks
proved challenging. In such a situation, only the use of good quality impurity reference
standards would enable conclusive identification or the use of MS-MS techniques, as

presented in chapter 8 of this thesis.

The procedure worked well only with volatile solvents, such as acetone, and in such
cases lateral spreading of analyte species was minimal. MALDI MS analysis of targets
prepared in this way showed analyte signals from localised areas on the TLC plate.
However, it was difficult to produce consistent results in terms of signal intensity, since
the procedure did not yield a consistent loading of matrix on the TLC plate. Since the
analyte signals from the TLC plates prepared by the brushing method are localised, they
are not obtained from a sufficient number of points on the TLC plate to generate
chromatographic information from TLC spots. A degree of skill is needed to prepare a
good plate, and the method does not seem to lent itself to automation. Therefore it was

not investigated further.

Method 3: Electrospraying. For tetracycline the best data from plates prepared by
electrospray were obtained using DHB as the matrix (100 mg/ml in solvent system B).
It was found that a single spray pass was sufficient. A second pass showed either no
improvement in signal intensity or a deterioration in the signal obtained, possibly
because the initial layer of the crystals which is co-crystallised with analyte would be

redissolved by the second pass of matrix solution.

Using the modified instrument, chromatographic data were successfully obtained from
TLC plates, directly spotted with three replicated tetracycline spots, each of 100 and 1
ug, prepared using the electrospray method. Figure 3-7 and 3-8 show summed mass
chromatograms over the range m/z 440-460 for three tetracycline spots of 100 pg
(Figure 3-7) and 1 pg (Figure 3-8). Typical mass spectra obtained for 100 and 1 pg
tetracycline spots are shown in Figure 3-9 and 3-10, respectively. The ultimate limit of
detection for tetracycline (localised signals) is however much lower at 1 ng spots
(Figure 3-11), but mass chromatograms have not been successfully obtained at this
level, since additional improvements in the sample preparation technique are required

for this, as presented in chapter 5 of this thesis.
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The data further illustrate the poor mass resolution, and hence mass measurement
accuracy, obtained in these early TLC-MALDI TOF MS experiments. These appeared
to be quite poor in the chromatographic acquisition experiments, possibly due to the
movement of the TLC plate, which is in essence now the MALDI target, over several
millimetres, during the acquisition of each spectrum. The small variations in flight time
that would be caﬁse these phenomena, arising from the uneven nature of the TLC plate
surface, would obviously be greater the larger the area of TLC plate surface that data

has been acquired from, in order to produce one spectrum.
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Figure 3-7. Mass chromatogram from m/z 440 to 460 for three replicate tetracycline spots of
100 pg on silica gel substrate.
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3.4 Conclusion

Three literature methods for TLC plate preparation for coupling to MALDI MS have
been examined, i.e. pressing a previously prepared matrix layer into the TLC plate
surface, the use of a reagent sprayer and an air-spray. Two new approaches have been
also developed: brushing a supersaturated matrix solution and deposition of matrix
material by electrospraying. All procedures gave TLC-MALDI targets, which on
analysis produced mass spectra from analyte-doped matrix crystals. However, of the
methods of matrix deposition into a TLC plate, only electrospray deposition has been
shown to produce analyte signals from enough points on a sample spot to allow
chromatographic information to be obtained from a TLC plate. By modifications of a
commercial MALDI TOF mass spectrometer, and its control and acquisition software,
chromatographic data from replicated spots of tetracycline at the 1 pg level could be
obtained. The limit of detection is lower, about 1 ng (for localised signals). However, it
is likely that a modified environment, which promotes more homogeneous
crystallisation, is still needed in order to improve the ultimate limit of detection further,
and hence allow the acquisition of chromatographic data at these lower levels. The data
also highlighted problems with mass measurement accuracy and mass resolution

obtained, when mass spectra were acquired directly from TLC plates.
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Chapter 4

Qualitative Determination of Pharmaceutical
Compounds and Related Substances by
TLC-MALDI TOF MS



4.1 Introduction

Some preliminary data was presented in chapter 3 on the development of methods for
direct analysis of TLC plates by TLC-MALDI TOF MS. Electrospraying of the matrix
solution onto the plate was described as a new method of preparing TLC plates for
MALDI mass spectrometry. Mass spectra were directly obtained from plates, prepared
in such a manner, and showed that modification of a commercial MALDI TOF mass

spectrometer enabled chromatographic data to be obtained from such plates.

In this chapter the generation and characterisation of an impurity profile of a
pharmaceutical compound by TLC-MALDI TOF MS is reported. UK-224,671 is a
compound synthesised by Pfizer Global R&D, as part of a drug development program.
A mixture of UK-224,671 and its known related substances was separated by TLC on
silica gel, and the plate was prepared for TLC-MALDI by electrospraying the surface
with a solution of a-CHCA. The identification of the main component and three major
related substances was possible using mass chromatograms, recorded directly from the
TLC plates. An increase in the signal intensities of the detected components in the
recorded mass spectra was observed when each spot was wetted with methanol, before
electrospray deposition of the matrix material. The mass spectra recorded contained
mainly [M+H]" ions. The degradation in mass measurement accuracy and mass
-resolution, observed in the TLC-MALDI experiments, described in chapter 3, has been
corrected by utilising a software that recalibrates each mass spectrum acquired during a
run by using a matrix ion or other selected ions as “lock masses”. Data acquired with,

and without, the use of the “lock mass™ are compared.

4.2 Experimental

4.2.1 Materials

UK-224,671 (Cy4H35CIhNsO3S), a pharmaceutically active compound, and known
related substances, UK-256,327 (C11H;7N30,S), UK-253,501 (CyoHy¢N40,S) and UK-
260,489 (C;oH23CLNO;), were supplied by Pfizer Global R&D (Sandwich, U.K.). The

structures of these compounds are shown in Figure 4-1. In all cases, the formula weight
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(FW) quoted is calculated using the isotopic-averaged atomic masses. A sample
solution, containing 2.5 mg/ml of the pharmaceutically active compound and 2.5 mg/ml

of each related substance, was prepared in methanol.

cl
(e Lo
O/Eg;\ NO—N/_\N—EZZO Q

UK-224,671 (FW 544.6) UK-253,501 (FW 386.5)

NH, Cl

ated 5
v

UK-256,327 (FW 255.3) UK-260,489 (FW 384.3)

Figure 4-1. The structure of UK-224,671 (C,4H3sCI.NsO4S), a pharmaceutically active
compound, and some of its known impurities, UK-256,327 (C4,H7N30,S), UK-253,501
(ConzsN.;OzS) and UK—260,489 (C19H23C|2NO3).

The suitability of the following organic MALDI matrices for TLC-MALDI coupling of
these compounds was examined: a-CHCA, HABA, DHB, CA and 3-HPA. These

organic matrices were purchased from Sigma-Aldrich (Dorset, U.K.).

All solvents used (methanol, ethanol, tetrahydrofuran and dichloromethane) were HPLC
grade. Ammonia (35%) was prepared by dilution of a concentrated ammonia SG 0.88.
The TLC plates employed were silica gel 60 Fass, 0.2 mm thickness and aluminium-

backed (Merck, Germany).

4.2.2 TLC Separation

The TLC separation was carried out using the following procedure, which was adapted
from an in-house method developed at Pfizer Global R&D. The silica gel plate was used
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as supplied, without any pre-treatment. The TLC development tank was lined with filter
paper and saturated with the development solvent dichloromethane/methanol/ammonia
(35%) at a volume ratio of 60:10:1 over night, prior to use. An aliquot of sample
solution (10 pl) was applied to the plate with a syringe. The plate was developed to a
distance of 7.0 cm, air dried at room temperature and the TLC spots were visualised

under UV light (A=254 nm.).

4.2.3 Matrix Selection

For organic matrices, the analytes were dissolved in methanol (10 mg/ml). The organic
matrices investigated (a-CHCA, HABA, DHB, CA and 3-HPA) were dissolved in a
polar solvent, typically methanol at 10-100 mg/ml, depending on their solubility. TFA
(AR grade) was added to the prepared matrix solution at a concentration of 0.1 % v/v.
The analyte and matrix solutions were mixed in suitable ratios (typical ratios used were
1:1 or 1:10 v/v, respectively). Approximately 1 pl of the mixture was spotted onto a
stainless steel MALDI target. The target was then analysed.

4.2.4 Matrix Application

The method used to prepare the TLC plates for MALDI analysis was to electrospray the

matrix onto the TLC plate, as described in chapter 3.

4.2.5 Mass Spectrometry

The TOF mass spectrometer employed in these investigations was a modified LaserTOF
1500 (SAI, Manchester, U.K.). The modifications to the instrument are described in
detail in chapter 3. In collaboration with SAI new software was developed to allow
recalibration of each mass spectrum, during the scanning of a TLC plate, based on the
measured m/z values of one or more peaks in the recorded mass spectra. Its use in these
experiments is extensively described in the discussion section of this chapter. Only the

positive ion mode was used in this study.
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4.3 Results and Discussion

4.3.1 Matrix Selection

The selection of the organic matrix was based on an examination of their MALDI MS
behaviour on stainless steel targets, as described in chapter 3. For UK-224,671 and
related substances, a-CHCA was found to give the best results. Optimum matrix to

analyte molar ratios were between 16:1 and 40:1.

4.3.2 Electrospraying MALDI Matrices onto TLC Plates

For UK-224,671 the best data from plates prepared by electrospray were obtained using
a-CHCA as the matrix (20 mg/ml in methanol containing 0.1 % TFA). However, use of
this matrix gave a mass spectral peak at m/z 379 [2M+H]", which could interfere with
signals from UK-253,501 (FW 386.5) and UK-260,489 (FW 384.3), if adequate mass
measurement stability/resolution were not achieved. However, instrumental resolution
was adequate to separate the analyte and matrix related signals, as shown in Figure 4-4

c-d and 4-6 c-d, respectively.

4.3.3 Acquisition of Mass Chromatograms and Mass Spectra

The TLC plate obtained from the separation of a mixture containing 25 pg of each of
UK-224,671, UK-256,327, UK-253,501, and UK-260,489 is shown in Figure 4-2. The
corresponding Ry values obtained by examination of the TLC plate under UV light are
also presented in this figure. Chromatographic data have been successfully obtained
from such a TLC plate, as shown in Figure 4-3. In these data the peaks, arising from the
four TLC spots, are clearly visible. The software labels the x-axis with the distance,
travelled from the origin by the spot, enabling R¢ values to be readily calculated. From
these data, the Ry values of UK-224,671, UK-256,327, UK-253,501 and UK-260,489
were calculated as 0.36, 0.51, 0.57 and 0.75, respectively and correspond to the Ry
values obtained by UV detection (Figure 4-2). The mass chromatogram of the parent
compound UK-224,671 comes from a different run. The corresponding mass spectra
obtained for each spot are shown as Figure 4-4. These non-background subtracted
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spectra show intense ions arising from the matrix, however the protonated molecular

. species for each analyte is clearly visible.

e - Solvent front

— UK-260,489 Rf=0.76

R — UK-253,501 Rf=0.56
UK-256,327 Rf=0.50

—— UK-224,671 Rf=0.36

-Starting point
BM:I

ELIN

Figure 4-2. Typical TLC plate of a mixture of UK-224,671, UK-256,327, UK-253,501 and UK-
' 260,489 (25 pg per component).
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Figure 4-3. Overlaid mass chromatograms from the TLC-MALDI analysis of (A) UK-224,671
(m/z 545-547), (B) UK-256,327 (m/z 255-257), (C) UK-253,501 (m/z 385-388) and (D) UK-
260,489 (m/z 382-385). 25 pg per component was separated on a TLC plate and the matrix o-
CHCA was applied by electrospray deposition.
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4.3.4 Extraction of Analytes from TLC plates

The analytes separated by TLC are presumably located up to 100-200 um inside the
plate [1]. To produce a MALDI MS signal, the analyte must be transferred from inside
the silica gel to the surface, followed by electrospraying of matrix and crystallisation.
The time for extracting an analyte from inside the TLC plate onto the surface is limited
by the time of matrix crystallisation, which is less than ~ 10 minutes [1]. In this work,
the extraction of analytes from the interior of the TLC plate was improved by the
addition of an organic solvent, such as ethanol, tetrahydrofuran, methanol and
methanol/water (1:1, v/v). The best results were obtained when methanol was applied
onto each TLC spot. The addition of methanol may have increased the concentration of
analyte molecules on the TLC surface, and/or led to a better co-crystallisation. An
improved incorporation of analyte molecules into the matrix crystal layer was thus
obtained. Figure 4-5 shows the overlaid mass chromatograms from the TLC-MALDI
MS analysis of a mixture containing 25 pg of each of UK-224,671, UK-256,327, UK-
253,501, and UK-260,489, using the described approach. The jagged nature of the
chromatographic peaks is typically for the use of methanol, which causes some analyte
spreading in such a manner that less concentration of the analyte is obtained in the spot
centre. The amount of extraction solvent, deposited on each TLC spot, is critical. On the
one hand the amount should be as high as possible to increase the absolute quantity of
analyte close to the surface, and on the other hand lateral spreading should be
minimised, as far as possible. It has been found ca. 1 pl of methanol is appropriate. The
lateral spreading was typically in the range of 1-5 mm depending on the analyte. UK-
256,327 showed even planar diffusion along the plate, without the application of an
extraction solvent (see Figure 4-3). Figure 4-5 also illustrates that UK-256,327 and
UK-253,501 could be found on the same position (37 mm from the starting point) due
to the extraction procedure. The improvement of the sensitivity in the TLC-MALDI MS
experiments carried out on UK-224,671 and related compounds by using methanol is
demonstrated by: the increase in the ion intensity of the protonated molecular species by
a factor of three for each substance observable in Figure 4-6 and also by the fact that all

four analytes could be detected in a single experiment.
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Figure 4-5. Overlaid mass chromatograms from the TLC-MALDI MS analysis of a mixture of (A)
UK-224,671 (m/z 545-547), (B) UK-256,327 (m/z 255-257), (C) UK-253,501 (m/z 385-388) and
(D) UK-260,489 (m/z 384-387). 25 pg per component was separated on a TLC plate and the

matrix a-CHCA was applied by electrospray deposition. The data was acquired using methanol
as an extraction solvent.

4.3.5 Recalibration of Mass Spectra

As shown in Figure 4-4 d, where the protonated molecular species of UK-260,489 (FW
384.3) was observed at m/z 383.3 rather than at 385, there is some degradation of mass
spectral resolution and mass measurement accuracy observed, when mass spectra are
recorded directly from TLC plates. This effect was described in the previous chapter of
this thesis, and has also been observed by Guittard et al. [2], even when a reflectron
based MALDI mass spectrometer (capable of much higher resolution than the
instrument used in this work) was employed. The author of this thesis attributes the
effect of poor mass accuracy and mass resolution to the uneven nature of the TLC plate
surface, which leads to deviations in the ion flight time. Hence, the use of a software

“lock mass” was investigated.
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This software recalibrates each mass spectrum, acquired during the scanning of a TLC
plate, based on the error in mass measurement observed, for one or more user defined
m/z values. The “lock mass” correction is performed on individual spectra, before they
are accumulated to enhance the signal-to-noise ratio. This has the effect of narrowing

the peak width, and hence the resolution is significantly improved.

Initially two matrix ions were chosen for the recalibration, but it was found that one was
sufficient. Thus, the [M+Na]" ion of a-CHCA was typically chosen. The mass spectra,
shown in Figure 4-6 were acquired using the “lock mass” software and illustrate that
this approach presents a possible solution to the mass measurement accuracy issue.
However, the mass spectral resolution achieved in the chromatographic acquisition
experiments is still relatively poor compared to conventional MALDI applications. This
is possibly due to the movement of the TLC plate over 0.125 mm during the acquisition

of each spectrum.

4.4 Conclusion

Mass spectral and chromatographic data from a thin-layer chromatogram of a mixture of
25 pg quantities of a pharmaceutical compound and some of its related substances has
been successfully demonstrated. This is, to the authors knowledge, the first time that the
acquisition of genuine chromatographic data from a TLC plate by MALDI TOF MS has

been reported.

The role of an extraction solvent has been investigated in detail. It has been
demonstrated that its use results in a higher extraction efficiency and a better co-
crystallisation and hence an increase in the intensity of ions from the compounds
studied. It caused peak broadening in the chromatographic data obtained by TLC-
MALDI MS. Therefore, in future TLC-MALDI experiments the solvent of the matrix
will be selected carefully in order to improve the extraction of the analyte and its co-

crystallisation with matrix , but avoiding extensive analyte spreading as presented here.

The degradation in mass measurement accuracy, reported previously for TLC-MALDI
TOF MS experiments in chapter 3, has been successfully overcome by internal

recalibration on selected matrix ions.
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Chapter 5

Detection of Related Substances at the 0.1% Level by
TLC-MALDI TOF MS
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5.1 Introduction

Monitoring of the presence of ‘related substances’ is required in the development of
pharmaceutical compounds. The term ‘related substance’ describes compounds,
structurally similar to the drug, including synthetic impurities, degradation products, or
impurities, arising from storage or manufacturing [1-2]. The analysis of related
substances is performed on both, the bulk drug and the finished drug product. Planar
chromatography [reviewed in 3-8] is often used in the pharmaceutical industry as an
analytical method for monitoring these substances [9-11] in order to prevent unknowns
being missed due to their non-elution from a HPLC column [12]. TLC is easy to
perform, fast and inexpensive, e.g. for the assay and purity tests of phospholipids a cost
reduction by a factor of 2.5, compared to an existing HPLC method, was calculated
[13]. In addition, other analytical methods can be carried out after the TLC separation
by scraping off the purified parent compound from the stationary phase. However, TLC
can lack sensitivity, since detection is often achieved by observing the absence of
visible fluorescence at the excitation wavelength of 254 nm. Thus, it is necessary to
apply large amounts of the parent compound onto the TLC plate to identify related
substances at the 0.1% level. For example a sample of 400 pg of e.g. the bulk drug
needs to be applied to detect ca. 0.4 pg of the related substances [14]. In this situation,
TLC can be combined with mass spectrometry [15-16] to improve the sensitivity and to
identify related substances by their molecular weight. Current methods of interfacing
TLC to MS use the following soft ionisation techniques: FAB [17], LSI [18], MALDI
[19], SALDI [20], and electrospray [21]. These techniques have been fully described in
chapter 2. The work, described in chapter 3 of this thesis, indicates that TLC-MALDI
has the advantages of minimal analyte spreading, compared to TLC-FAB and TLC-LSI,
and a better sensitivity, compared to the early TLC-SALDI experiments.

The generation of an impurity profile of a pharmaceutical compound by TLC-MALDI
was presented in chapter 4. 25 pg of each component was separated on a silica gel 60
F254 TLC plate, and mass spectra as well as mass chromatograms could be obtained

from such a plate.

Improvements to the sample preparation procedure are reported in this chapter and were
achieved by modifying a commercial robotic x-y-z axis motion system to act as an

electrospray deposition device. This modified commercial device enabled the detection
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of related substances at the 0.1% level by TLC-MALDI MS. UK-137,457, a compound
synthesised by Pfizer Global R&D as part of a drug development program, and UK-
124,912, one of its related substances, were chosen as examples to demonstrate this.
The new electrospray deposition device produced matrix crystals with a higher degree
of porosity, compared to the electrospray deposition device, used in previous
experiments (chapters 3 and 4). Thus, mass chromatograms of the related substance

UK-124,912 could be constructed down to 2.4 pmol spots.

One limiting factor in the sensitivity, achievable by TLC-MALDI analysis, is that the
analyte spot is not uniformly distributed in the silica gel layer [22]. The concentration of
the analyte is increased on the surface and the extraction of the analyte is depending on
its adsorbent strength to the silica gel. When the matrix solution is electrosprayed onto
the TLC plate, the solvent acts as an extraction solvent to facilitate the movement of the
analyte, located in the silica gel layer to the surface. By reducing the silica gel layer
thickness from 200 pm to 100 um an enhancement of the analyte signals detected by
MALDI might be expected. Commercially available Si 60 F»s4 HPTLC plates with a
layer thickness of 100 pm were tested, but difficulties encountered by cutting the
developed plates to the required size of 60 x 2 mm excluded their use. Hence, a special
Si 60 F54 HPTLC-MALDI target was developed in collaboration with Merck KGaA
(Darmstadt, Germany) and enabled the detection of the related substance UK-124,912
in the high fmol range.

5.2 Experimental

5.2.1 Materials

UK-137,457 (C51H3;NO:s), a pharmaceutically active compound, and one known related
substance UK-124,912 (C,7H,5NO;) were supplied by Pfizer Global R&D (Sandwich,
U.K.). The structures of these compounds are shown in Figure 5-1. In both cases, the

formula weight (FW) quoted is calculated using the averaged-isotopic atomic masses.
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tube was made within the PEEK Supelco coupling. The electrospray needle was
threaded through a stainless steel Swagelock tee coupling (1/16” OD) and through a
piece of stainless steel tubing (38 mm length, 1/16” OD, 0.75 mm ID, Jones
Chromatography, U.K.). A gas line was attached to the tee to provide nitrogen (2 bar)
coaxial to the spray to assist in gas nebulization if required. Nebulising gas was not used
in these investigations, since rapid solvent evaporation occurred. This led to reduction in
the extraction efficiency of the analytes from the silica gel layer. The syringe pump
(Harvard microliter syringe pump) set at a flow rate of 0.6 ml/h delivered the matrix
solution to the tip of the stainless steel capillary. To obtain a fine spray of the matrix
solution ca. 2 kV was applied to the tee coupling using a high voltage supply. The metal
plate (7 x 15 cm) was earthed and placed 2 mm from the end of the electrospray needle.
The plate was then moved across in front of the spray at a rate of 25 mm/s. Typically an

area of 60 x 2 mm on the TLC strip was covered with matrix crystals.

5.2.4 Mass Spectrometry

The time-of-flight (TOF) mass spectrometer employed in these investigations was a
modified linear LaserTOF 1500 (SAI, Manchester, U.K.). The modifications to the
instrument and its software have been extensively described in chapters 3 and 4. Only
the positive ion mode was used in these investigations. 16 single shot mass spectra were
averaged to give a composite mass spectrum. Typically, a data set of 120 mass spectra
was acquired for each sample. The [M+Na]" ion of a-CHCA at the m/z value of 212

was used as “lock mass™.

5.3 Results and Discussion

5.3.1 Matrix Selection

The selection of matrix \;vas initially based on an examination of their MALDI MS

behaviour on stainless steel targets, as described in chapter 3. CA as well as a-CHCA

were found to give the best results, i.e. highest signal intensities of the compound

studied and no interfering peaks arising from the matrix. However, electrospraying of

CA (40 mg/ml in acetonitrile containing 0.1% TFA) did not yield a homogeneous
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crystal layer. Changing of the solvent system to e.g. methanol decreased the sensitivity
of the analytes detected on the TLC plate. The solvent of the matrix acts as an extraction
solvent and is required to assist in releasing the analyte from the stationary phase and in
this case both analytes have got the highest solubility in acetonitrile. The concentration
of CA was finally increased by changing the solvent system to acetonitrile/water
containing 0.1% TFA (70/30, v/v). At a concentration of 80 mg/ml still areas of the
TLC plate with no matrix crystals could be detected, by examination under a high
magnification microscope. By increasing the concentration to 100 mg/ml blocking of
the capillary tubing was obtained. Hence, a-CHCA (20 mg/ml in acetonitrile/water
containing 0.1% TFA, 70/30, v/v) was used for further experiments.

5.3.2 TLC-MALDI Analysis

The experiments were started at the 1% level of the related substance UK-124,912,
since the compound was observable at this level (1 pg loading) by fluoresence
quenching on the TLC plate, as shown in Figure 5-4. The Ry-values of the parent
compound and the related substance were calculated from the TLC plate as 0.48 and

0.62, respectively.

TLC plate

Origin / Solvent front

Parent Compound y
100 pgp Impurity

2500 119
2000 j

1500

Intensity

1000

—

o 20 40 60 80 100 120 140 160 180
Distance

Photographic scan of the TLC plate shown above, taken with an Imaging system (Image
Station 440CF, NEN Life Science Products).

Figure 5-4. TLC separation of UK-137,457 and UK-124,912 at the 1% level.
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The photographic scan taken from the TLC plate (Figure 5-4) indicates that even with a
loading of 100 pg of the parent compound the TLC plate is overloaded. Figure 5-5 a-d
shows the data obtained from the analysis of UK-137,457 containing UK-124,912 at the
0.1% level. In these data, although UK-124,912 is not observable in the UV data
(Figure S-5 a), it can be clearly seen in the mass chromatogram of m/z 412-413 (Figure
5-5 b) at an Rgvalue of 0.63. The protonated molecule at m/z 412.8 in the mass
spectrum (Figure 5-5 d) correspond to the expected value of UK-124,912.

5.3.3 Improvements in Sensitivity

The sensitivity of the related substance UK-124,912 was assessed by spotting different
amounts of it onto a TLC plate, followed by electrospraying of a-CHCA. The detection
limit for the acquisition of mass chromatograms was determined as 1 ng (Figure 5-6).
This is an improvement of a factor of 1000, when compared to the data for tetracycline

described in chapter 3 of this thesis.

Intensity (%)
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Figure 5-6. Assessment of the detection limit of the related substance UK-124,912. The mass
chromatogram was constructed using the [M+H]" ion of the compound (m/z 412-413).
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The new electrospray deposition device produces crystals with a much higher degree of
porosity. These results support the hypothesis that the adsorption model between analyte
and matrix does not depend on crystallinity [23]. The solvent-free sample preparation
method, introduced by Skelton et al. [24], and further investigated by Trimpin et al.
[23], mixes matrix with analyte powder without the use of a solvent. This method does
not require the co-crystallisation of analyte and matrix, which is commonly consider as
the key factor for the success and quality of MALDI mass spectra. Trimpin et al. [23]
concluded that the quality of the MALDI spectra is influenced by the homogeneity of
the analyte/matrix mixture. The results presented here would imply that the porosity of
the matrix plays an important role, when the matrix is electrosprayed. Whether the
increase in the specific surface, obtained by the new electrospray deposition device,
simply increases the number of accessible analyte molecules within the desorption area,
or whether this also improves the analyte isolation on the surface, is not yet fully
understood. Recently, Gliickmann et al. [25] concluded their discussion of the results,
obtained from the solvent-free sample preparation method of different biopolymers, in

the same way by leaving this question open.

The possibility that the new electrospray deposition device produces smaller crystals
can not be excluded. However a higher flow rate (600 pl/h) and a smaller distance
between thetip of the electrospray capillary and TLC surface (2mm), compared to the
electrospray deposition device, described in chapter 3 and 4, does not necessarly support

this conclusion. Both parameters extend the evaporation time of the solvent.

Preliminary experiments, conducted with the Si 60 F,54 HPTLC-MALDI target, showed
further improvements in sensitivity. It was possible to detect 400 pg of UK-124,912,
spotted onto the target, as shown in Figure 5-9. This is close to the limit of detection of
the mass spectrometer, used in these investigations. The sensitivity lies, according to the
instrument specifications, which can be found in the appendix of this thesis (chapter
10), in the sub picomol range. At this very low concentration level reproducibility was
not obtained; UK-124,912 was detected in one of two spots. Furthermore, the plotted
chromatogram did not show a recognisable chromatographic peak for the analyte due to

high background noise.

The sensitivity presented here is poorer than the sensitivity reported by Gusev et al. [26-
28]. Detection limits in the low nano- or picogram range were reported for several

compound classes studied: e.g. angiotensin II 200 pg [26], rhodamine B 50 pg [26], the
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pesticides avenage 4 pg [27] and glyodin 4 ng [27], and the nucleotide
desoxyribonucleotide monophosphate 10 pg [28]. By using a hybrid TLC-MALDI plate
detection limits in the range of 11 to 116 fmol for cyclic peptide spots were achieved by
this group [29]. A matrix layer was created on the aluminium support of a 200 um thick
silica gel TLC plate by removing the silica gel layer on one side of the TLC plate.

1300,
1200] Matrix ions
1100
10003 212.1
900
8003
700,
600
500
4003
300 UK-124,912

200 [M+H]+

I L“«J L_JL_ A.ALM.@JLJC'KL_M

0.
— T T T T T T T
0 00 350 400 450 500
100 150 200 25 3 Mass (m/z)

100

Figure 5-9. Mass spectrum of a 400 pg spot (972 fmol) of UK-124,912 in a-CHCA, recorded on
a Si 60 F,s54 HPTLC-MALDI target. The ions of a-CHCA are visible between 120 and 405 Da.

The analyte spots were then eluted to the matrix layer via capillary action. This
procedure refocused the analyte spots, enhancing the analyte signals detected by
MALDI. However, the chromatographic information contained in the TLC plate is lost
in this technique and it seemed to be very time consuming to scrape off the silica gel
layer in order to create a MALDI layer on it. The use of a Si 60 F,54 HPTLC-MALDI
target, where the matrix has only to be electrosprayed on the silica gel layer seemed to
be more favourable and further improvements in the sensitivity could be obtained by
using a smaller sample volume spotted (typically 1 pl volume was used), which would

reduce the diameter of the analyte spot and would act as an concentration step.
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5.4 Conclusion

Using the modified commercial device mass spectra and chromatograms from a
pharmaceutical compound and one of its related substance at the 0.1% level were
successfully obtained. TLC-MALDI data down to 2.4 pmol (1 ng) spots were
demonstrated and further improvements in the sensitivity were achieved by using a
special Si 60 Fo54 HPTLC-MALDI target.

Furthermore, some aspects on the ion formation in MALDI were discussed, based on
the TLC-MALDI findings. The porosity of the matrix might also be important, besides
its crystallinity, which is commonly considered to be the key factor for a successful
MALDI analysis. The role of the pores may be the separation of the analyte molecules
from each other, which minimises their interactions, or maybe they simply increase the

accessible surface area for analyte molecules to be desorbed by the laser pulse.
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Chapter 6

TLC-PALDI TOF MS of Tetracyclines



6.1 Introduction

Matrix-assisted laser desorption/ionisation (MALDI) is a powerful and widely used
mass spectrometric method for the analysis of biopolymers [1], as described in chapter
2. The process of using a UV absorbing organic compound as matrix material to aid
laser desorption of intact protein molecular ions was introduced by Karas and
Hillenkamp [2]. Mass spectra of various proteins, such as albumin (67 kDa), were
recorded by mixing the analyte with nicotinic acid. Since then, different classes of
organic acids with pK, in the range of 2-4 have been considered as potential MALDI
matrices [3-5]. Fitzgerald et al. [6] introduced a number of basic matrices derived from
substituted pyrimidines, pyridines and anilines. Some of these matrices have proven to
be excellent for observing non covalent complexes, because they allow samples to be

prepared under non-denaturing conditions [7].

Substances other than solids, having a strong absorbance at the laser wavelength of 337
nm, have also been shown to function as UV-MALDI matrices. Liquids, such as 3-
nitrobenzyl alcohol or nitrophenyloctylether, have been used in UV-MALDI [8-9], since
they circumvent some of the problems associated with solids. The “sweet spot”
phenomenon, known for solid matrices, can be largely eliminated, because liquid

matrices continuously refresh their surfaces.

Besides organic matrices, metal particles of different materials and sizes have been
investigated as possible MALDI matrices. The major advantage of metal particles is the
absence of matrix interference in the lower mass range (below 500 Da), hence allowing
the analysis of low mass analytes. In 1988, Tanaka er al. [10] first demonstrated laser
desorption/ionisation (LDI) spectra of proteins and polymers with molecular weights up
to 25 kDa, using 30 nm diameter fine cobalt powder, suspended in a glycerol dispersant.
Schiirenberg et al. [11] were inspired by Tanaka’s work and investigated recently
several nano-particles as matrices for the analysis of proteins and peptides. Mass spectra
of cytochrome c¢ and myoglobin were obtained by this research group using a
suspension of titanium nitride (35 nm diameter) in glycerol. Sunner ef al. [12] and Dale
et al. [13-14] have investigated the use of micro-particles instead of nano-particles. In
their experiments particles of 2-150 um diameter of graphite and silicon, with a range of
dispersants, including glycerol, were employed to ionise compounds such as peptides,

proteins, oligosaccharides, synthetic polymers and anionic analytes. The term SALDI
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for surface-assisted laser desorption/ionisation was introduced by Sunner et al. [12] to
distinguish this technique from MALDI employing organic matrices. Ho and Fenselau
[15] successfully analysed intact gram-negative and gram-positive bacteria by addition
of a graphite or cobalt matrix, suspended in glycerol. Instead of using graphite particles,
Kim et al. [16] demonstrated the use of a graphite plate to absorb and transfer UV
energy for the analysis of low molecular weight polymers below 1000 Da. Kinumi e al.
[17] investigated commercially available metal and metal oxide micro-particles (Al, Zn,
TiO,, ZnO etc.) as matrices for the analysis of PEG 200 and methyl stearate. Michalak
et al. [18] reported that fullerene Cg, with a diameter of a few micrometers, was a good
matrix for protein analysis and Huang et al. [19] pursued this technique for the
screening of diuretics in urine. More recently, laser desorption/ionisation (LDI) has
been achieved without a matrix by depositing the analyte on a UV absorbing silicon
substrate, a technique that has been called desorption/ionisation on porous silicon
(DIOS) [20-23].

The coupling of thin-layer chromatography to mass spectrometry combines the
simplicity of TLC with the selectivity and sensitivity of MS [24-25]. For the analysis of
tetracycline antibiotics, as described in this chapter of this thesis, TLC-MS has the
specific advantage that the non-volatile compound, disodium ethylene diamine tetra
acetate, which is required to improve the separation, remains on the TLC plate and
hence does not cause any of the problems, such as clogging of the interface and deposits
in the ion source that have been reported in their analysis by LC-MS [26]. FAB-MS was
successfully employed by Oka ef al. [27] for the TLC-MS analysis of tetracyclines.
However, the lateral analyte spreading, caused by the use of a liquid matrix in FAB,
required the sample spots to be concentrated by “condensing” them using a solvent
focusing technique [28]. The chromatographic information contained in the TLC plate is

therefore lost in this technique.

The use of micro-particles in TLC-SALDI TOF MS has recently been described by
Chen et al. [29-30]. The appropriate zone of the developed TLC plate was coated with a
suspension of carbon powder (graphite or activated carbon particles) in glycerol and
analysed. Using this approach spectra were obtained for a variety of peptides (e.g.
bradykinin and angiotensin II) and low molecular mass organic compounds (e.g.
hydrochorothiazide, prometryn, cytosine and PEG 400). By addition of the surfactant p-
toluenesulfonic acid the signals of the analytes studied (ATP and methylephedrine)
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couid be enhanced [31]. In their latest work [32], the graphite matrix is deposited onto
the TLC plate before the analyte separation by using a pencil. Using this technique,
improvements in the sensitivity of porphyrins were demonstrated. However, the
porphyrin derivative meso-tetrakis(pentafluorophenyl)porphyrin is known to be a useful
matrix for the analysis of small molecules [33]. Furthermore, even though enhancement
in mass resolution were shown, it is still not comparable to the mass resolution, which is
typically obtained by coupling TLC with MALDI TOF MS. The reasons for the reduced
mass resolution were connected with the movement of the laser in order to obtain ions

with a sufficient intensity and the possibly inhomogeneous distribution of the graphite

matrix.

Limitations in analytical sensitivity and spectral quality led Han and Sunner [34] to
create a carbon activated surface on the aluminium support of the TLC plate, so that the
analyte could migrate towards the particle surface. The sensitivity as well as the mass
resolution could be readily improved by this new methodology. A similar approach was
used by Mehl and Hercules [35], who used organic matrices to create the activated
surface. However, the chromatographic integrity of a separation is destroyed in this
technique and hence there is no longer the possibility of ‘scanning’ the TLC plate to

produce chromatograms or ‘imaging’ spots of the analyte.

In this chapter, results for the analysis of tetracyclines by combining TLC with particle-
assisted laser desorption/ionisation time-of-flight mass spectrometry (PALDI TOF MS)
are reported. Suspensions of micro-particles as well as nano-particles were examined for
their suitability for TLC-PALDI MS. The term PALDI was introduced to take into
account that a variety of particle materials and sizes can be employed by this technique,
in opposite to SALDI (surface-assisted laser desorption/ionisation) [29-34], in which
only carbon-glycerol suspensions are used. Furthermore, the pore size seemed to be an
important factor in PALDI, whereas in SALDI it is possible to obtain spectra from

nonporous surfaces [36].

The majority of the results were obtained for a suspension of graphite (1-2 pm
diameter) in ethylene glycol, which was found to yield better sensitivity in comparison
to the other tested materials and dispersants. Using this system, the major ion species
observed in both positive and negative ionisation modes were fragment ions.

Fragmentation did not occur to the same extent when organic matrices, such as DHB or
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a-CHCA, were used.

Extracted mass chromatograms were constructed from the scanned TLC plates. Using
the extracted mass chromatograms, obtained from the TLC-PALDI analysis of different
tetracyclines, it was possible to calculate the Ry-values of the detected analyte spots.

These showed good agreement with the Ry-values obtained by UV detection.

6.2 Experimental

6.2.1 Materials

Oxytetracycline (OTC), tetracycline (TC), chlortetracycline (CTC) and minocycline
(MC) were purchased from Sigma-Aldrich (Dorset, U.K.). OTC was used as dihydrate,
CTC and MC as hydrochloride. The structures of these compounds are shown in Figure
6-1. In all cases the formula weight (FW) quoted is calculated using the mono-isotopic
atomic masses. The five tested nano- and micro-particle powders of different materials
and particle diameters are listed in Table 6-1. All chemicals were used as purchased

from commercial suppliers.

Chlortetracycline (CTC, FW 478) Minocycline (MC, FW 457)

Figure 6-1. Structures of tetracyclines.
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Table 6-1. Matrix properties of different nano- and micro-particles.

Material Particle Particle Supplier
colour  diameter
Cobalt ultra fine powder (Co-UFP) black 20 nm Kratos, UK

TiN black 36 nm HC Starck GmbH, Germany, (kind gift by the supplier)
TiO, white 1um Fluka, USA

Graphite black 1-2 ym Sigma-Aldrich, UK

Silicon grey 45 um Sigma-Aldrich, UK

6.2.2 TLC Separation

The tetracycline antibiotics were separated using the procedure described by Naidong et
al. [37]. Pre-treatment of the aluminium-backed TLC plates, coated with 0.2 mm layers
of silica gel 60 F,s4 (Merck, Germany), was necessary in order to avoid the formation of
metal-tetracycline complexes and hence to improve the separation. The TLC plates (10
x 10 cm) were sprayed with ca. 5 ml of an aqueous disodium EDTA solution (0.27
mol/l, pH 8), air dried for 30 minutes in a horizontal position and then activated in an
oven (120 °C) for another 30 minutes. The mobile phase dichloromethane
/methanol/water (59/35/8, v/v) was saturated for 2 hours prior use. The plates were

eluted over a distance of 7.0 cm, air dried and visualised under UV light (A=254 nm).

6.2.3 Matrix Application

In all experiments a 60 x 2 mm strip of the developed TLC plate was attached to a
modified MALDI target with double sided tape, before the matrix was deposited onto
the silica gel surface.

Particle matrix suspensions were prepared by dispersing powders of nano- or micro-
particles (10-100 mg/ml) in ca. 1 ml of ethanol/ethylene glycol (1000:1, v/v) or
methanol/ethylene glycol (1000:1, v/v). The suspensions were homogenised by

sonication for 15 minutes and then applied (30 pl) to the developed TLC strip using a
10 pl syringe.

Experiments with the crystalline chemical matrices DHB and a-CHCA were performed
for comparison. In these cases the matrix solutions (300 mg/ml DHB in ethanol/water
containing 0.1% TFA 80:20 v/v, or 20 mg/ml o-CHCA in methanol containing

0.1%TFA) were electrosprayed onto the TLC plates using the in-house modified
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6.3 Results and Discussion

6.3.1 Comparison of Particle Suspension Matrices with Organic Matrices

For the PALDI-MS analysis of TC in a range of particle suspension matrices, mixtures
containing equal volumes of particle suspensions (10-100 mg/ml in ethanol/ethylene
glycol 1000:1, v/v) and analyte solutions (I mg/ml in methanol) were added to the
stainless steel targets (typically 0.25 pl) and analysed.

The PALDI mass spectra obtained for TC using nano-and micro-particles are presented
in Figure 6-3 and 6-4, respectively. The inorganic matrices showed the following
characteristics, compared to the crystalline organic matrices DHB and a-CHCA (Figure
6-5). No protonated molecule of TC could be observed, except when silicon powder
was used, as shown in Figure 6-4 c¢. However strong cationisation by sodium and
potassium was typically obtained when particle suspension matrices were used. Hence,
the molecular related ions of TC appeared as [M+Na]" at m/z 467 and as [M+K]" at m/z
483. Fragment ions, which have been identified as [M+Na-NH;3]" at m/z 450, [M+K-
NH;]" at m/z 466 and [M+Na-NH3-H,0]" at m/z 432, could also be detected for TC.
Furthermore, the ion intensity of the most abundant ions of TC was typically lower than
that achieved when organic matrices were used (Figure 6-5). However the mass spectra
were not dominated by complex signals at the lower mass range, as shown in Figure 6-

3 and 6-4, respectively.

In order to get some idea of the relative sensitivity obtained from TLC-PALDI MS
employing suspension matrices, in comparison to the sensitivity obtained from
conventional targets, the same quantity of TC (10ug) was analysed on both, silica gel
TLC plates and stainless steel targets . Three samples were analysed on each substrate
and the results were averaged. The suspension matrix used in this case was 40 mg/ml
graphite, dissolved in methanol/ethylene glycol (1000:1, v/v). Comparison of the peak
areas of the [M+Na-NH3]" of TC at m/z 450 showed that the relative sensitivity
obtained by PALDI MS from conventional targets was two times better than that
obtained by TLC PALDI MS.
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6.3.2 Liquid Dispersants of Suspension Matrices

Three different viscous liquids are generally described in the literature as particularly
suitable for use as dispersants with particle suspension matrices, i.e. glycerol [10],
ethylene glycol [38], and liquid paraffin [17]. The dispersant glycerol shows a
characteristic background level in the low-mass region, and hence is in general not
considered as a good choice for the analysis of low mass analytes [17]. Ethylene glycol
showed in the studies presented here an advantage to paraffin, since the latter showed a
degree of analyte suppression. Therefore, all data were collected by using ethylene

glycol as dispersant.

The role of glycerol in supporting phase transition is well documented in FAB and LSI.
It is not clear if the function of glycerol is the same in PALDI. Dale et al. [13]
considered that the addition of glycerol to graphite particles fulfils several roles. Besides
increasing the signal lifetime at a particular sample position, it acts as a proton source in
the case of peptides and proteins. In the initial studies of the work, presented in this
chapter, it was found that the absence of dispersant in graphite (or any other particle
material) caused the ion intensity to rapidly decrease after firing the laser repeatedly at
the same position. An increase of the concentration of ethylene glycol (from 0.1% to 1%
in ethanol) caused an increase in the lifetime of the analyte signals obtained for TC.
However, this also led to a faster contamination of the ion source extraction grid. As
described earlier, typically no protonated signals of TC could be detected when
particle/ethylene glycol systems were used (Figure 6-3 and 6-4). This was also the case
when small peptides, such as Phe-Phe, Tyr-Tyr and Tyr-Tyr-Tyr were analysed (data
not shown). This would appear to indicate that ethylene glycol does not function as a
proton source, but simply serves to mobilise the analyte by remaining liquid under

vacuum,

6.3.3 Surface Morphology of Particle Suspension Matrices

No mass spectral peak of the antibiotic tetracycline could be obtained, when the analyte
was spotted on the TLC plate and directly analysed without the addition of a matrix.
This corresponds to the results reported by Wei et al. [20]. Obviously a pore size of 6

nm of the silica gel on the TLC plate is too small to give a significant analyte signal.
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higher than the ones obtained when DHB was used (Figure 6-9 and the corresponding

mass chromatogram is shown in Figure 6-10).

In TLC-PALDI TOF MS the extraction of the analyte from the TLC plate and its
adsorption on the particle surface plays an important role. Micro-particles were found to
be superior to nano-particles, in this case the particle size was of the same order as the
particle size of the TLC silica gel layer (10 pm). However, if the particle diameter was
higher than 10 pm, as in the case of silicon with a diameter of around 45 pm, the
particles did not adhere to the silica gel layer after solvent evaporation. The addition of
an additive, e.g. sucrose [29-32], can improve the adhesion between particles and silica
gel layer, but this causes extra signals in the recorded mass spectra, which can interfere

with the analyte peaks in the low mass range.

Figure 6-7 shows the TLC-PALDI mass spectra of TC (200 pg), developed on a TLC
plate using graphite particles as matrix material. In the positive ion mode, several
fragment ions and sodium adducts of TC were observed. In the negative ion mode, high
intensity carbon clusters in the low mass range were present, and fragment ions were the
dominant species. A level of 200 pg of analyte was chosen in order to detect all possible
fragment ions in reasonable peak intensities, so that mass chromatograms of the
corresponding analyte ions could be constructed with a low background noise level.
Mass chromatograms of the identified analyte peaks were recorded in the positive and

negative ion mode, as shown in Figure 6-8.

Since the absolute mass accuracy obtained was limited by thickness variations in the
graphite film, an effect which has been observed by Zumbiihl er al. [40], and which
results in a mass inaccuracy of +2 mass units, it was decided to employ a “lock mass”
and to recalibrate each mass spectrum during acquisition. Initially three small peptides
(Phe-Phe, Tyr-Tyr and Tyr-Tyr-Tyr) and mixtures containing two of the peptides were
tested as internal calibration standards. Phe-Phe was found to give the best results:
optimum signal response and no suppression of analyte signals, and hence was used in
further experiments. Phe-Phe (3 mM in ethanol) was added to the graphite suspensions
in order to recalibrate the TLC-PALDI mass spectra, acquired during a run. This was
achieved by use of the [M+Na]'and [M-H+2Na]" signals of the peptide as "lock
masses" in the positive ion mode, and by use of the [M-H]  signal in the negative ion
mode. The mass accuracy and mass resolution achievable by internal recalibration with
Phe-Phe was comparable with that obtained in similar TLC-MALDI experiments
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employing DHB (Figure 6-9).
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Figure 6-8. Smoothed mass chromatograms of tetracycline (200 ug spot), developed on a TLC
plate, using a graphite matrix from the experiments shown in Figure 6-7 a and b. In the positive
ion mode the [M+Na-NH,]" ion (m/z 449-451) and in the negative ion mode the [M-OH] ion (m/z
426-428) was used to construct the mass chromatograms.
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Figure 6-9. TLC-MALDI! mass spectrum of tetracycline (200 ug spot) using DHB.
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Figure 6-10. Smoothed mass chromatogram of tetracycline (200 ug spot) from the experiment
shown in Figure 6-9. The [M+H]'
chromatogram.

ion (m/z 444-446) was used to construct the mass
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6.3.5 TLC-PALDI TOF MS of a Mixture of OTC, CTC, TC and MC

A typical chromatogram obtained for a mixture, containing 10 pg of OTC, CTC, TC
and MC, using the mobile phase described earlier is shown in Figure 6-11. One
unresolved spot for both CTC and TC (R¢= 0.17) was observed. From reference runs it
was established that CTC has an R¢ value of 0.16 and TC one of 0.18. The TLC-PALDI
MS analysis of such a mixture confirmed this, as shown by the overlaid mass

chromatograms in Figure 6-12 and the single mass chromatograms in Figure 6-13.

Solvent front
b | —— wmc Rr=0.39
© CTCand TC R¢=0.17
® oTC Ri=0.15
Starting point

Figure 6-11. TLC separation of a mixture of OTC, CTC, TC and MC (10 ug per component).

This demonstrates the potential of TLC-PALDI using a graphite suspension matrix for
detecting unresolved analyte spots on a TLC plate. All four tetracycline antibiotics gave
one characteristic fragment ion, [M+Na-NH;]" in the TLC PALDI mass spectra
recorded, as shown in Figure 6-14. Hence the [M+Na-NH;]" was used for each
tetracycline antibiotic to construct the corresponding mass chromatogram (Figure 6-12
and 6-13). The detection limit of tetracyclines in TLC-PALDI MS employing graphite
suspensions was found to be under 10 pg, however at lower levels the reproducibility

was poor.

It should be noted that the present work was undertaken to demonstrate the applicability
of particle suspension matrices to TLC-PALDI TOF MS. It is anticipated that
improvements in sensitivity and reproducibility could be achieved by finding
procedures with higher and more consistent extraction efficiency. One possibility is to

wet the TLC plate with an appropriate extraction solvent and then to blot the TLC plate
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