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Kinetic Energy of Free Electrons Affects MALDI Positive lon Yield via Capture
Cross-Section
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A method for enhancing positive analyte ion signal in MALDI is described. The idea is based on influencing
the kinetic energy of free electrons emitted from the organic/metal interface. It has been recently shown that
free electrons in MALDI have energies around 1 eV. This energy is close to the maximum capture cross-
section of most common MALDI matrices, leading to the efficient formation of negative matrix ions. This
results in the reduction of the positive analyte ion yield. The effect can be minimized by shifting the kinetic
energy of the electrons away from the maximum of the matrix capture cross-section by choosing a different
substrate material.

Introduction Recently, the effects of the sample preparation and of the
target material were interpreted in a new fashibinwas found

that a substantial number of photoelectrons are emitted from
the metal targé®#1° under laser irradiation, when only a thin
MALDI sample is present. It was already suspected by Karas
and co-worker® that electrons play a role in MALDI, although
these workers assumed that electrons originate only from matrix
photoionization (in the case of positive ions) or from reaction
with protonated matrix species (in case of negative ions). The
presence of electrons may play a major role in suppressing
positive ion signal of analytes as well as decreasing detection
limits. In work from this laboratory an increase by more than

2 orders of magnitude of positive ion signal of bovine serum
albumin and bradykinin was demonstrated when electron
r1r%hotoemission was absent; a substantial improvement in mass
résolution was also achieved.

In this work, we take a closer look at the photoelectrons
emitted from a MALDI target. We found that electrons with
particular kinetic energies are primarily responsible for reducing
the positive ion signal. A way to influence the electron energy
and to increase positive analyte signal is discussed.

Since its invention, matrix-assisted laser desorption/ionization
mass spectrometry (MALDI) has become a powerful technique
for studying biological molecules and polymérs.MALDI is
a soft ionization method, i.e., little or no fragmentation occurs,
which makes identification of intact molecules straightforward.
There are numerous open questions about how to optimize
MALDI parameters to increase the ion yield or the shot-to-
shot reproducibility. It is well-known that the ion yield in
MALDI is very low, on the order of 10%*%> A better
understanding of the ionization/desorption mechanisms is
required to explain various processes responsible for ion
formation in MALDI. Several models of ion formation have
been proposed for MALDY; 8 and a number of experimental
approaches have been suggested toward signal enhanceme
including improved sample preparation and proper choice of
matrix/analyte ratid~1! Significant signal improvements were
found when various special MALDI targets were udéd® In
one example, a sample support coated with a thin layer of Teflon
that carries an array of 2Q@m gold spots was used, which
provides hydrophilic anchors for the sample. The detection
sensitivity for several standard peptides was increased to 100 i .
amol2 In another example, a thin film of paraffin attached to EXPerimental Section

a standard StainESS steel sample support was employed for the The experiments were performed on a Fourier transform ion
analysis of DNA™ The authors showed a fivefold decrease in cyclotron resonance (FT-ICR) mass spectrometer that consists
detection limits, as well as improvement of the shot-to-shot and of 3 home-built vacuum system, a 4.7 T superconducting magnet
sample-to-sample reprpdumb!hty. In similar research on tryptic (Bruker, Fdlanden, Switzerland), and commercial control
peptides, a hydrophobic coating based on 3M Scotch Gard onglectronics and data acquisition (lonSpec Corp., Lake Forest,
the MALDI plate results in spot size reduction and increased ca). A home-built open cylindrical cell was used for trapping
detection sensitivity* However, often the explanations for these the'ions. The instrument has an internal MALDI source with a
effects are either not fully described in the literature or not based target that was positioned 2 cm from the cell. For laser
on any physical effects. In most cases, a smaller sample spolgesorption/ionization, the third harmonic of a Nd:YAG laser
size and thus a higher local concentration of the analyte in a (Continuum, Minilite ML-10, U.S.A.) at 355 nm with a 5-ns
spot was the only reason given for the improvement in pyise width was used. The laser spot diameter was/860
sensitivity. Experiments were performed both in negative and in positive
modes. Bradykinin was purchased from Bachem AG (Switzer-
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10.1021/jp053343y CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/22/2005




MALDI Positive lon Yield J. Phys. Chem. A, Vol. 110, No. 3, 200827

sulfur hexafluoride from Aldrich (Buchs, Switzerland). HCCA
was dissolved in a buffer containing 80% acetonitrile (ACN),
0.1% trifluoroacetic acid (TFA), and 20% water. DHB was
dissolved in methanol. Both HCCA and DHB were used with-
out further treatment or purification. MALDI samples were
prepared using a standard “dried droplet” method at a matrix/
analyte concentration ratio of 100:1. Spectra were obtained
by averaging over a large area, with the laser beam being
scanned continuously and randomly over the sample. Typically,
50 scans were co-added for each measurement. The mean ¢
multiple measurements was taken for each data point. To
determine the error bars of the data, one standard deviation
from the mean was calculated. The standard deviation of I mm

the peak intensities was determined experimentally to be in Figure 1. Light microscope images of 2,5-dihydroxybenzoic acid

o (DHB) crystallized on (a) a stainless steel substrate and (b) a gold
g(eperr?ggitsl'\SZO/o for all MALDI and electron capture substrate. The typical needlelike crystal morphology of DHB is observed

. . . . on both substrates. The difference in constrast is an artifact due to
Stainless steel and nickel sample supports were machined in-ifferences in the illumination conditions. The spaces between crystal

house, and a gold support was made by vapor deposition of aneedles result in the underlying metal surface being exposed to the

300-nm gold layer onto a standard stainless steel support. Thelaser beam, which has a diameter of 900. Therefore, production of

deposition of gold was performed in-house on a commercial Photoelectrons from the organic/metal interface should always be

coating machine (MED 020, Bal-Tec, Liechtenstein). Light POssible-

microscope images were taken on a standard instrument (BH2,

Olympus) with reflected Iight illumination. . The work function for nickel is 5.04 eV, for stainless steel is
Electrons cannot be directly measured in a FT-ICR cell 4.6 eV, and for gold is 5.1 eV. The photon energy corre-
because of their high cyclotron frequency.c3itiffer gas was  sponding to the third harmonic of a Nd:YAG laser is 3.49 eV.
therefore used to detect free electrons indirectly. It is well-known Thys we do not expect photoelectrons from pure metals due to
that Sk is an efficient electron scavenger with a maximum |aser jrradiation. However, it has been demonstrated that the

cross-section at an electron energy close to O'%&Migher  presence of an organic layer on a metal surface leads to an
kinetic energy electrons are captured after inelastic scatteringintense electron emission from the metal/organic interfacé.
of electrons from SEgas molecules. The number of SHons This effect can be rationalized to result from the reduction of

is thus proportional to the total number of electrons emitted the metal work functiof3! For a single-photon process, a linear
from the MALDI target. The SE was introduced into the ICR - dependence of the electron yield on laser pulse energy is
cell through a leak valve (RME 005, Pfeiffer Vacuum, Swit-  expected. An alternative explanation is based on the idea that
zerland) to a pressure of & 1(TG. Torr. lons and electrons  matrix—analyte complexes may exhibit ionization potentials
produced upon laser irradiation drifted into the field-free region |ower than that of the pure matrix, enabling two-photon
of the open cell and became trapped using gated trapping withjgnjzation by typical MALDI lasers (Nlaser, 337 nm, or tripled

a potential well of 10 V. After an appropriate delay time, all Ng:yAG, 355 nm)?2 In this case, a quadratic dependence on
ions of the selected polarity were excited by chirp excitation |55¢r pulse energy would be expected.

and detected.

The experimental data in Figure 2 were fitted by both linear
(y = ax) and quadraticy(= ax?) functions, using commercial
software (Igor Pro V4.08, Wavemetrics, Lake Oswego, OR).
The coefficients of the fitted curves were calculated on the basis
of minimizing the value of the chi-squarg?. x? is defined as
Sy — yi)lei)?2 wherey is a fitted value for a given point; is
the measured data value for the point, ands an estimate of
the standard deviation foy;. All fits were restricted to go
through the origin, because no photons will yield no electrons
and no Skion signal; simply fitting the data points with linear
or quadratic functions would sometimes lead to a finite intercept,
which is, of course, incorrect.

It has been shown recentfythat emission from a stainless
steel plate covered by a thin layer of an organic matrix has a
roughly linear dependence on the laser pulse energy in the range
of laser energies up to 0.25 mJ (8 MWAmalthough this has
been challenge#. For this reason, the dependence of photo-
electron emission of different metals such as nickel, stainless
steel, and gold covered by a thin layer of DHB was carefully
investigated in the present work. As mentioned in the experi-
mental part, electrons can be detected by measuring tkie SF
ion signal. Figure 2 shows the §Fsignal intensity versus laser
energy for stainless steel (a), gold (b), and nickel (c). As clearly
seen from the fits in Figure 2, the linear dependence fits better
for all metals studied, thus supporting a one-photon process for
photoemission. While a one-photon process is the simplest and
most straightforward explanation of these data, alternative

Figure 1 shows microscope images of DHB deposited on Scenarios are possible: for example, deviation from quadratic
stainless steel and gold substrates, respectively. The closé€havior would be expected for a two-photon process if
similarity of the crystal morphology on both gold and stainless saturation occurs; however, this usually does not lead to a clean
steel substrates suggests that sample morphology does not affedtnear power dependence. Also, a composite model including
the ionization process of the sample. Therefore, significant Sequential two-photon ionization of matrix in parallel with
changes in ion signal intensity due to the morphology of the excited-state energy pooling has been prop&seuhich did
sample are unlikely. The spaces between the crystal needles of1ot yield a quadratic power dependence.

DHB are relatively large, and the underlying metal surface will Because a metallic MALDI target can be a source of
always be exposed to the laser beam. Thus, the emission ofelectrons, the presence of these electrons in the MALDI plume
photoelectrons from the organic/metal interface will be possible can affect the positive ion yield and can lead to a predominance
from all such samples. of negative ions. The interaction of electrons with matrix ions

Results and Discussion
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Figure 2. Sk~ ion signal as a function of laser energy= 355 nm)

due to electron emission from (a) stainless steel, (b) gold, and (c) nickel.
The dashed line is a quadratic function fit=t ax?), and the solid line

is a linear function fit Y = ax). 2 is defined asi[(y — vi)/ai]? where

y is a fitted value for a given poin; is the measured data value for
the point, and; is an estimate of the standard deviation yprin all
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Figure 3. Plot of the electron capture cross-section of DHB, showing
the total negative ion current (circles) and the ion current of deproto-
nated DHB, [M— H]~, vs incident electron energy. The resonance at
0.85 eV is clearly observed. Reproduced with permission from ref 23,
copyright ISI publications.

The maximum of the capture cross-section is observed at around
0.85 eV. In this work, the two of the most widely used MALDI
matrices, DHB and HCCA, were employed.

Following formation of [M— H]~, negative matrix ions can
further interact with positive analyte ions in the plume, leading
to suppression of the positive ion signal

[M —H]” + AH" —[M — H] + AH 2)
In our FT-ICR setup, the sample substrate was directly con-
nected to a voltage. We were thus able to control the kinetic
energy of electrons by applying different voltages to the
substrate. This, in turn, allowed us to control the number of
negative matrix ions produced, affecting the rate of reaction 1.
Although this is technically rather difficult to implement, and
the energy of the analyte ions is also affected by changing the
kinetic energy of the electrons, it is the reaction of the electrons
with neutral matrix molecules, which is of primary interest here.
Control of the rate of reaction 1 is possible not only by applying
a voltage to the MALDI plate, but also by changing the material
of the plate (work function). In the work of Gorshkov et &.,
the electron energy distribution for stainless steel and gold was
measured. It was found that the maxima for stainless steel and
gold are around 1 and 0.55 eV, respectively. Thus, by substitut-
ing the stainless steel plate with gold, the electron energy is
changed from 1 to 0.55 eV. For DHB, this results in a shift

cases, the data is better represented by a linear fit, supporting a onegway from the maximum capture cross-section. In Figure 4a,

photon process for electron emission.

in a MALDI plume has been suggested to occur by the following
reactiont”

M+e —[M—H] +H 1)

the negative-mode mass spectrum of DHB deposited on a
stainless steel sample support is shown. The most abundant peak
is 153 Da corresponding to [M- H]~, which is formed by
electron capture dissociation. Figure 4b shows the mass spectrum
of the same compound deposited on a gold plate. It can be seen
that the peak at 152 Da, corresponding to M Hj]™, is

Electron capture by M has a cross-section that varies with the predominant in this spectrum. This fragment has already been

kinetic energy of the electrons. In the work by Asfandiarov et
al.?®24 electron capture cross-sections for typical MALDI
matrices were measured. In their work, the investigated mol-
ecules were irradiated by electrons of controlled energyl®
eV) in a vacuum of 10* Torr, and the electron capture cross-

section was plotted as a function of the incident electron energy.
These authors found that the maximum cross-sections for DHB,

sinapinic acid, and nicotinic acid are around 1 eV; for caffeic

observed by other research grodp%; but its origin is not
completely clear yet. It has been shown by Boufi¢hat the

152 Da fragment appears only above a laser pulse energy of 19
uJ. A similar observation was reported by Kafast al. In
normal MALDI as well as on the gold substrate, we propose
that the 152 Da peak is formed by the loss of a hydrogen radical
from the deprotonated DHB, resulting in a cyclic resonance
structure that involves the carboxyl group and the hydroxyl

acid, it is 0.6 eV; and for HCCA, it is around 0.2 eV. As an group in position 2. On the stainless steel substrate, the energy
example, the measurement of the capture cross-section for DHBof the emitted photoelectrons is in resonance with the maximum
vs electron energy, taken from ref 23, is shown in Figure 3. capture cross-section of DHB, i.e., electron capture rather than
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Figure 4. Negative-mode MALDI mass spectra of 2,5-dihydroxybenzoic acid (DHB) deposited on (a) a stainless steel plate and (b) a gold plate.
The decreased number of [M H]~ ions in the case of the gold substrate slows the rate of reaction 2, thus preventing the neutralization of positive
analyte ions. Standard deviation of the MALDI peak intensities was20B%6.

deprotonation will be the dominant process. Electron capture
can take place on every electronegative atom of DHB, and | @
subsequent loss of a hydrogen radical is expected to be the
pathway for formation of [M— H]~. The reaction to [M—
Ho]~ will not necessarily involve the adjacent carboxyl and
2-OH groups, i.e., the formation of the stabilized cyclic
resonance structure is less probable. In many instances, the [M
— H]*~ at m/z = 153 will thus survive.

The key result obtained from the data in Figure 4 is that the
negative ion yield is greatly decreased when going from stainless
steel to gold, by about a factor of 2. This is interpreted to be a 0;60 50 200 750 200
direct result of a lower capture cross-section, as the kinetic miz
energy of the electrons is shifted from its maximum at 1 eV
(stainless steel) to 0.55 eV (gold). Shifting the electron energy
from the maximum changes the rate of reaction 1. Our
interpretation is that decreasing the number of negative matrix
ions in the MALDI plume will decrease the total number of
negative charges in the plume and prevent the neutralization of2" ]
positive analyte signal. 8

In the case of HCCA, the energy of photoelectrons emitted =
from either stainless steel or gold does not coincide with the
capture cross-section maximum of HCCA. However, it was
founc®* that the formation of the main fragment [M CO,]~
has a maximum at an electron energy of 0.5 eV in negative ion %0 150 200 250 300
mass spectrometry. This energy corresponds almost exactly to miz
the energy of photoelectrons emitted from gold. Figure 5 shows
a negative-mode mass spectrum of HCCA deposited on stainlesgigure 5. Negative-mode MALDI mass spectra af-cyano-4-

steel and gold. As can be clearly seen in Figure 5b, the formation nYdroxycinnamic acid (HCCA) deposited on (a) a stainless steel plate
o g . and (b) a gold plate. Standard deviation of the MALDI peak intensities
of [M CQ,]” is a predominant process on the gold plate. was 15-20%. Since the formation of the [M CO;]~ fragment peaks

Figure 6 shows the spectrum of bradykinin on stainless steel at an electron energy of 0.5 eV, and the kinetic energy of photoelectrons
(a) and gold (b) plates. All the experimental conditions such as emitted from gold is around 0.55 eV, the intensity of the fMCOy]
laser power, sample preparation, analyte concentrations, and sdragment it is more pronounced on the gold substrate.
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1007 decrease the number of negative matrix ions, which led to an
increase in analyte signal in positive ion mode.
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