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Abstract

MALDI dried droplet preparations using 2,5-dihydroxybenzoic acid as a matrix were investigated by scanning microprobe matrix-assisted laser
desorption/ionization mass spectrometry (SMALDI MS). Mass spectrometric images of lateral distributions of sample components and impurities
were obtained with a lateral resolution of 1 wm. Results show the crystallization behavior of the matrix as a function of various physico-chemical
parameters as well as inhomogeneous separation of components on various scales between millimeters and sub-micrometers. Segregation was
found to be a sample-wide, crystal-wide and sub-crystalline, general phenomenon. Effective parameters in this context are hydrophobicity, polarity,
and mobility, among others. Peptide ion signals were observed from inside the matrix crystals, while carbohydrate signals and alkali ion signals
were observed predominantely from outside the larger matrix crystals.

The described investigations shed some light on processes that cause well-known problems of quantification and sample suppression in MALDI

MS. They also help to optimize matrix preparation for high-resolution MALDI imaging of biological samples.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The preparation of MALDI samples and likewise the gener-
ation of ions in the MALDI process are still poorly understood
phenomena despite the intense use of the method in routine
laboratory work. The desorption/ionization process is still the
subject of extensive investigations [1-6]. Following the intro-
duction of MALDI by Karas et al. [7], significant improvements
in preparation techniques, matrix application [8§—10] and instru-
mental developments [11], enhanced the analysis of biological
compounds and diagnostics of diseases [12—15]. Preparation
protocols for MALDI are well described in the literature [16,17],
but still there are mysteries about individual handling procedures
in achieving optimized results with respect to sensitivity and
quantification. Different matrices are required for different ana-
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lyte classes and matrix/analyte parameters have to be optimized
individually. After employing these individual preparation pro-
tocols, the matrix is typically inhomogeneously distributed due
to the essential matrix crystallization process. The size of grow-
ing crystals can vary between a few pm and 500 wm. The speed
of matrix crystallization [18] and the choice of solvent [19] both
have a significant influence on the crystal growth. Inhomogene-
ity is on the one hand a function of the matrix crystal size. Very
little is known so far, on the other hand, about inhomogeneity of
the analyte distribution within individual crystals.
Instrumentation for high-resolution scanning microprobe
MALDI (SMALDI) mass spectrometry presented by our group
[20] enables us to examine the distribution of components
in MALDI samples with a lateral resolution of about 1 wm.
SMALDI-MS is the first technique to obtain label-free molec-
ular information about processes connected to crystallization
of the matrix with this lateral resolution. Results described in
the following will help to enhance preparation techniques for
quantitative and highly sensitive MALDI analysis in general.
Furthermore, MALDI imaging and especially high lateral reso-
lution SMALDI imaging [21,22] will benefit from these studies,
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as migration and segregation phenomena in biological studies
are better understood on the low wm scale. Finally, minimizing
migration is the key parameter for improving lateral resolution
of imaging techniques.

In the present study we show that migration and segrega-
tion of analytes in a standard preparation play an important role
in obtaining representative mass spectra of complex mixtures.
Strategies for homogenous sample preparation were found to
improve MALDI analysis in terms of identification and quan-
tification of compounds. In imaging mass spectrometry, on the
other hand, an optimized homogenous matrix application allows
to image the sample in a way, which is more representative for
the original distribution.

2. Experimental
2.1. Instrumentation

The dedicated instrument ‘Lamma 2000’ is described
elsewere’’. A nitrogen laser at 337nm wavelength with a
laser beam focused to 0.7 um was used for high-resolution
imaging of analyte distributions. Images represent an area of
100 wm x 100 pm of the scanned surface obtained with a step
size of 1 wm. Concentration distribution images were produced
for sample components up to m/z=6200 u. Subsequently 10,000
mass spectra per imaging set were acquired and evaluated auto-
matically by dedicated software developed in-house. No mass
signals needed to be selected prior to SMALDI mass spectrom-
etry. Color table images were produced by standard graphical
software. Every RGB pixel represents the signal intensities for
up to three selected masses. All mass spectra were acquired
from a single laser pulse per sample position. The instrument
was working in the linear positive-ion mode at an acceleration
voltage of 13kV.

2.2. Material

For the study of migration phenomena, mixtures of several
peptides and an oligosaccharide were investigated (Table 1). 2,5-
Dihydroxybenzoic acid (DHB) was used as a matrix for MALDI
preparation.
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Fig. 1. Comparison between rim (a) and inner region (b) of a dried droplet
preparation. Sodium-attached peptide ions were observed predominantly from
the inner region.

Solvents of highest quality (Aceton, ACS Merck, Darmstadt,
Germany; Isopropanol, Licrosolv Merck, Darmstadt, Germany;
Water, ACS Sigma—Aldrich, Frankfurt, Germany; Ethanol, Uva-
sol Merck, Darmstadt, Germany; TFA, Fluka Riedel-de Haen,
Taufkirchen, Germany) were used for dissolving the analytes
and for cleaning the target prior to preparation.

2.3. Sample preparation

A standard MALDI preparation protocol was employed to
investigate possible correlations between crystallization of the
matrix and migration or segregation of analytes.

Dried droplet preparation [24] led to circular crystallized
samples with diameters of approximately two millimeters. The

Table 1

List of peptides and oligosaccharide used for the study

Name M inonoisot. (1) B&B index p! Company

Cellotriose (O-B-D-glucopyranosyl-(1—4)-O-3-D- 504.168 - - Sigma—Aldrich Frankfurt Germany
glucopyranosyl-(1—4)-p-glucose)

Vasopressin[ArgS] (H-CYFQNCPRG-NH,) 1085.454 960 (hydrophilic) 5.2 Bachem AG Weil am Rhein, Germany

Dynorphin 1-9 (H-YGGFLRRIR-OH) 1136.657 —2360 (hydrophobic) 12.2 Bachem AG Weil am Rhein, Germany

Lipotropin 1-10 (H-ELAGAPPEPA-OH) 950.471 1500 (hydrophilic) 3.18 Bachem AG Weil am Rhein, Germany

Anti-inflammatory peptide (H-HDMNKVLDL-OH) 1083.538 —1450 (hydrophobic) 5.12 Bachem AG Weil am Rhein, Germany

Substance P (H-RPKPQQFFGLM-NH,) 1346.728 —1790 (hydrophobic) 11.51 Sigma—Aldrich Frankfurt, Germany

Melittin (H-GIGAVLKVLTTGLPA 2844.754 —4470 (hydrophobic) 12.53 Serva Electrophoresis Heidelberg, Germany
LISWIKRKRQQ-NH)

Human insulin A chain: H-GIVEQCCTSICSLY 5803.638 —7960 (hydrophobic) 5.32 Sigma—Aldrich Frankfurt, Germany

QLENYCN-OH B Chain: H-FVNQHLCGSHLVE
ALYLVCGERGFFYTPKT-OH)

B&B index [23] is included as a hydrophobicity parameter.
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rim of this sample consisted of larger crystals (typically less than
200 wm) and its inner region was composed of fine crystals (typ-
ically less than 5 wm). Prior to sample preparation the sample
holders were cleaned intensely in order to avoid contamination
of the sample. Cleaning was repeated several times with differ-
ent solvents (acetone, isopropanol, water and ethanol) and the
sample holders were dried in between with a dust free ultraclean
wipe. Finally, sample holders were moistened with ethanol and
dried under a hot, filtered air flow. A volume of 1 p.l of a peptide
mixture (concentrations: 5 x 10~ mol/l in ethanol/water (1:1))
was dripped on the still warm sample plate. Afterwards 1 pl
DHB solution (20 mg/ml in 60:40 ethanol/0.1% aqueous TFA)
was added to the droplet and mixed on target by successively
drawing up the mixture in a pipette tip and redripping it. Depend-
ing on the desired duration of the crystallization procedure, the
sample was dried either in room air within several minutes or
under a hot air flow in a few seconds. The final size of the grow-
ing crystals was found to be strongly depending on the speed of
drying, as expected. A pronounced rim of the sample was formed
if the sample plate was dried slowly in air. It consisted of large,
up to several 100 wm long, crystals. By increasing the amount

MATRIX OLIGOSACCHARIDE
2,5-DHB, Cellotriose,
m/z=273 u [M+Na] =527 u

OLGOSACCHARIDE PEPTIDE

OLGOSACCHARIDE
_|_
PEPTIDE

#10um L !I

of water in the matrix solution this effect could be enhanced
due to the substantially lower vapor pressure of water versus
ethanol. Since the inner region of the sample is typically still
covered with liquid during crystallization of the rim, the small
crystals in this part form just shortly before the complete sam-
ple dries up. Within seconds during the final drying procedure,
many very small crystals are formed in the inner region. This
layer can be distinguished clearly from the rim of the sample,
usually by a narrow region which is almost free of sample mate-
rial and matrix. Images were acquired from the rim and from the
inner region of the dried droplet.

3. Result and discussion
3.1. Segregation within dried droplet sample

It was observed in this study that sample components con-
siderably separated during crystallization of the matrix. When
comparing mass spectra from the rim and from the inner
region of the sample, a localization of alkali salt contamina-
tions predominantly in the inner region was found (Fig. 1). This

PEPTIDE SALT
Vasopressin[Arg8], Na”,
[M+H]"=1085u m/z=23u

R |

SALT
_|_
PEPTIDE

Fig. 2. SMALDI MS images of matrix DHB, cellotriose, vasopressin and sodium. Sampled area was 100 wm x 100 wm, scanning step size was 1 wm. (First row)
Gray scale distribution images. (Second row) Colored distribution images. (Third row) Red/green overlay images.
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Fig. 3. SMALDI images of mixtures of highly hydrophilic lipotropin 1-10 and highly hydrophobic anti-inflammatory peptide in DHB matrix, using a slowly
crystallizing dried-droplet preparation. (Middle) Gray scale distribution images, scanned area 100 pum x 100 pwm, step size 1 pm. (Left) Combination of all three
gray scale images. (Right) Combination of lipotropin1-10 and anti-inflammatory peptide.

observation can be explained by the fact that (positively charged)
alkali ions remain solved in the polar solvents (ethanol/water)
during crystallization of the rim, rather than being incorporated
in the matrix crystals. Only with the final drying of the inner
region, alkali salts precipitate.

The same effect was observed on the micrometer scale as
well. Fig. 2 shows a SMALDI image of a peptide/carbohydrate
mixture, acquired with a scanning step size of 1 pm for an image
area of 100 wm times 100 wm. A dried droplet preparation (as
described above) of cellotriose and of the hydrophobic pep-

red: Dynorphin 1-9
blue: Vasopressin [Arg8]
green: OHB

tide vasopressin[arg8] was mixed on the sample holder. The
sample was subsequently dried under a warm air flow within
approximately 1min. Alkali ions were present as impurities
only.

The upper row of the figure shows gray scale images of the
matrix DHB, the carbohydrate cellotriose, of the peptide vaso-
pressin and of sodium ions. In the second row, carbohydrate,
peptide and sodium ion images are colored in green and red,
and are finally combined in two red/green images in the third
Tow.

‘ Dynorphin 1-9
[M+H]'=1084.5 u
B&B: -2360
{(hydrophaobic)

\

Vasopressin [Arg8]
[M+H]'=1137.7 u

B&B: +960
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Fig. 4. SMALDI images of mixtures of highly hydrophilic vasopressin[arg8] and highly hydrophobic dynorphin 1-9 in DHB matrix, using a rapid crystallizing
dried-droplet preparation. (Middle) Gray scale distribution images, scanned area 100 pum x 100 pwm, step size 1 wm. (Left) Combination of all three gray scale images.

(Right) Combination of vasopressin[arg8] and dynorphin 1-9.
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A separation of components was observed, probably driven
by their hydrophobicity and/or polarity values. The ion dis-
tribution images show a large matrix crystal (larger than the
dimension of the image) with incorporated vasopressin in red.
Sodium ions (green) were obtained from outside and from the
surface of this crystal only. This again shows that sodium ions
remain in solution until complete drying, while matrix crystals

PEPTIDE
SUBSTANCE P,
[M+H]'=1348 u

PEPTIDE

SuBSTANCE P
+ MELITTIN

Kb

MELITTIN,
[M+H]'=2848 u

SUBSTANCE P
+ INSULIN

already formed. Due to similar hydrophobicity and polarity of
matrix and peptides, the latter are incorporated in the forming
matrix crystals. Carbohydrates (green), on the other hand, have
a higher polarity than peptides and have a high affinity to alkali
ions. They have thus a lower tendency to co-crystallize with the
matrix. As aresult carbohydrate signals were obtained from out-
side the matrix crystals, and in co-localization with alkali ions.
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2,5-DHB,
m/z=273 u

:10|Jm
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Fig. 5. SMALDI images from the rim of a dried droplet preparation of a peptide mixture. (First and second rows) Distribution images of DHB matrix, substance P,
melittin and human insulin. Scanned area was 100 wm x 100 pm, step size was 1 wm. (Third and fourth rows) RGB overlay images.
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3.2. Segregation within matrix crystals

Besides separation of components within the dried droplet
sample, additional sample inhomogeneities were observed
within individual matrix crystals. The speed of crystallization
was found to be a key parameter in this respect. Fig. 3 describes
the investigation of a peptide mixture, consisting of the strongly
hydrophilic lipotropin 1-10 and the strongly hydrophobic anti-
inflammatory peptide. Again a dried droplet preparation was

PEPTIDE
MELITTIN,

PEPTIDE
SUBSTANCE P,
[M+H]'=1348 u

SUBSTANCE P
+ MELITTIN

Kb

[M+H]'=2848 u

SuBsTANCE P
+ INSULIN
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used as described. The sample crystallized without artificial air
flow within approximately 5 min at room temperature. The slow
crystallization process resulted in large DHB crystals with a
size of up to 500 wm at the rim of the sample. The gray scale
images (Fig. 3) of the scanned area show homogeneous signal
intensities from the matrix molecule DHB across the complete
crystal, while completely different distributions were found of
the two peptides within one large matrix crystal. The left part
of the images is dominated by a matrix crystal which is larger

MATRIX
2,5-DHB,
m/z=273 u

3 10pm

PEPTIDE
HUMAN INSULIN,
[M+H]=5808 u

MELITTIN
+ INSULIN

L

SUBSTANCE P+ MELITTIN + HUMAN INSULIN

Fig. 6. SMALDI images from the inner region of the same sample as in Fig. 5. (First and second rows) Distribution images of DHB matrix, substance P, melittin
and human insulin. Scanned area was 100 pwm x 100 pwm, step size was 1 wm. (Third and fourth row) RGB overlay images.
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than the scanned area. In the center a narrow matrix needle with
a width of approximately 10 wm is to be seen. In the large crys-
tal the hydrophilic peptide lipotropin dominates the upper right
part, while the hydrophobic anti-inflammatory peptide is mainly
found in the lower left region. This becomes particularly obvi-
ous, when in an RGB color palette image the blue channel is
assigned to the signal intensity of lipotropin and the red channel
to the signal intensity of anti-inflammatory peptide. A clear seg-
regation of the two analytes is thus found, most probably driven
by the strong differences in hydrophobicity. This segregation
of the two peptides can also be demonstrated by combining
all three gray scale images including the matrix signal. This
hydrophobicity-driven segregation behavior cannot be explained
at the moment. Possible reasons are self-assembly effects, for-
mation of a two-phase system when the water/ethanol mixture
dries down, or different crystal modifications leading to dif-
ferent incorporation behavior for hydrophobic and hydrophilic
dopants.

In contrast to the described behavior, a faster matrix crystal-
lization procedure led to much weaker segregation effects. In
Fig. 4, SMALDI images of a peptide mixture of dynorphin 1-9
(hydrophobic) and vasopressin[Arg8] (hydrophilic) are shown.
Concentrations were the same as used for Fig. 3. After mixing
analyte and matrix solutions on a preheated target, the liquid
was quickly dried with a hot air flow. A very fast drying and
crystallization within approximately 5-10s can be achieved by
this procedure. The resulting matrix crystals are substantially
smaller than those produced by slow crystallization. The gray
scale images of the scanned area of 100 wm x 100 pm show the
distribution of the two analytes and the matrix (Fig. 4, middle).
Within the crystals, having sizes of 10-50 wm, the two pep-
tides were found to be almost homogeneously distributed. The
colored image on the right shows mainly violet (red plus blue)
crystal areas rather than separated blue or red regions, indicating
a strongly reduced segregation behavior under fast crystalliza-
tion conditions. By including the third component (matrix:
green) in an RGB image, the crystals appear mostly white, indi-
cating similar intensities of all three color channels. Stronger
matrix signals (green) were observed from the rim of the small
crystals.

3.3. Segregation of similar peptides

Peptides with less pronounced differences in hydrophobic-
ity and polarity still express considerable segregation behavior.
Peptides substance P, melittin and human insulin were inves-
tigated, all three having negative Bull and Breeze indices
(hydrophobic peptides) but differ in mass and thus in molecular
mobility in solution. The isoelectric points of the three pep-
tides are 11.51 (substance P), 12.53 (melittin), and 5.32 (human
insulin).

A dried droplet preparation of a mixture of the pep-
tides (5 x 10~5mol/l substance P, 1 x 10~*mol/l melittin,
2 x 10~* mol/l human insulin) was used. Aliquots of 0.5 wl of
the peptide mixture and 0.5 pl of the matrix solution were mixed
on the sample holder and dried under a warm air flow within
approximately 1 min.

The prepared samples showed a rim of large crystals and a
fine-crystalline inner region. An area of 100 wm x 100 wm was
scanned with a step size of 1 pum.

Fig. 5 shows SMALDI images obtained from the rim, indi-
cating a strong inhomogeneous distribution of the analyte
components. While substance P is predominantly located in the
left part of the imaged crystal, melittin is located more in the
central part of the crystal. Human insulin, in contrast to that,
shows the most homogeneous distribution of the three peptides.
This can be explained by the increased mobility of the small pep-
tide substance P compared to the larger peptide insulin. Chaotic
transportation and liquid flow processes during drying and crys-
tallization will have a stronger displacement effect on the more
mobile components, compared to the less mobile components.

Fig. 6 confirms this observation for the inner region. No
inhomogeneities within the fine crystals were resolved, but seg-
regation of analyte components at different locations of the inner
region was found.

The observed effects of analyte segregation during matrix
crystal formation are in contrast to earlier observations of
Horneffer etal. [25]. In thatinvestigation, confocal images of flu-
orescently labeled proteins in DHB matrix crystals had shown a
homogeneous distribution within the crystals. These results can-
not be directly compared to our data, however, because doped
crystals for confocal microscopy were grown very slowly from
a chemical equilibrium and to a much larger size.

4. Conclusion

The described investigations clearly demonstrate that migra-
tion and segregation play an important role in MALDI sample
preparation. Scanning microprobe MALDI mass spectrometry
(SMALDI MS) was shown to be an excellent method to inves-
tigate such phenomena. Distributions of analytes both within
the sample and within the individual matrix crystals depend on
several factors. Alkali ions were detected almost exclusively
from outside the matrix crystals and predominantly from the
inner fine-crystalline region of a dried sample. Speed of crys-
tallization was found to have a strong effect on migration and
segregation processes. Rapid crystallization to small crystals, as
shown in Fig. 4, leads to a nearly homogeneous analyte distribu-
tion within the available lateral resolution. Furthermore, analyte
parameters such as hydrophobicity, polarity, mass and mobility
in solution obviously play a major role for such phenomena.
It was found that analyte components that differ strongly in at
least one of these parameters, might segregate strongly within
crystals. At least for smaller peptides, high mobility in solution
can lead to intense movements within the chaotic flow during
sample drying.

Accuracy of quantification was recognized earlier as being
rather limited in MALDI MS [26-28]. The above investigations
are able to explain why both, absolute and relative quantifica-
tion in MALDI MS are problematic. Migration and segregation
of analyte components were shown to cause inhomogeneous
concentration levels on the millimeter, micrometer and proba-
bly sub-micrometer scale. These lateral concentration variations
inevitably result in large shot-to-shot variations of signal intensi-
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ties, pure linearity of signal intensities with concentrations, and
analyte suppression effects.

Suppression of analyte signal in this context can be under-
stood as a result not only of analyte basicity and charge competi-
tion, but also of parameters such as solubility in solvent mixtures,
analyte mobility, surface activity and co-crystallization enthalpy.
The ion signal of a second peptide component might be sup-
pressed, for example, because co-crystallization sites in matrix
crystals are already occupied by a first peptide component, hav-
ing a lower co-crystallization enthalpy.

The size of inomogeneities relative to the size of the laser
spot has an effect on the quantifyability of signal data. A large
laser spot will integrate and average over a large area of very
different local concentrations, while a small laser spot is able to
image these local concentrations (as shown in this paper) with
a reasonable accuracy of relative quantification. Nevertheless,
shot-to-shot variations will still dominate even with large laser
spots due to inhomogeneities in z-direction of the sample (depth
profile).

The described SMALDI investigations of dried droplet prepa-
rations clearly illustrate that matrix preparation is an efficient
sample-cleaning step. In this context, migration and segregation
of components has to be interpreted as an extremely advanta-
geous phenomenon of MALDI. The complementary distribution
of vasopressin[arg8] and sodium ions in Fig. 2 indicates, that
alkali ions are excluded from growing matrix crystals, while
peptides are incorporated. This explains the high tolerance of
MALDI versus salt impurities [29], in comparison to other ion-
ization techniques such as electrospray ionization (ESI).

Strategies for an optimized MALDI preparation therefore
have to find a compromise between homogeneous distribution
of analyte components (rapid crystallization) and salt exclusion
(slow crystallization). Crystallization speed and behavior can be
modified for example by heating the sample holder, by a suitable
choice of solvent mixtures, by modifying the viscosity of sam-
ple solutions or by varying the morphology, hydrophobicity and
material of the sample holder surface. Reduced salt exclusion
is especially a problem with dedicated high-resolution matrix
preparation techniques [21] which are necessary for achieving
lateral resolutions in SMALDI imaging MS in the micrometer
range. Smaller matrix crystals are known to reduce analytical
sensitivity of MALDI considerably. Optimization of biological
SMALDI sample preparation then has to aim at not only min-
imized crystal size and minimized analyte migration, but also
sample purity with respect to ionic components.
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