Enhanced MALDI Ionization Efficiency

at the Metal-Matrix Interface: Practical

and Mechanistic Consequences

of Sample Thickness and Preparation Method

Gregor McCombie and Richard Knochenmuss

Novartis Institutes of Biomedical Research, Basel, Switzerland

Electrosprayed spots of varying thickness were evaluated for use as reproducible, homoge-
nous, high efficiency MALDI samples. Thin samples on stainless steel plates were found to
give exceptionally strong signals, as did the last layers of thick samples, when ablated down
to the steel substrate. A small enhancement was also observed for thin samples on a gold
substrate, and with a few-nanometer gold coating on top of a thick sample. Ion yields and
intensity ratios can be understood in the context of the previously described quantitative
MALDI model including the matrix-metal interfacial ionization potential reduction effect
(Knochenmuss, R.; Anal. Chem. 2004, 76, 3179-3184). The absolute and relative stabilities of
ion signals were found to be at least a factor of two better for the thin electrosprayed spots,

compared to spots prepared by dried droplet methods.
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Ithough matrix assisted laser desorption/ion-
Aization (MALDI) mass spectrometry (MS) has

been highly successful and widely investigated
since its introduction in 1987 [1], both the underlying
ionization mechanisms and sample preparation meth-
ods remain objects of active study. These are coupled
topics since mechanistic understanding can allow ratio-
nal, rather than undirected, method development. Here,
we make use of a recently developed quantitative
model for UV-MALDI based on a two-step ionization
process [2, 3]. Primary laser-created matrix ions and
analyte neutrals undergo ion-molecule reactions in the
expanding ablation plume to yield secondary analyte
ions. The observed mass spectrum is determined by the
thermodynamics of these reactions. Because matrix and
analyte are explicitly coupled, the model proved particu-
larly suitable for understanding of practically relevant
phenomena such as ion suppression effects [4—6], which
have been shown to be very common phenomena [7].

A variant of this model has recently been developed for
thin samples on metal substrates [8]. This was motivated
by measurements of electron emission yields from
MALDI samples on metallic versus insulating substrates
[9], and suggestions that such electrons might neutralize
(positive) analyte ions during the desorption process [10].
The model gave excellent agreement with the electron
yield data, but this was not consistent with claims of
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higher analyte ion yields for samples on nonconductive
versus conductive substrates [9]. The major difference
between thick and thin samples is the interaction of matrix
molecules with the substrate, which can lower the ioniza-
tion potential of the combined system if the substrate is
metal. It was, therefore, theoretically expected that thin
samples on metal would yield higher, not lower, signals.
The present study was undertaken to investigate this
discrepancy and restore consistency to sample prepara-
tion strategy.

The method selected here to prepare homogenous
samples of variable thickness is electrospray (ES) dep-
osition of analyte/matrix solution [11, 12]. Electrospray
produces more uniform, fine-grained sample spots than
the more convenient and widespread dried droplet
technique, which tends to form large matrix crystals in
random locations. By varying the electrospray time, it is
also possible to make samples as thin as a few hundred
nanometers, but a few mm in diameter.

Our investigation confirms the theoretical expectations.
Thin samples on metal substrates are more easily ionized
than thicker ones, and this leads reproducibly to signifi-
cantly higher, not lower, analyte and matrix ion yields.
The enhancement depends on the metal used, in a manner
consistent with theory. We find no evidence for photoelec-
tron neutralization of positive ions.

Experimental

The home-built ES deposition system used a CTC-PAL
syringe autosampler (Zwingen, Switzerland) to dis-
pense the analyte/matrix solution. After aspiration of
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Figure 1.

Electrosprayed MALDI spots of reserpine and Substance P in DHB matrix; (325 mM DHB,

150 uM Substance P, 25 uM reserpine in methanol/CHCl;/H,0O 50:48:2). Spray times are indicated on
the top row, which is an optical image of the spots before MS acquisition. The second image shows the
sample after the MALDI measurement. Ten rows of laser ablation craters are visible, five each with 5
and 50 shots per crater. The distance between laser craters is 0.1 mm. The upper traces in the lower
panel show the Substance P signals summed over the five 5-shot columns. The corresponding data for
the 50-shot columns are below. The traces with symbols are the measured values. In the regions where
it is not set to zero, the solid line is the average value of the most uniform central region of each spot.

10 ul sample solution, 8.5 ul were ejected rapidly onto
an unused part of the sample plate to flush the tubing
and spray needle. This spray was pneumatically as-
sisted to prevent the formation of droplets that could
leave residue on the needle. The MALDI spot was
sprayed at a rate of 11 nl/s, with no pneumatic assis-
tance. The needle was positioned 6 mm above the target
plate and a potential of +5 kV was applied. The target
plate was moved manually between depositions.

All mass spectra were measured on a Voyager-DE
STR MALDI TOF instrument, (Applied Biosystems,
Framingham, MA). Reflectron mode and an accelera-
tion voltage of 20 kV were used. The acceleration pulse
delay was 175 ns. The 355 nm laser intensity was
around 100 units over the apparent threshold value
except for Figure 2, where it was about 100 units higher
still. The fluences for all experiments were within the
normal range for typical MALDI experiments. The
digitizer bin size was set to 2 ns. Single spectra were
exported to and analyzed using IGOR PRO (WaveMet-
rics, Lake Oswego, OR).

The MALDI instrument has been adapted for fast MS
imaging [13]. For every image point, 5-50 shots (mass
spectra) were averaged. The raster step size was 100
um. The images were directly analyzed using IGOR
PRO (Wavemetrics).

The Substance P/reserpine sample solution was
made up of 325 mM DHB, 150 uM Substance P, 25 uM
reserpine in methanol/CHCl;/H,O 50:48:2. The lipid
extract of mouse serum was performed using the
method of Schiller et al. [14], modified from Bligh and

Dyer [15]. Twenty microliters of serum were vortexed
with 75 ul methanol/CHCI; 2:1 for 1 min. After addi-
tion of 25 ul CHCl; the sample was vortexed again for
1 min. Then 25 pl of 40 mM acetic acid in water was
added and the sample was vortexed for an additional 1
min. After centrifugation the organic layer was used to
prepare the MALDI sample.

The matrix suppression effect (MSE) score was used
in some cases to evaluate the many spectra acquired. It
is defined as the summed analyte signals over the total
ion current from both matrix and analyte [7]:

> A

MSE e =G <
SA+OM

Where M are the intensities of predefined matrix signals
and A those of analyte. The MSE score calculation was
programmed in the intrinsic language of IGOR PRO
(WaveMetrics). The expected masses of analyte and
matrix were entered before analysis. These could in-
clude the protonated /deprotonated molecule, metal ion
adducts, and all isotopes. Peaks were only detected if
their intensity exceeded '/5, of the base peak. A MSE
score of zero indicates that no analyte was found; a
score of one indicates that no matrix signals were
present, and matrix suppression was observed.

Results

Figure 1 shows six spots of the same solution, electro-
sprayed onto stainless steel for varying times to control
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Figure 2. Substance P MALDI signals for sequential single laser
shots on electrosprayed samples of varying thickness. The sample
was 180 uM Substance P and 50 mg/ml DHB (325 mM) in
methanol/chloroform/water 50:47:3. After a high intensity for the
first shot the signal drops until the laser reaches the metal plate,
where the signal increases again.

the thickness of the sample. In spite of their polycrys-
talline nature, the thinnest spots were sufficiently flat
and transparent so that circular colored interference
fringes could be observed. From the radial fringe spac-
ing it could be inferred that the samples have a slightly
domed form with a relatively steep outer edge. From
the spray flow rate and the diameter of the spots,
approximate thicknesses could be estimated, and corre-
spond to a mean deposition rate of about 100 nm/s.

A very consistent feature of Figure 1 is that thinner
sample regions give distinctly higher signals. This is
apparent not only from the mean signal of the central
regions versus spray time/thickness, but also from the
sharp increase in signal at the thinner edges of the
spots. Closer inspection shows that the highest signals
are observed for those ablation sites where the laser has
penetrated to the stainless steel substrate. Compare, for
instance, the 6 s spots. Fifty laser shots were sufficient to
ablate through the sample (bottom), while five were not
(top). The total signal is about nine times higher for the
fully ablated rows.

The data of Figure 1 strongly suggest that the sample
layers nearest the metal give a large fraction of the
integrated ion signal. If so, a laser drilling experiment
should show a significant increase in yield when the
ablation crater reaches the substrate. This is demon-
strated in Figure 2 for spots of different thickness.
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Substance P exhibits a strong “first shot effect” [16] in
DHB matrix, suggesting some degree of segregation on
the surface. Alternatively, the first shot may ablate the
smallest crystallites with disproportionate efficiency
and yield [17]. Following the first shot, analyte signal
drops rapidly to a low value, where it remains until
shortly before the substrate is reached. Then a large
peak appears, as expected from Figure 1. The peak has
a significant tail since the ablation crater is conical
rather than flat, so after initial contact with the surface,
the edges of the crater also slowly ablate down to the
metal [18].

In addition to the overall signal level, relative inten-
sities of matrix and analytes are also important for
spectral quality, as is the reproducibility of the results
over a sample spot and between spots. MALDI imaging
[13, 19] was therefore used to examine thick and thin
electrosprayed spots, as seen in Figure 3. The molar
matrix to analyte ratio of 150 is known to give a
substantial matrix suppression effect (MSE) with a laser
fluence near threshold, for thick dried droplet samples
[7]. This is also the case here for the thick electrosprayed
spot. In contrast, the MSE scores for the thin spot are
low across the entire surface. (The ring with a high MSE
score is an artifact. The edge is so thin and signal is so
weak that the DHB signals were lost in the noise.) It is

1 mm

Figure 3. Optical and MALDI images of thick (left) and thin
(right) electrosprayed samples. The solution of 280 mM DHB, 1.9
mM reserpine in methanol/CHCI; 1:1 was sprayed for 40 s and
5s, respectively. Fifty laser shots were summed for each pixel. The
bottom micrographs show the spots before MALDI imaging, the
middle row after imaging. The top row is a matrix suppression
effect (MSE) score quantifying the relative matrix and analyte
signal intensities [7]. The MALDI instrument settings were iden-
tical for both images.
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Figure 4. MALDI mass spectrum (positive ion mode) of mouse
serum lipid extract in DHB matrix. The sample was prepared by
electrospray as described in the text. The marked signals were
used in the analysis of Figure 5.

important to note that the image acquisition parameters
such as the laser intensity were the same for both
images. The effect of a thin sample is, therefore, not
only a gain in intensity but also a reduction in MSE.
This appears to be analogous to the reduction of MSE
by increasing the laser fluence [7]. In both cases, larger
amounts of primary matrix ions are created, more than
can be consumed by reaction with analyte neutrals.
Relative analyte signals are also important for
MALDI applications and were investigated using se-
rum lipid extract, as shown in Figure 4. Two analytes
(marked A) were selected for comparing peak ratio
variability in two identically prepared spots. As seen in
the lower trace of Figure 5, the absolute signal levels
vary somewhat across each spot, but the middle trace
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Figure 5. Top: MALDI image of 2 electrosprayed spots of serum
lipid extract in DHB. The contrast is based on the intensity of peak
B of Figure 4. The spray time was 12 s. Bottom: summed intensities
for the two peaks marked A in Figure 4 over all pixels of each
column. Middle: Peak ratios of the two signals in the bottom row.
The symbols are the raw values and the solid line the average per
spot.
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Figure 6. Comparison of three MALDI sample preparation
methods. The same solution was used for the left and middle
spots: Substance P 180 uM, with matrix DHB 50 mg/ml (325 mM)
in chloroform/methanol/water 48.5:50:1.5. The left spot was elec-
trosprayed for 8 s, the middle was made by fast drying of a 0.75 ul
droplet, and the right spot made by slow drying of a droplet in
methanol/water 1:1 with the same analyte and matrix concentra-
tions. The MALDI images (2 middle rows) show the intensities of
the Substance P signal. Twenty laser shots were summed for each
pixel. The lower trace shows the summed intensities for this
analyte over all image columns.

demonstrates that the laterally averaged peak ratios are
very reproducible. The MALDI images show some mild
pixel-to-pixel variation in the peak ratio, but this is
spatially random, not systematic.

This is a very high degree of homogeneity and
reproducibility for MALDI samples [12, 20]. The cus-
tomary dried droplet method is seldom so effective,
especially for matrices such as DHB that do not leave
evenly distributed crystals upon drying. The relatively
slow crystallization process can lead to preferential
enrichment of some analytes at the edge and others in
the center of the spot [7]. Figure 6 compares electro-
spray, fast dried drop, and slow dried drop samples,
again for a sample of Substance P. The two MALDI
image rows demonstrate that the thin electrosprayed
sample yields considerably higher signal of Substance P
across the spot and is far more homogenous as well.
The lower trace is a sum over all pixels at a given
x-value, showing in a more quantitative fashion the
signal strength advantage of the thin electrosprayed
spot. Considering the center part of the sprayed spot
and only those pixels from the other two in which the P
signal is greater than the noise threshold, the average
signals versus spray = 100 (with standard deviation)
are: 100 (37), 48 (69), and 35 (91), from left to right. The
stability advantage of the sprayed spot is clear, even
neglecting pixels of the dried drops that give no signal.
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Discussion
Thin Sample on Metal

MALDI ionization yield at the matrix-metal interface
has already been considered in another context, that of
electron emission from MALDI samples [8]. Electronic
states of matrix molecules interact with the metal con-
duction band to lower the ionization potential of the
matrix, as illustrated in Figure 7 for DHB matrix. While
ionization in bulk matrix is energetically a three-photon
event, [2] for the surface layer it can become two-
photon. Simultaneous two- or three-photon excitation is
not required, energy storage in the first excited-state
and exciton hopping allow sequential multiphoton pro-
cesses to be important at rather low laser intensities
[21].

The reduction in the order of the matrix ionization
process from three to two makes it much more efficient
at a given laser intensity, as will be discussed quantita-
tively below. If matrix ion yield is increased, ion-
molecule reactions lead to increased analyte ion yield as
well, as has been shown and modeled in detail else-
where:[2-6, 22].

M"+A—-M+A"

The simplest condition for two-photon ionization of
the surface layer is that LUMO-derived orbitals fall
below the Fermi level and become populated. As is
clear from Figure 7, this is always the case for DHB on
stainless steel, since the LUMO itself is 0.1 eV below the
Fermi level. Every DHB molecule that is within tunnel-
ing range of the surface will exhibit a low ionization
potential. This picture is consistent with the data shown
above. DHB on stainless steel is found to uniformly
exhibit a strong surface-related signal enhancement.
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Figure 7. Schematic of molecular orbitals of DHB adsorbed on
the surface of stainless steel (a) and gold (b). The vertical axis is to
scale, with energy in eV versus the vacuum level. The metal
conduction band is on the left of each panel, free DHB on the right.
The free DHB ionization potential and LUMO energy are from
reference [32]. Adsorbed DHB on the metal surface is in the center,
the state splittings due to interaction with the metal are approxi-
mate.
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Figure 8. MALDI primary ion yields from the bulk matrix

surface (lower solid trace), and from a thin-layer of matrix on a
metal substrate (upper solid trace). The calculations were per-
formed with the models of references [3, 8]. The laser wavelength
was 355 nm and the matrix was DHB. Ionization is energetically
three-photon in the bulk and two-photon for the surface layer. The
dashed lines account for effective fluence increase due to reflection
of the substrate surface (30% represents gold and 50% stainless
steel). See the text for further details.

Since the relevant properties are known for DHB, the
surface-enhanced MALDI ion yield can be modeled [8],
as shown in Figure 8. This is predicted to be about two
orders of magnitude higher than for bulk matrix, at
typical MALDI laser fluences toward the right end of
Figure 8. The experimental single shot increase of the
surface layer signal versus higher layers can reach two
orders of magnitude as seen in the top panel of Figure
2. When multiple shots are summed, as in the images
shown above, net enhancements of about one order of
magnitude are typical, since not only the lowest layer is
sampled.

One test of this model is to take a different metal as
sample substrate. Gold is widely used due to its relative
chemical inertness. Figure 9 shows a MALDI image of
samples of varying thicknesses, similar to Figure 1. Half
of the substrate was native stainless steel, and half
sputter coated with gold (~35 nm). The familiar thin-
layer signal increase on steel is again apparent, but
much less pronounced on gold. Nevertheless, the gold
half of each image does show an enhanced ring on the
outer, thinnest part of the sample, so the phenomenon
occurs on this substrate as well.

A hypothesis for the smaller enhancement on gold is
shown in Figure 7. The Fermi level of gold lies 0.6 eV
lower than that of steel [23], so any ionization potential
reduction depends on the degree of DHB LUMO split-
ting due to surface interactions. If it is small, the surface
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Figure 9. Electrosprayed samples of varying thickness similar to Figure 1. The top two rows
are micrographs of the samples before and after MALDI image analysis. The stainless steel
substrate was covered with 35 nm gold on the top half before sample deposition. The bottom two
rows are MALDI images based on the DHB and Substance P signal as labeled on the figure. The
sample solution was the same as for Figure 6. The spectrum of each pixel was the sum of 50 laser

shots.

states will not be populated, and IP reduction will be
minimal. If it is near kT (including the surface heating
by the laser) of the Fermi level, some adsorbed matrix
molecules will exhibit enhanced ionization efficiency,
but not all. This situation is consistent with the weak
gold ionization enhancement. Apparently, only a frac-
tion of the DHB adsorbed on gold is able to undergo
efficient two-photon ionization.

Metal Coating on Thick Sample

The above data have demonstrated that the near-metal
matrix layer yields high MALDI signal. This should be
true not only for the matrix on a monolithic substrate,
but matrix near any metallic structure with an appro-
priate Fermi level. It has been demonstrated recently
that MALDI imaging can benefit from a few-nm surface
coating of gold or other metal (Markus, Stoeckli; in
preparation).

An example is shown in Figure 10, where half of a
thick electrosprayed sample was overcoated with gold.
The signal enhancement may be partially associated
with decreased surface charging [24] but charging af-
fects primarily the ion flight times and not the total ion
signal. The coating process creates many microscopic
regions of metal-matrix contact, all at the top of the
sample where the laser intensity is highest. This is a
situation that is advantageous for the interfacial IP
reduction effect.

On close inspection, the gold overcoat region in
Figure 10 appears to give a slightly greater average
enhancement than the thin sample regions on top of

gold in Figure 9. Comparing inner and edge regions of
a thick spot in Figure 9, an underlayer enhancement
factor of 1.3 = 0.3 was calculated. For the gold coated
halves of a spot in Figure 10 the corresponding factor is
1.6 = 0.8. The difference is not presently statistically
significant, but might warrant further investigation. The
gold overlayer is probably not homogenous but rather
forms small islands [25], which may be strongly heated
by the laser (see below). It is then possible that it is acts
as a thermal desorption substrate, similar to the cobalt
particles used by Tanaka et al. in early biomolecule
desorption/ionization experiments [26], or the graphite
particles that have subsequently achieved broader ap-
plication [27]. Other mechanisms such as charge scav-
enging and subsequent transfer to analytes can be
postulated but cannot be addressed with the present
data.

Surface Reflection

In addition to the surface state model proposed above,
increased yield due to laser reflection at the metal
surface was considered. The 1/e penetration depth of
355 nm light in DHB is about 350 nm [21, 28, 29], so the
last layers of matrix are relatively transparent. Reflec-
tion from the metal, therefore, increases the effective
fluence for these layers. Figure 8 compares the IP
reduction model with the ion yield omitting surface
interaction, but with an increased effective laser inten-
sity due to reflection from the surface. The intensity is
increased by the reflectivity of the surface minus any
absorption by the matrix. The reflectivity is 50% for
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5 nm gold

Figure 10. Optical image (upper) and DHB (MH") MALDI
image (lower) of an electrosprayed sample on stainless steel.
The sample solution was the same as for Figure 6. After 30 s
electrospray, 5 nm of gold was sputter deposited on top of the
left half. Fifty laser shots were summed for each spectrum of the
image.

stainless steel [30] and 35% for gold (e.g., www.mic-
d.com/curriculum/lightandcolor/mirrors.html) at 355
nm, equivalent to a shift of the bulk matrix ionization
efficiency curve to the left (dashed curves). For typical
fluences, this gives modest yield increases of less than
an order of magnitude. As shown above for the drilling
experiment, this is insufficient to account for the effects
observed.

Surface Heating

Consider first a thin metal layer comparable to the
evaporated gold overcoat above. If the layer is of a
thickness comparable to the skin depth, all energy
deposited remains in the excited volume, and the tem-
perature increase due to the laser pulse is:

1-£)
C,pAd

p

AT:IO

Where I, is the incident laser pulse energy, f, is the
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fraction of reflected energy, C, the heat capacity, p the
density, A the irradiated area, and 6 the skin depth (5
nm for gold, approximately 30 nm for stainless steel).
The ratio AT(Au)/AT(SS) is independent of pulse en-
ergy and spot area, and has the value 12.7, that is, a gold
layer exhibits a much bigger temperature jump than a
steel layer.

Thermal conductivity decreases the peak tempera-
ture of a thick metal layer during a nanosecond laser
pulse, since thermal diffusion over short distances is
fast. The general diffusion equation can be reduced to
one-dimensional form for the present problem, since
the skin depth is very small compared to the laser spot
diameter:

T d°T .
T @
Where a = A/pC, and A is the thermal conductivity
(317 W/(m-K) for gold and 13-16 for SS). For a very
short laser pulse, an exponential temperature distri-
bution is created in the metal with a 1/e depth = 6.
For gold, dT/dt is then 2 X 102 AT (K/s), where AT
is the temperature difference between the surface and
depth 6. This diffusion rate shows that a 35 nm gold
layer on steel, as used in the above experiments, is
not the limiting factor in thermal relaxation from the
irradiated surface. The gold layer becomes nearly
uniformly heated during a few-ns 355 nm laser pulse,
and further thermal energy transport into the bulk is
limited by the conductivity of the underlying stain-
less steel. The peak temperature ratio for the gold and
SS surfaces used in our experiments is therefore as
calculated above, but with the gold skin depth re-
placed by the layer thickness. The ratio AT(Au)/
AT(SS) then has the value 2. The gold surface be-
comes at least as hot as the steel surface.

Finally, the theoretical considerations above were
confirmed by 1-dimensional finite element simulations.
Stainless steel and 35 nm gold on stainless were simu-
lated under irradiation by a 6 ns full width, 355 nm, 40
mJ/cm” temporally Gaussian laser pulse. As expected,
the peak temperature of the thin gold layer was higher
than that of the uncoated steel: 665 versus 610 K (initial
temperature = 298 K).

The above considerations show that a thermal mech-
anism is incompatible with the observed differences in
ionization behavior on gold versus steel, or with a gold
overcoat. The latter case is particularly notable; the
substantially higher temperature that should be
reached in the thin overcoat versus the bulk metal
surfaces ought to have a dramatic effect on ionization
efficiency in a thermal model. Instead, a statistically
insignificant difference was observed.

Sample Morphology versus Thickness

While electrospray generally gives quite uniform
samples, vertically stratified morphology variations
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may be possible. Since morphology can play a role in
MALDI efficiency [17, 31], this factor was also con-
sidered. The hypothesis is that near-surface crystals
might be more MALDI-active than bulk or top layer
crystals because of varying formation processes dur-
ing electrospray.

Strong evidence against this hypothesis is found in
Figure 10. Matrix crystal morphology of the thick
sample with the gold overcoat cannot be correlated
with surface effects during electrospray, yet metal-
induced enhancement is clearly observed. In addi-
tion, optical micrographs of our samples were taken
after preparation and after MALDI measurement (i.e.,
several hours in vacuum). Both unpolarized and
polarized light were used. Polarization increases con-
trast between crystals, which aids in evaluation of
sizes and distributions.

While more small crystals were present in fresh
samples compared to those after several hours in vac-
uum, no difference was observed at any time in crystal
sizes or shapes between thin or thick samples. This
qualitative conclusion was supported by analysis of the
micrographs by 2-D Fourier transforms and particle-
finding algorithms.

Conclusions

This work has explored practical and mechanistic
aspects of electrospray MALDI sample preparation
techniques on metal substrates. Using DHB as matrix,
substantially increased ionization efficiency for thin
samples on stainless steel was found, compared to
thick samples. Ion suppression effects are also re-
duced and signal ratios are more stable. Comparison
with dried droplet preparations demonstrated a fac-
tor of 10-100 better signal for the thin electrospray
method, and much better homogeneity and reproduc-
ibility.

The thin sample enhancement effect is also observed
on gold substrates or for thick samples with a gold
overcoat, but is much weaker. The observations can be
rationalized by a model based on a matrix-metal inter-
facial IP reduction effect [2, 3, 8]. DHB matrix ionization
requires the energy of three 355 nm photons in the bulk,
but only two at the steel surface. This increases DHB
ionization rates at the surface, and analyte yield is
subsequently increased by ion-molecule reactions with
matrix ions. Enhancement is dependent on population
of matrix-metal surface states, leading to the different
behavior of gold and steel substrates. It should also
vary with matrix choice. Yields of thick versus thin
samples on steel are well described by a quantitative
model derived from that used for the bulk matrix [2, 3,
8].

Alternative mechanisms for the surface-enhanced
yield, such as laser reflection at the surface, metal-
dependent surface heating, and vertically stratified ma-
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trix crystal morphology were evaluated and found to be
incompatible with the data. Since ionization enhance-
ment is observed in positive polarity, these results raise
substantial questions regarding reports of reduced sig-
nal via neutralization by photoelectrons from the metal.
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