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The analyte distributions in matrix-assisted laser desorption/ionization (MALDI) samples have been
studied using MALDI imaging at better than 10 �m spatial resolution in an orthogonal-injection TOF
instrument. The technique is demonstrated by mapping the analyte distribution in typical preparations
of MALDI samples using the common matrices 2,5-dihydroxybenzonic acid (2,5-DHB), sinapinic acid and
4-hydroxy-�-cyanocinnamic acid (�-HCCA). These results show evidence of exclusion of impurities, and
confirm that smaller matrix crystal size gives better reproducibility from spot to spot. Large single crys-
tals of DHB and sinapinic acid were grown to examine the incorporation of analytes within the crystals.
ALDI imaging
nalyte incorporation
ALDI crystals
rthogonal TOF
nalyte segregation

Purified protein analytes were found to be homogenously incorporated in both types of crystal, with no
evidence for preferred crystal faces. The distributions of analytes in simple mixtures in single crystals
of DHB were also examined. Segregation of some species was observed and appeared to correlate with
analyte hydrophobicity, and to a lesser extent analyte mass or mobility. Similar segregation phenomena
were observed with fluorescence microscopy of analytes labeled with fluorescent dyes in large 2,5-DHB

ller c
le pre
single crystals, and in sma
light on optimizing samp

. Introduction

Since the introduction of matrix-assisted laser desorp-
ion/ionization (MALDI) mass spectrometry in 1988 [1,2], it has
ecome a powerful tool in biomolecular analysis [3]. Different
atrices [4–6] and sample preparation procedures [1,7–9] have

een proposed, with significant differences in mass spectral sen-
itivity, resolution and reproducibility. It is generally accepted that
he matrix absorbs the laser energy and undergoes a phase change,
roducing isolated intact gas-phase ions of the imbedded ana-

yte molecules. However, the mechanisms behind the interaction
f matrix and analyte molecules inside the MALDI matrix crystal
efore ablation are still not fully understood.

The incorporation of analytes into MALDI matrices has been
nvestigated by several laboratories [10–16]. Strupat et al. showed
hat proteins are incorporated into slowly grown single crystals of

,5-dihydroxybenzonic acid (2,5-DHB) and succinic acid, by ana-

yzing redissolved crystals [5,10]. Using X-ray crystallography, they
lso showed that the crystal structure is unperturbed by the pres-
nce of the protein doping [10], suggesting a solid solution [3]. The
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rystals grown by fast evaporation. The above investigations may shed some
paration with different matrices.

© 2008 Elsevier B.V. All rights reserved.

incorporation of dye-labeled proteins in 2,5-DHB was later shown
to be homogenous, using confocal laser scanning microscopy, which
also showed that labeled proteins are excluded from crystals of
2,6-DHB [11].

Beavis and Bridson studied the interaction of sinapinic acid with
dye-labeled proteins and observed an incorporation pattern resem-
bling an hourglass shape [12]. They suggested that proteins are
preferentially or exclusively incorporated into the more hydropho-
bic face of a single sinapinic acid crystal. However, Mitchell et
al. have questioned these conclusions: they observed the iden-
tical hourglass-shaped zone with neat dye incorporation at the
hydrophobic surface [13]. Moreover, Strupat et al. argue from crys-
tallographic data that there are no major hydrophobic domains in
succinic acid and DHB crystals, so incorporation of proteins in these
crystals must be based on non-hydrophobic interactions.

Dai et al. used confocal laser scanning microscopy to investigate
the incorporation of analytes in 2,5-DHB and sinapinic acid matrix
crystals formed by fast and slow evaporation methods [14]. The
results show uniform protein incorporation in the slowly grown
crystals, but non-uniform distribution of protein analyte in dried-
droplet preparations. Their results also show evidence of analyte

segregation in simple mixtures in crystals formed by fast evapora-
tion.

Most investigations of analyte incorporation in matrices to date
have involved the use of an intermediate label: dye-labeled pro-
teins (horse skeletal myoglobin) [12] and pH indicator dyes [15],

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:w_ens@umanitoba.ca
dx.doi.org/10.1016/j.ijms.2008.11.015
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Fig. 1. Schematic diagram of the orth

uorescence-labeled proteins (fluorescein isothiocyanate (FITC)
14], Texas Red-labeled avidin [11]) and Au-labeled proteins [16].
hese labels may affect the properties of analytes, or the pres-
nce of unbound labels may mask the properties of the analytes
13]. Moreover, the use of labels introduces additional com-
lexity to the experiment. For example, when using fluorescent
aterials in confocal laser scanning microscopy, the proper way

f labeling proteins, removing the excess dyes, the pH depen-
ence, the variations of the fluorescence intensity for different
roteins, and the influence of the refractive index mismatches
nd the birefringence of the crystals all need to be carefully
onsidered.

MALDI imaging mass spectrometry [17,18] avoids the problems
escribed above. The technique was developed to analyze thin-

ayer chromatograms [17], and for the study of biological tissue
19,20], but clearly offers the most direct way to study the distribu-
ion of analyte in MALDI samples. However, most MALDI imaging
ystems have rather modest spatial resolution in the range of
00 �m. Garden and Sweedler improved this to about 25 �m to
tudy the heterogeneity of different types of MALDI sample prepa-
ation [21], but this was not sufficient to study the incorporation
f analyte in individual crystals. We have recently constructed a
ALDI imaging instrument with spatial resolution in the range

f 10 �m [22], and have reported preliminary results of analyte
ncorporation in large MALDI crystals, demonstrating homogenous
ncorporation of pure analytes, but segregation of the components
f some mixtures [23]. Bouschen and Spengler have reported even
etter spatial resolution of about 1 �m, and have shown segrega-
ion of analytes in small DHB crystals in dried-droplet preparations
24].

Here we report more detailed investigations of analyte distri-
utions in MALDI matrices using a custom MALDI imaging mass

pectrometer with better than10 �m spatial resolution. We first
ap the analyte distribution on typical preparations of MALDI sam-

les using the common matrices. Then large single crystals of DHB
nd sinapinic acid were grown to examine the incorporation of
nalytes within the crystals. For comparison, some fluorescence
l MALDI imaging mass spectrometer.

microscopy is also used to examine the analyte distribution with
dye-labeled proteins in 2,5-DHB crystals.

2. Experimental

2.1. Mass spectrometer

The experiments were performed on a modified QStar instru-
ment [25], supplied by MDS Sciex (Concord, ON, Canada), shown
schematically in Fig. 1. A novel MALDI source was constructed in
which the ions are ejected perpendicular to the axis of the col-
lisional cooling ion guide. This allows normal incidence for the
desorbing laser, and closer placement of the final focusing optic,
both of which facilitate improved spatial resolution.

For these experiments, the beam from a Nd:YAG laser (JDS
Uniphase, model S355B-100Q, Manteca, CA) operated at 1 kHz
repetition rate was coupled through a 3-lens optical system into
2-m long fiber optic patch cord, 10 �m in diameter (OZ Optics
Ltd., Ottawa, Canada). The fiber had a step-index profile with
a numerical aperture ∼0.22. Alignment was performed with an
attenuated beam by maximizing the transmitted intensity, and
then backing the fiber off about 10–20 �m to avoid damag-
ing the end. The fiber output was imaged onto the target with
two custom-made 10-cm focal length aspherical lenses (R. Math-
ews Optical Works, Inc., Poulsbo, WA, USA) arranged in infinite
conjugation. This arrangement allowed the laser spot size to
closely approximate the fiber diameter (10 �m) [26]. The fluence
was kept above the value at which the yield saturates, signif-
icantly higher than that typically used in MALDI experiments
[26].

The target is mounted on a robotic microstepping 2D-positioner
with a relative positioning resolution of 0.5 �m (PI-Physik Instru-

mente, L.P., Auburn, MA, USA). The image is generated by rastering
the target with the laser in a fixed position. Desorbed ions are drawn
into the ion guide through a 4 mm diameter cone by a combination
of gas flow and an electric field set up by a small, segmented cell.
Two rf-only quadrupole ion guides were used, one with segmented
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Table 1
List of peptides and proteins used for the study.

Name and amino acid sequence MW (Da) (B&B index [27]) Hydrophobicity (GRAVY index [28])

Enkephalin (YAGFLR) 726 −2490 (hydrophobic) 0.368 (hydrophobic)
Substance p (RPKPQQFFGLM) 1,347 −1790 (hydrophobic) −0.7 (hydrophilic)
Bacitracin [29a] (ICLEIKNDHFI) 1,422 −4000 (hydrophobic) 0.455 (hydrophobic)
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elittin (GIGAVLKVLTTGL PALISWIKRKRQQ) 2,845
orse heart cytochrome C sequence [29b] 12,327
ovine pancreas trypsin inhibitor sequence [29b] 23,460
ovine serum albumin sequence [29b] 66,430

ods to reduce transit time. The TOF portion was modified to operate
ith 11 kV acceleration voltage.

.2. Sample preparation

The matrices, DHB, trans-3,5-dimethoxy-4-hydroxy-cinnamic
cid (sinapinic acid, SA) and 4-hydroxy-�-cyanocinnamic acid (�-
CCA), were purchased from Sigma–Aldrich Company (Ontario,
anada) and were used without further purification. The peptide
nd protein analytes are listed in Table 1. All peptide and pro-
ein samples were obtained from Sigma–Aldrich Company (Ontario,
anada), except enkepahlin, which was obtained from American
eptide Company (Sunnyvale, CA, USA). The hydrophobicity of
hese analytes is calculated according to the B&B index [27] and
he GRAVY index [28], which use different hydrophobicity scales of
he amino acid residues.

Samples were prepared using the standard dried-droplet [1],
hin-layer [7] and crushed crystal preparation methods [8]. In the
ried-droplet method, 2,5-DHB was dissolved at a concentration of
00 mg/mL in a mixture of acetonitrile/water (1:1, v/v) and 0.1% tri-
uoroacetic acid (TFA). Sinapinic acid matrix solution was dissolved
t a concentration of 20 mg/mL. �-HCCA matrix was prepared using
he same solvent to a saturated solution. All analytes were dissolved
n bi-distilled water to a concentration of approximately 20 �M, and

ixed with the matrix solution to give a molar ratio of analyte to
atrix of ∼2 × 10−5, as typically used in MALDI [30]. A 1.0 �L aliquot

f the mixed solution of matrix and analyte was dropped onto the
tainless steel target and air-dried.

For the thin-layer preparation, 2,5-DHB matrix was dissolved
n ultrapure acetone at a concentration of 100 mg/mL and a 1.0 �L
liquot of this solution was applied on the target. A thin microcrys-
alline layer of matrix formed after fast evaporation of solvent. Then
.5 �L of the mixed matrix–analyte solution (above) was applied
nto this thin matrix layer. To prepare crushed crystal samples, the
ame 2,5-DHB solution as prepared in the dried-droplet method
as used. A 1.0 �L aliquot of this matrix solution was first spotted on
target. After it crystallized, it was crushed as described in [8], and

hen the mixed matrix–analyte solution was applied on top of the
rushed matrix layer. In both these methods, the application of the
nalyte solution redissolved some portion of the existing crystals,
o the molar analyte-to-matrix ratio was in the range (1–2) × 10−5.

To grow larger crystals [10], 2,5-DHB and sinapinic acid matri-
es were prepared at concentrations of 100 mg/mL and 20 mg/mL,
espectively, with the same solution as used in the dried-droplet
ethod. Matrix solutions were mixed with analyte solution at
final molar analyte-to-matrix ratio of ∼2 × 10−5. The mixed

olutions were swirled in a vortex mixer and centrifuged. The super-
atant solutions were taken and divided into vials. These vials were
hen warmed up to ∼45 ◦C in a water bath for 30 min and then
llowed to cool to room temperature. The vials were then taken

ut and put in the refrigerator (4 ◦C) with the vial lid open for
bout 2 days in a dark place. Occasionally, single crystals as large as
mm × 0.6 mm × 0.4 mm (DHB) and 1 mm × 0.3 mm × 0.2 mm (SA)
ere obtained. The crystals were washed in the bi-distilled water

o remove the mother solution coated on the surface of the crys-
−4470 (hydrophobic) 0.273 (hydrophobic)
7350 (hydrophilic) −0.321 (hydrophilic)
5780 (hydrophilic) −0.036 (hydrophilic)
−22,220 (hydrophobic) −0.433 (hydrophilic)

tal. The single crystals could be fixed to the target with a drop of
bi-distilled water.

2.3. Constructing the images

MALDI images were constructed using custom software and
hardware. The target motion is controlled by a pre-programmed,
multi-axis, stepper-motor controller. It is rastered in one dimen-
sion at a fixed velocity of about 250 �m/s, followed by a small
step (10 �m) corresponding to the laser spot size in the orthogo-
nal direction. Using a repetition rate of 1 kHz, this corresponds to
each sample site exposed to 40 laser shots. The start of each new
raster line produces a timing pulse that is recorded by the time-to-
digital converter in a dedicated channel for later synchronization;
the position on the target correlates with elapsed experiment time.
The data acquisition system records all the time-of-flight events
for an experiment in a memory-spooled file (typically hundreds
of megabytes in size). Spools were analyzed off-line to reconstruct
mass-dependant images, or mass spectra from selected areas on
the target.

2.4. Fluorescence microscopy

Fluorescence microscopy was used to study incorporation of
dye-labeled proteins in some MALDI crystals for comparison.
The analytes were labeled with two different fluorescent dyes:
FITC (Fluorescein isothiocyanate isomer I, Sigma–Aldrich, Ontario,
Canada) excited at 488 nm and TRITC (Tetramethylrhodamine
isothiocyanate isomer R, Sigma–Aldrich, Ontario, Canada) excited
at 561 nm. Simple fluorescent images were obtained with an Olym-
pus BX60 fluorescence microscope (Olympus America Inc. Center
Valley, PA, USA), using the 20× magnification lens (NA = 0.5).
Confocal scanning laser fluorescence images were obtained with
a Zeiss LSM710 microscope (Carl Zeiss Canada Ltd., 45 Valley-
brook Dr, Toronto, Canada) with the 10× magnification lens
(NA = 0.5).

To label the analyte proteins, the protein solutions were
exchanged into borate buffer (pH 8.5, 50 mMol/L) by dialysis for
about 2 h using a 500 Da molecular mass cutoff (MMCO) membrane
in a beaker containing 2 L of the Borate Buffer, which was placed on
a stir plate. The amounts of FITC and TRITC for each labeling reac-
tion were determined depending on the amounts of samples to be
labeled. Both dyes were dissolved in DMSO (dimethyl sulfoxide).
The concentration of each sample was 10 pmol/�L, and the concen-
trations of both FITC and TRITC were 10 mg/mL. Dialyzed samples
were transferred to a reaction tube and the appropriate amounts
of dyes were also transferred to the sample-containing reaction
tubes; they were mixed and incubated at room temperature for
1 h. Excess fluorescent dyes were removed by transferring the sam-
ples to a new 500 Da MMCO membrane; the samples were dialyzed

in PBS (phosphate buffered saline) for about 1 h at room temper-
ature. During dialysis, the samples were stirred and covered with
foil to protect the dyes from ambient light. Also the samples labeled
with FITC and TRITC were dialyzed separately in different beakers
to avoid cross-contamination. After the samples were labeled, they
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Fig. 2. (a–c) MALDI images of analyte distributions with dried-droplet sample preparation for different matrices and the corresponding integrated mass spectra. Red represents
the distribution of analyte molecules and green represents the background chemical noise as indicated in the mass spectra. In panel (a), the inset in red is an expansion of the
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ALDI image showing crystals near the periphery of the target. The inset in green is
HB crystal, shown here for comparison. The indicated scales are in �m. (For interp
ersion of the article.)

ere mixed with DHB matrix solution to grow the DHB single large
rystals following the procedure described above.

The acidic matrix solution used strongly quenches the signal
rom these dyes, particularly from FITC, making relatively long
xposures (or high gain) necessary. Images of pure crystals and crys-
als with only one dye, but illuminated with the frequency for the
ther dye demonstrated that autofluorescence from the crystal, or
ther sources of stray light were at least an order of magnitude less

ntense than the desired fluorescence from the labeled proteins.
ven so, in the fluorescence images of the large crystals (where
onfocal scanning was not used), autofluorescence and internal
eflection may be responsible for some diminished contrast in the
mages.
focal scanning fluorescence image of bacitracin labeled with FITC in a dried-droplet
on of the references to color in this figure legend, the reader is referred to the web

3. Results and discussion

3.1. Analyte distributions in standard MALDI samples

The empirical distributions of MALDI crystals and analyte sig-
nal from different types of sample preparation in MALDI are quite
well known, and have been previously mapped at modest resolu-
tion by imaging MALDI [21]. In the dried-droplet preparation with

DHB, larger crystals tend to form on the periphery of the spot, and
the signal tends to be concentrated there in so-called hot spots.
For sinapinic acid or �-HCCA, the crystals tend to be smaller and
more uniformly distributed over the sample spot. The crushed-
crystal and thin film methods of preparation both result in smaller
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ig. 3. Distributions of the protonated and sodiated molecular ions in dried-drople
ass spectra.

verage crystal sizes for all the matrices, and consequently a more
niform distribution of signal over the sample. In this section, we
xamine these common sample preparation techniques at better
han 10-�m resolution with different analyte species, mainly to
emonstrate the imaging method.

Fig. 2 shows the mass spectra of melittin or insulin from DHB,
-HCCA, and sinapinic acid using the dried-droplet preparation
nd the corresponding images for the targets. Red represents the
istribution of analyte molecules and green represents the back-
round chemical noise as indicated, where no significant peaks are
resent. As expected, the three matrices give very different sample
orphologies corresponding presumably to the way the crystals

orm during air drying, and is consistent with the description given
bove.

Fig. 2a shows the results for the DHB sample. The largest crys-
als are typically about 500 �m in the longest dimension, but less
han 100 �m in the other dimensions. It is clear that the analyte

olecules (red color) are found mostly around the edge of the sam-
le and located on the macrocrystals of the DHB matrix, consistent
ith observations of hot spots on the edge of dried-droplet prepa-

ations. The results suggest incorporation of the analyte into the
rystals. A zoomed image of some DHB macrocrystals is shown in
he red inset. Although the analyte distribution over the whole
ample (Fig. 2a) is highly non-uniform, the inset suggests that
he distribution within the crystals is relatively uniform, consis-
ent with the recent mass spectral images of dried-droplet samples
eported by Bouschen and Spengler [24], but in contrast to some
bservations of sweet spots even within crystals. Our spatial reso-
ution is quite coarse, however, with even the largest faces of the
rystals only a few pixels in width, so it is difficult to draw defini-
ive conclusions about uniformity in these small crystals. The other
aces are smaller still, and in general not exposed to the laser in
ried-droplet samples.

For comparison, we have also examined dried-droplet prepa-
ations of bacitracin labeled with FITC in DHB using confocal
uorescence microscopy. The image shown in the green inset in

ig. 2a seems reasonably consistent with the MALDI results, con-
idering the much inferior spatial resolution and dynamic range
f the MALDI image. The confocal image does show some non-
niformity, but the distribution is considerably more uniform than
bserved by Dai et al. using similar methods [14]. This may indi-
arations of (a) DHB with melittin (b) �-HCCA with insulin, and the corresponding

cate that the incorporation of analyte in rapidly drying crystals is
highly variable, and dependent on particular sample preparation
conditions.

Fig. 2b shows relatively small crystals formed from sinapinic
acid matrix. The matrix crystals are much smaller than those of
the DHB matrix, typically less than 50 �m. The analyte molecules
are relatively uniformly distributed around the whole sample, and
higher signal reproducibility was obtained from sinapinic matrix
than that of the DHB matrix. Fig. 2c shows the �-HCCA sample. The
matrix crystal size are much smaller that the above two, typically
less than 10 �m. The analyte molecules are more homogenously
distributed, giving the best signal reproducibility from spot to
spot.

Fig. 2 also shows the distribution of chemical noise for the 3
dried-droplet preparations. In the case of DHB, the chemical noise
is distributed more uniformly throughout the sample suggesting
their exclusion from the larger crystals, consistent with the high
tolerance to impurities observed in MALDI [5,8,24,31]. It is not pos-
sible to examine the distribution of sodium in the sample directly
in our instrument because of the low mass cutoff of the quadrupole
ion guides, but Fig. 3 shows the distribution of the sodium adducts,
which is presumably correlated to the sodium distribution. The
exclusion of sodium is striking in Fig. 3a, where no signal from the
sodium adducts is observed in the large peripheral crystals, con-
sistent with previous electron microprobe analysis and electron
microscopy measurements [5] and earlier MALDI imaging results
[24]. In Fig. 2b and c, there is some evidence of segregation of the
noise signal from the analyte signal in sinapinic acid and �-HCCA
targets, with the noise more dominant at the edges of the dried-
droplet, in contrast to the DHB sample. Again, the distribution of
the sodium adducts in the �-HCCA target shown in Fig. 3b has the
same characteristic. The exclusion from the much smaller crystals is
much less obvious in this case compared to DHB, but the increased
Na signal at the periphery is quite clear.

The segregation of the noise signal to the sample periphery is
much more pronounced in the more complex sample shown in

Fig. 4, where two crude cell lysates from the K562 human leukemia
cell line were mixed with �-HCCA solution and deposited directly
on the target without purification. Here the noise is much more pro-
nounced at the edges, and a spectrum taken from the edge shows
almost no analyte signal at all.
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Fig. 4. MALDI images and mass spectra of two cell mixtures prepared with the dried-
droplet method without purification. Clear segregation of chemical noise from the
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nalyte signal is observed. (a) Mass spectrum indicating imaged portions by color,
b) corresponding MALDI images and (c) mass spectrum generated from the edge
f the sample. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of the article.)

The observed segregation of the noise signal from the analyte
ignal may indicate that there is a relatively lower affinity of sodium
ons with the matrix molecules compared to the protein ions. There-
ore the sodium ions may still remain in the solvent solution during
he matrix crystallization process instead of incorporating into the

atrix crystal as the protein ions. This seems consistent with the
istribution of noise signal mostly from the center or between DHB
atrix crystals shown in Fig. 2a, and around the edge of the sample
hown in Figs. 3b and 4. However, the absence of analyte signal in
oisy regions does not necessarily indicate the absence of analyte,
ince it is well known that salts or other impurities can suppress
nalyte signal in MALDI, and that signal can often be recovered
y sample washing procedures. On the other hand, the absence of

ig. 5. MALDI images of the distribution of melittin in DHB matrix with thin-layer and cr
hin-layer and crushed crystal methods give a more homogeneous analyte distribution th
he references to color in this figure legend, the reader is referred to the web version of th
ss Spectrometry 281 (2009) 41–51

noise signal in the regions of strong analyte signal is strong evidence
for the absence of impurities.

We also examined the analyte distributions in the thin-layer [7]
and crushed crystal [8] sample preparations. For sinapinic acid and
�-HCCA, it is well established that the resulting crystals are even
smaller, and the signal distribution even more uniform, but the
techniques are less commonly used with DHB, which we examine
here. As shown in Fig. 5, it is clear that the crystals formed with both
methods are smaller and produce a much more homogenous ana-
lyte distribution. The crushed crystal method produces the smallest
crystals, similar to those of the �-HCCA dried-droplet, while the
thin-layer produces intermediate size comparable to the sinapinic
acid crystals formed from a dried-droplet.

In summary, the examination of different matrices and prepa-
ration methods using MALDI imaging gives a straightforward
impression of the analyte distributions. The results show that
smaller matrix crystals produced either from different matrices or
different sample preparation methods contribute to the uniformity
of the analyte distributions across the sample, resulting in better
ion signal reproducibility from spot to spot. Experiments like this
can be used to provide some guidance about how to choose the
suitable matrix and sample preparation methods for a particular
application.

3.2. Distributions of purified analytes in single crystals

In the standard MALDI samples investigated above, the crystals
are too small to determine detailed analyte distributions within the
crystals by MALDI imaging. We have therefore grown single crystals
of DHB and sinapinic acid matrices to ∼mm dimensions [30] with
inclusion of cytochrome C as analyte.

The DHB crystals are mostly parallelepiped up to
1 mm × 0.6 mm × 0.4 mm in size. We examined the largest face
(1 0 0), believed to be the face most commonly exposed to the
laser during MALDI [10], and the larger cross-section (0 1 0) from
the same crystal. The distribution of cytochrome C in this crystal,
shown in Fig. 6a and b, indicates homogenous incorporation,
which is also manifested by the low variation in the signal intensity
from spot to spot when acquiring the mass spectrum. The small
variations of the signal on the crystal face appear to be random or

statistical in nature, whereas any influence of the crystal growth or
crystal properties on incorporation might be expected to exhibit a
pattern.

Sinapinic acid forms long crystals along the [ 10 0] axis with a
hexagonal cross-section (1 0 3̄) [32]; in our case, the crystals are

ushed crystal sample preparations, using the color scheme of Fig. 2. It is clear that
an that of dried-droplet method. The indicated scale is in �m. (For interpretation of
e article.)
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Fig. 6. MALDI images of the distribution of cytochrome C on two faces of a single large DHB
are homogeneously distributed on both (a) the largest face (1 0 0) and (b) the larger cross

Fig. 7. MALDI image of the distribution of cytochrome C on the largest face (0 1 0)
of single crystal of sinapinic acid, and the corresponding integrated mass spectrum.
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images of labeled proteins of Horneffer et al. [11]. In contrast to DHB,
he indicated scale is in �m. Analyte molecules are homogeneously distributed this
ace. No image was obtained from the cross-section (1 0 3̄) of sinapinic acid crystal
ue to its small dimension.

bout 1 mm long with a cross-section of about 0.3 mm along a
iagonal. The analyte distribution on the largest face of this crystal
0 1 0), shown in Fig. 7, is again quite uniform, as with the DHB crys-
al, consistent with the observation of a large sinapinic acid crystal
y Dai et al. using confocal fluorescence microscopy [14].

In order to obtain crude depth profiles, all three crystal faces in
igs. 6 and 7, were scanned multiple times. Since each sample site
s exposed to 40 laser shots, and the fluence with small spots is high
ompared to typical MALDI experiments [26], considerable mate-
ial is removed during each scan. The laser was refocused between
cans to optimize the signal, and from the distance the lenses were
oved, the ablation depth is estimated to be a few tens of �m.
Fig. 8 shows the results from the first four scans. In each case

he intensity decreases, probably as a result of surface modifica-
ion due to laser irradiation [33], but the distributions remain quite
omogenous. This interpretation is consistent with a measurement
f a cut crystal, which showed no difference in intensity from an
ncut crystal. A small decrease in homogeneity is observed, but

gain, it appears to be random or statistical, and therefore is also
ikely to be associated with the lower signal intensity or uneven
urface modification, and not inhomogenous incorporation in the
rystal.
matrix crystal, and the corresponding integrated mass spectrum. Analyte molecules
-section (0 1 0). The indicated scale is in �m.

The depth resolution in these profiles is rather coarse, and
may obscure fine structure on the scale of 10 �m or less. How-
ever, the lateral images do not show structure on this scale on the
faces examined. Moreover, experiments on the hysteresis effect in
MALDI by Fournier et al. [32], in which a single spot on a sinapinic
acid crystal is examined repeatedly after much smaller irradiation
cycles, also show a quite uniform distribution of signal as a func-
tion of radiation, and therefore of depth on a considerably finer
scale.

To improve the generality of the above observations, we have
also examined a much larger protein (BSA at ∼66 kDa) in DHB. The
results shown in Fig. 9 again show a homogeneous inclusion of the
analyte.

These results represent the first direct mass spectrometric mea-
surement of protein distribution within large single crystals of DHB,
and within crystals of sinapinic acid (of any size). The results show
no evidence for heterogeneous distribution of purified protein ana-
lytes neither near the crystal surface nor throughout the crystal.
Although we were not able to examine the smaller faces of the crys-
tals, such as the (1 0 3̄) face of sinapinic acid, the depth profiles from
repeated scans suggest that the distribution in other dimensions is
also uniform.

Ejection dynamics are quite different for different MALDI matri-
ces, and this has been correlated to different degrees of analyte
incorporation [11,34]. In particular, the initial velocities of analyte
ions ejected from 2,5-DHB are considerably higher, and the ions
more stable, than from 2,6-DHB, in which evidence suggests only
surface adhesion of the analyte [11]. This led to speculation that
other matrices with low initial analyte velocities like �-HCCA might
also belong to a class of matrices that do not incorporate analytes.
However, measurements using pH indicator molecular probes with
redissolved crystals give evidence for incorporation of protein ana-
lytes in single crystals of �-HCCA [15]. Our results clearly show
analyte incorporation in sinapinic acid, and the initial velocities of
analyte ions from sinapinic acid are quite close to those ejected from
�-HCCA and 2,6-DHB,

The results with DHB are consistent with the more indirect
depth profiles and spectrophotometric measurements of redis-
solved crystals by Strupat et al. [10] and of the confocal microscope
the different faces of sinapinic acid have very different hydropho-
bicity [12], and incorporation of dye-labeled proteins has been
reported to occur preferentially (or exclusively) on the hydropho-
bic face, resulting in an hourglass pattern of proteins on the (0 1 0)



48 H. Qiao et al. / International Journal of Mass Spectrometry 281 (2009) 41–51

F rgest
s nsecu
v tion (

f
p
t
s

3

d
s
d
l

ig. 8. MALDI images of cytochrome C observed in consecutive scans of (a) the la
ingle crystals, and (c) the largest face (0 1 0) of sinapinic acid single crystals. The co
ariation of intensity is probably a result of surface modification due to laser irradia

ace. Our results show no evidence of preferential incorporation of
ure proteins in sinapinic acid, consistent with the suggestion that
he hourglass result may be an artifact from unbound dyes in the
olution [13].

.3. Distribution of multiple analytes in single crystals
Although purified protein analytes appear to be homogenously
istributed within large single matrix crystals, we have observed
egregation between some analytes when the matrix crystal is
oped with a mixture [23]. For example, Fig. 10 shows the ana-

yte distributions of melittin and cytochrome C. It is obvious that

Fig. 9. The analyte distributions of BSA in a DHB single crystal, and th
face (1 0 0) of DHB single crystals, (b) the larger cross-section face (0 1 0) of DHB
tive scans provide a depth profile and demonstrate homogenous incorporation. The
see text).

they are not homogeneously distributed in the single large crystal,
but seem to segregate from each other.

To reduce the possibility of ionization artifacts in MALDI that
might produce this kind of a result, we have also used fluorescence
microscopy to examine single large crystals doped with the same
dye-labeled analytes. Fig. 11 shows simple fluorescence images of
(a) melittin labeled with TRITC (red), (b) cytochrome C labeled

with FITC (green), and (c) the superposed image of these two ana-
lytes. The contrast in this image is probably degraded by auto-
fluorescence and internal reflection, but the pattern clearly shows
segregation, consistent with the MALDI images of unlabeled pro-
teins (although different in detail). Better images of small crystals

e integrated mass spectrum. Two consecutive scans are shown.
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ig. 10. MALDI images of the analyte distributions of (a) melittin and (b) cytochrome
in a DHB single crystal, and the integrated mass spectrum. The composite image

s shown in (c). (To differentiate the colors in the composite image(s), the reader is
eferred to the web version of the article.)

ormed in dried-droplet samples (fast drying), obtained using con-
ocal laser scanning microscopy, are shown in Fig. 11d–f, and also
how segregation of the analytes.

Bouschen and Spengler have also observed segregation within
rystals formed in the dried-droplet preparation, and they have sug-

ested some dependence of the effect on hydrophobicity (which is
losely related to solubility), isoelectric point, analyte mass, and
olarity [24]. We have not done systematic measurements to quan-
ify such dependences, but our results do show a strong correlation

ig. 11. Flourescence images of (a) melittin-TRITC, and (b) cytochrome C-FITC in a single
ytochrome C-TRITC, and (e) substance P-FITC in crystals of DHB formed in a dried-dropl
lowly grown single crystal using the same analytes as in Fig. 10, and for smaller crystals f
eader is referred to the web version of the article.)
Fig. 12. The analyte distributions of enkephalin, substance p, and melittin in a sin-
gle DHB crystal. The three analytes have similar hydrophobicity, and no significant
analyte segregation is observed.

between segregation and hydrophobicity, particularly as calculated
with the B&B index [27], although it is not consistent with the
GRAVY index [28] in the case of substance p (see Table 1). The
analytes shown in Fig. 10 have very different hydrophobicity with
melittin being hydrophobic and cytochrome C hydrophilic. Two
three-component mixtures are shown in Figs. 12 and 13. In Fig. 12,
all three components are similarly hydrophobic on the B&B index,
and no segregation is observed. In Fig. 13, two components are sim-
ilarly hydrophobic on the B&B index, while the third is strongly
hydrophilic and appears segregated from the first two.

The absence of segregation of substance p and melittin in
Figs. 12 and 13 is in contrast to the results of Ref. [24] for the

same peptides in dried-droplet crystals. The difference here may be
related to the much more rapid formation of the crystals in a dry-
ing droplet, or the continuous diffusion of an equilibrium solution
during the growing of a large crystal.

DHB crystal, with the composite image in (c); and confocal scanning images of (d)
et, with the composite image in (f). Analyte segregation is clearly observed for the
ormed in a dried-droplet. (To differentiate the colors in the composite image(s), the
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Fig. 13. The analyte distributions of (a) substance p, (b) melittin, and (c) trypsin
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n a single DHB crystal. The two analytes with similar hydrophobicity (a and b) are
egrated from the third (c), which has opposite hydrophobicity. The composite image
s shown in (d). (To differentiate the colors in the composite image(s), the reader is
eferred to the web version of the article.)

The mass difference between the analytes, and the resulting
ifference in mobility may also play a role in the segregation phe-
omenon, which is observed in Figs. 10 and 13 where the mass
ifference (and ratio) are significant. However, this correlation
eems less compelling than the hydrophobicity correlation in our
esults. In Fig. 12, the mass ratio between enkephalin and melittin is
lose to that of melittin and cytochrome C (Fig. 10), but no obvious
egregation is observed. Moreover, in Fig. 14, the mass difference
etween cytochrome C and trypsin is similar to that between melit-
in and cytochrome C and again, no segregation is observed.

The mechanism of segregation is not understood, and is proba-
ly affected by many parameters including the concentration ratio
f analyte solution, the pH value, and the temperature of the matrix
olution in addition to the intrinsic properties of the analytes
entioned above. It is clear however that better reproducibility
n MALDI (and subsequently better quantification) depends on
aining more control over the segregation and incorporation phe-
omena. Imaging experiments such as those reported here can play
n important role in this type of investigation.

ig. 14. Analyte distributions of cytochrome C and trypsin in a single DHB crys-
al. Although the distributions are not perfectly homogenous, no segregation is
bserved.
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4. Conclusions

We have demonstrated the utility of a high resolution MALDI
imaging technique for examining analyte distributions in MALDI
samples, and in single MALDI crystals. The correlation between
smaller crystals and improved reproducibility was verified, and
direct evidence for exclusion of impurities in dried-droplet samples
was shown.

Purified proteins are incorporated uniformly throughout slowly
grown single crystals of DHB and sinapinic acid, with no evidence
for preferred crystal faces. In our preparation of dried-droplet sam-
ples, the crystals formed by fast evaporation also show reasonably
uniform distributions of purified protein analytes in the MALDI
images, although higher resolution confocal scanning fluorescence
images show some non-uniformity.

Mixtures of protein analytes incorporated in slowly grown DHB
crystals show analyte segregation, a phenomenon that appears to
be correlated with analyte hydrophobicity.
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