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ABSTRACT: Since its development, MALDI has proved its performance in the analysis of intact biomolecules up to high molecular
weights, regardless of their polarity. Sensitivity of MALDI instruments
is a key point for breaking the limits of observing biomolecules of
lower abundances. Instrumentation is one way to improve sensitivity
by increasing ion transmission and using more sensitive detection
systems. On the other side, improving MALDI ion production yields
would have important outcomes. MALDI ion production is still not
well-controlled and, indeed, the amount of ions produced per laser
shot with respect to the total volume of desorbed material is very low.
This has particular implications for certain applications, such as
MALDI MS imaging where laser beam focusing as ﬁne as possible (5−
10 μm) is searched in order to reach higher spatial resolution images.
However, various studies point out an intrinsic decrease in signal
intensity for strong focusing. We have therefore been interested in developing silicon mask systems to decrease an irradiated area
by cutting rather than focusing the laser beam and to study the parameters aﬀecting sensitivity using such systems. For this, we
systematically examined variation with laser ﬂuence of intensity and spectral resolution in MALDI of standard peptides when
using silicon-etched masks of various aperture sizes. These studies demonstrate a simultaneous increase in spectral resolution and
signal intensity. Origin of this eﬀect is discussed in the frame of the two-step ionization model. Experimental data in the low
ﬂuence range are ﬁtted with an increase of the primary ionization through matrix-silicon edge contact provided by the masks. On
the other hand, behavior at higher ﬂuence could be explained by an eﬀect on the secondary ionization via changes in the plume
dynamics.

M

ALDI1,2 is nowadays (along with ESI3,4) the most
widely used method for ion production because of the
large variety of analytes accessible by these two techniques.
This is particularly true for biomolecule analysis, as
demonstrated by the number of studies where these methods
are used for various ﬁelds of biological applications including
proteomics, lipidomics, and metabolomics.
However, despite more than 20 years of successful use and
improvement in instrumentation, mechanisms governing ion
production in MALDI are still debated in the community. Since
MALDI introduction, many eﬀorts were made to study the
desorption/ionization process by various means, ranging from
experimental observations on conventional systems to the
design of speciﬁc experiments or theoretical calculations,
searching for rationalizing important parameters governing
MALDI phenomenon in a uniﬁed model. Despite a progressive
comprehension of the theory and elaboration of diﬀerent
models5−9 of MALDI, a clear control on ion production is still
© 2014 American Chemical Society

lacking. This leads to important limitations in the sensitivity of
MALDI. Indeed, it was shown that ions/neutrals ratio in the
ejected material is extremely low (10−3−10−4 depending on the
experimental conditions10), meaning that only very few
desorbed molecules will turn to be detectable ions at the end
point. Possible increase of ion yields even by a factor of 5−10 is
therefore a challenge but would considerably improve analytical
performances of MALDI. This has particular implications for
certain applications where the amount of analytes might be low,
such as certain proteomics analyses or when analyses require
high spatial resolution (i.e., small spot size such as 10 μm) like
for MALDI MS Imaging applications.11−14 For the latest,
spatial resolution has considerably improved over the past
years, and images were generated down to a laser spot size of
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Figure 1. (a) Photo of a whole silicon mask and (b) SEM picture zoomed on a portion of the total mask, showing regularly spaced square apertures
(250 μm) with the edge perpendicular to the surface of mask.

(5−10 μm).15−19 Even though many improvements were
performed, the low amount of material sampled at this spot size
made it diﬃcult to analyze compounds with the lowest
representation. Particularly, in such conditions, an increase in
signal intensity via an increase in the number of produced ions
would be of clear beneﬁt.
We were, thus, interested in studying the evolution of the
single intensity with laser ﬂuence for smaller spot size. For this
purpose, we searched for a simple, low cost system that we
could easily use on various MALDI mass spectrometers and
that could provide access to various spot sizes. We chose to
develop silicon wafer masks that can be applied on top of the
sample to decrease the irradiated area by simply cutting out the
incident laser beam instead of using a conventional system for
increasing laser focusing. We tested masks systems on two
MALDI-TOF instruments and studied the evolution of ion
signal (intensity and spectral resolution) with laser ﬂuence and
spot size. Several geometries of masks were studied and,
interestingly, we observed that for certain mask geometries, the
signal was not only maintained to its original intensity but even
increased. Here, we systematically studied this eﬀect in order to
elucidate its possible origin and determine to what extent we
could obtain an increase in signal intensity.

apertures, the distance matches the laser spot diameter and
allows the irradiation of a single aperture. For mask arrays, since
the distance is much shorter than the laser diameter, several
apertures are irradiated during one experiment.
MALDI MS Analysis. MALDI-TOF Analysis. For analysis on
the MALDI-TOF instrument (Voyager DE-STR Elite, Applied
BioSystems, Framingham, MA), MALDI samples were
prepared from aqueous solutions of standard peptides,
including bradykinin (m/z 1060, 5.10−6 mol/L) and bovine
insuline (m/z 5734, 5.10−5 mol/L). For these experiments, αcyano 4-hydroxycinnamic acid (HCCA) at a concentration of
20 mg/mL in acetone (saturated solution) was used as the
matrix. Samples were deposited according to either the dried
droplet or thin layer21 preparation methods and deposited onto
an ITO glass slide mounted on a sample plate and allowed for
microscopic observation. Brieﬂy, for thin layer preparation, 1
μL of matrix solution was deposited on the support and 1 μL of
analyte solution was added on top of the dried matrix layer. For
dried droplet preparation, 1 μL of analyte solution was
deposited on the ITO slide and 1 μL of matrix solution was
added on top before sample crystallization. In both
preparations, the sample was left to dry at RT. The thin layer
preparation was used to ensure the production of highly
homogeneous samples in terms of crystal density.
Masks were maintained on top of the sample preparation
using a brass thin plate showing a window the size of the wafer
and placed above it. This brass plate was itself ﬁxed on the ITO
glass slide using a double side conductive tape carbon adhesive
tab (Euromedex). This setup allows the mask to be positioned
on top of the glass slide, serving as a sample support making a
direct contact between the mask and the sample preparation.
Mass spectra were acquired on the MALDI-TOF instrument in
the positive linear mode using an extraction delay of 100 ns and
an acceleration voltage of 25 kV. These parameters optimize
the analyte peak intensity in the mass spectra recorded without
a mask. The incident angle of the used laser to the normal of
the sample plate is 45°.
MALDI-TOF/TOF Analysis. For the experiments performed
on the MALDI-TOF/TOF instrument (Ultraﬂex II, Bruker
Daltonics, Bremen, Germany), the Pepmix powder (Bruker
Daltonics, Bremen, Germany) was reconstituted in 150 μL of
H2O (TFA 0.1%) and then equally mixed with a solution of
HCCA at 10 mg/mL in AcN/H2O (TFA0.1%) (7:3, v/v). The
solution was manually sprayed at the surface of an ITO glass
slide using an electrospray nebulizer attached to a 500 μL
syringe, and the ﬂow rate was set to 4.2 μL/min. The nebulizer
was moved uniformly throughout the center of the ITO glass

■

EXPERIMENTAL SECTION
Masks Manufacturing. Masks realized with silicon
substrate ⟨100⟩ of 200 μm of thickness, structured by DRIE
(deep reactive ion etching) have been used.20 It consists of a
series of etching steps with SF6 gases and passivation with C4F8
gases. The passivating steps are used to protect the side faces of
structures during the etching step so that it occurs only in the
depth direction. The etching rate obtained under these
conditions is 4 μm/min. Twelve micrometers thickness of
photosensitive resin layer AZ9260 is used to protect the areas
not etched. The realized masks are 60 μm thick with square
apertures of various side dimensions of 25, 50, 100, 250, and
500 μm. In this manufacturing procedure, the apertures present
straight edges, perpendicular to the wafer section. For each
wafer, network apertures were made according to a deﬁned
raster. For conventional masks, this raster was created to obtain
apertures spaced by about 120−150 μm side-to-side. For
certain experiments, masks with apertures spaced by shorter
distances (10−20 μm side-to-side) were designed, and these
were referred to as mask arrays. On one wafer, we can
manufacture up to 9 of these rasters, whatever the distance
between apertures (conventional mask or mask array) (Figure
1). For conventional masks with 150 μm distance between
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Figure 2. Evolution with laser ﬂuence of the analyte signal intensity (normalized to the spot area) recorded on the MALDI-TOF/TOF Ultraﬂex II
system for two diﬀerent analytes and four diﬀerent spot sizes: 127, 112, 95, and 70 μm. (a) Protonated signal of ACTH Clip (1−17) at m/z 2093
and (b) protonated signal of Somatostatin at m/z 3147. Vertical bars indicate the RMS.

slide by covering an area of approximately 4 cm2 for 45 min to
ensure uniform matrix-pepmix application.
Masks presenting an aperture size of 50 and 100 μm were
then consecutively placed at the surface of the homogeneous
layer of the matrix−pepmix layer. The sample was then
analyzed using the Ultraﬂex II mass spectrometer equipped
with a Smart beam (355 nm, third harmonic of a Nd:YAG
laser) having a repetition rate up to 200 Hz and an incidence
angle of 60° to the normal of the sample plate. This laser has a
speciﬁc energy proﬁle, homogeneous on time average, since it is
patterned by a rotating grid in order to provide many rotating
high-energy points in the proﬁle (see Holle and co-workers22).
The MALDI-TOF/TOF ion source is constituted by two
extraction regions, enabling it to work in the delayed extraction
mode. In order to optimize spectral resolution, voltages applied
on the plate and the ﬁrst extraction grid are adjustable, as well
as the delay time. The focusing system of the instrument is
made by Einzel lenses located just after the second extraction
grid of the ion source. The instrument is equipped with a two
stages reﬂectron but mass spectra were recorded in linear
positive mode and were averaged on 200 laser shots per
aperture at the mass range of m/z 0−4500, a delayed extraction
of 150 ns, and a frequency of 100 Hz. Four diﬀerent laser
focusing regimes preset in the instrument were used. For all
laser spot dimensions, the energy was increased from 0 to
100%, considering the following settings: oﬀset 65 and range
35. The voltages for the ion source 1, ion source 2, and lens
were set at 25, 23.65, and 6.45 kV, respectively, with a delayed
extraction of 100, 150, and 250 ns.
All experiments were conducted in triplicate, and the
resulting mass spectra were processes using FlexAnalysis 3.0
(BrukerDaltonics, Bremen, Germany). A baseline subtraction
was applied on all mass spectra and for the m/z 757 ([M + H]+
ion signal of Bradykinin (1−7)), m/z 2093 ([M + H]+ ion
signal of ACTH Clip (1−17)), and m/z 3147 ([M + H]+ ion
signal of Somatostain).
Laser Spot Diameter Measurement. For all laser focusing
regimes, the corresponding spot dimensions was measured after
irradiation of a thin matrix layer of HCCA. For this, a saturated
solution of HCCA on pure acetone was prepared and applied
on an ITO glass slide. Sample was irradiated at the four
diﬀerent focuses preset in the instrument (large, medium, small,

and minimum) with and without masks. Samples were
irradiated just above the threshold for analyte ion detection
until the matrix layer was totally removed. The ablated area was
measured with a x5 magniﬁcation under a Zeiss Axioskop
(Zeiss, Germany) microscope equipped with an AxioCam MRc
digital camera (Zeiss, Germany) and controlled by Axiovison
4.8.2 (Zeiss, Germany). In addition, near ﬁeld laser proﬁle with
and without the mask was recorded using a beam proﬁler
(Beamage Gentec-EO, Canada).
When the laser wavelength and the typical dimensions of the
mask (aperture size and mask thickness, the latter giving the
distance between the mask and the target) is taken into
account, the Fresnel number is around 100 for both Voyager
DE-STR and Ultraﬂex II. For this value, the laser intensities are
relatively homogeneous along their surfaces (but even more for
the Ultraﬂex II: quasi top-hat proﬁle). One can, therefore,
disregard any diﬀraction phenomenon, as conﬁrmed by the
near ﬁeld proﬁles (data not shown).

■

RESULTS AND DISCUSSION
Preliminary Study: Laser Spot Size Dependence.
Existence of four diﬀerent focusing regimes of the laser beam
for the MALDI-TOF/TOF gives access to the study of the
signal intensity for the protonated ion of the three tested
peptides with respect to the laser ﬂuence. Figure2 shows the
evolution of the signal intensity normalized to the laser spot
area for m/z 2093 and m/z 3147. These distributions are in
good agreement with previous experiments carried out on
similar instruments.22 They are also in line with previous
experiments performed where signal intensity dependence with
laser spot size was studied.10,23,24 In particular, slopes (m) of
the normalized ion intensities versus ﬂuence curve (I∝Fm) are
found to be smaller for smaller laser spots than those for larger
ones: m = 3.5 for a diameter of 70 μm, m = 9 for a diameter of
127 μm, regardless of the recorded ion. This conﬁrms the signal
decrease is more important than expected by simple reduction
of the laser spot size, by 1 to 3 orders of magnitude, depending
on the laser proﬁle.23
Spatial Resolution. Figure 3 shows examples of matrix
layer removal after irradiation of the sample at high laser
ﬂuence through masks of diﬀerent apertures on the Voyager
DE-STR Elite. The corresponding desorbed areas are largely
1406
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proﬁt to further improve the spatial resolution (see Figure 4).
However, the dimensions of the shadow area are generally
smaller than calculated by taking the mask geometries and the
laser incidence angle. Indeed, calculations would lead to expect
shadow areas of 60% for 100 μm aperture size and 100% for 25
and 50 μm aperture sizes. This deviation has been attributed to
the reﬂection of the beam by the inner edge of the mask to the
sample. When this eﬀect is taken into account, the estimation of
the irradiated surface becomes comparable to the observed
ablated surface for 50 and 100 μm aperture sizes after a single
reﬂection, while two reﬂections are required to account for the
ablated surface for the 25 μm aperture size. At this point, it
should be underlined that the reﬂectance of the silicon at 337
nm is estimated to ∼50%, but the high laser ﬂuence used in the
experiments described in this section ensures the complete
depletion of the layer, even after multireﬂection.
For the Ultraﬂex II mass spectrometer, for which spot
dimensions can be changed, the irradiated areas were
determined by examination of the remove material from a
thin layer preparation after irradiation. These experiments show
that irradiated areas show a quasi-circular shape for the 4
diﬀerent preadjusted focuses of the instrument, leading to the
determination of diameters of 70 μm (presetting minimum), 95
μm (presetting large), 112 μm (presetting small), and 127 μm
(presetting medium), respectively. When masks are applied on
the sample, similar observations to those obtained with the
Voyager Elite can be made. However, the larger angle of
incidence (60°) for this instrument induces an increased
shadow area. By taking into account the incidence angle of the
laser and the masks geometry, we expect that under ∼105 μm
aperture size, the sample should not be irradiated directly by

Figure 3. Desorbed area observed after irradiation of an HCCA thin
layer (1 μL of saturated solution in acetone) (a) without mask;
through a mask of 60 μm thickness and (b) 100 μm, (c) 50 μm, and
(d) 25 μm square aperture size.

reduced (by a factor of ∼3 to 100 in the provided examples of
Figure 3, panels b, c, and d) with respect to those obtained
without masks (275 × 150 μm spot size, see Figure 3a).
However, their shapes are rectangular rather than square as the
width of the depleted area is smaller than expected. For
instance, the 25 × 25 μm2 aperture leads to a cleaned surface of
∼20 × 15 μm2. This discrepancy is obviously due to the laser
beam incidence angle of 45°. Thus the system [mask + target]
leads to the occurrence of a shadow area (i.e., a region of the
target which is not irradiated) of which one can easily take

Figure 4. Schematic representation of the mask system and the reﬂection on the walls due to the laser beam angle of incidence (up: 45° incidence
angle for the Voyager instrument conﬁguration and down: 60° incidence angle for the Ultraﬂex instrument conﬁguration).
1407
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Figure 5. Evolution with laser ﬂuence of the protonated analyte signal intensity (here Bradykinin) recorded on the MALDI-TOF Voyager
instrument for masks of 50 μm (M50) and 100 μm (M100) aperture size and 60 μm thickness, and a comparison to signal evolution without the
mask system. Vertical bars indicate the RMS.

Figure 6. Evolution with laser ﬂuence of the analyte signal intensity (normalized to the spot area) recorded on the MALDI-TOF/TOF Ultraﬂex II
system for two diﬀerent spot sizes (127 and 70 μm) and two diﬀerent analytes with a 100 μm aperture mask (M100), a 50 μm aperture mask array
(G50), and without a mask. (a and c) Protonated signal of ACTH Clip (1−17) at m/z 2093 for laser spot size of (a) 70 μm and (c) 127 μm. (b and
d) Protonated signal of Somatostatin at m/z 3147 for laser spot size of (b) 70 μm and (d) 127 μm. Vertical bars indicate the RMS.
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20× smaller, the protonated bradykinin signal intensity
recorded with the 50 μm aperture size is comparable to that
obtained without the mask. The use of 100 μm aperture size
increases it by ∼50% with respect to the most intense peak
recorded without the mask. On the other hand, spectra
recorded with the smallest aperture (25 μm) show analyte
signals generally less intense by only a factor of 2 or 3. When
the spatial resolution enhancement (×100) is taken into
account, this decrease remains very moderate. These trends
remain the same for Bovine insulin (and peptide mixtures),
despite the high dispersion of measurements likely due to the
heterogeneity of the analyte distribution when the irradiated
area is lower than ∼100 × 100 μm2.
Figure 6 shows the evolution of the normalized intensity
(normalization to the ablated area) of the [M + H]+ ion signals
of ACTH Clip (1−17) (m/z 2093) and Somatostatin (m/z
3147) with the laser ﬂuence of the Ultraﬂex II, directly or
through masks of 100 μm aperture sizes or through a mask
array of a 50 μm aperture (see below). For these experiments,
we examined the smallest and largest laser spot size accessible
(i.e. 70 and 127 μm). Note that for some conﬁgurations, the
diameter could be smaller than the aperture size of the mask,
which means that only the shadowing eﬀect contributes to
reduce the irradiated area. Despite the many diﬀerences of
conﬁguration between the Voyager Elite and the Ultraﬂex II,
the use of the mask again has a positive eﬀect on the sensitivity.
For 127 μm at low ﬂuence, the eﬀect is well-marked for all
peptide ions. For 70 μm, the eﬀect is more remarkable for
higher ﬂuences (>500 J/m2, far from the typical MALDI range)
and the highest m/z. This points out that the positive eﬀect
observed using the mask is not associated to a peculiar
conﬁguration of the MALDI mass spectrometer (such like the
ion transmission, the electric ﬁeld, the laser proﬁle, etc.) but to
the desorption/ionization process itself. Finally, in the low
ﬂuence range (below ∼150 J/m2), all the distributions are
superimposed as in the case of the Voyager DE-STR Elite. By
contrast, at higher ﬂuence (not measured with the Voyager),
they evolve diﬀerently with and without the mask. In particular,
one or several bumps are evidenced, always at the same
ﬂuences, in all the distributions recorded when masks are used.
This is more pronounced at 175 J/m2 with a 127 μm spot size
(see Figure 6, panels c and d).
Complementary studies have been performed to provide
insight into the cause of these unexpected eﬀects. First, absence
of signal in the irradiation through masks of pure bradykinin
sample excludes mechanisms related to matrix-free laser
desorption/ionization technique such as DIOS (desorption/
ionization on silicon), based on the deposition of pure analytes
on submicrometric porous silicon surface.28−31 The sensitivity
enhancement has thus to be explained within the framework of
the MALDI technique (i.e., via increasing matrix ion yield or
protonated matrix-neutral analyte interaction). Some observations seem to strengthen the direct role of the primary
ionization. In particular, the relative gain in sensitivity occurs at
ﬂuence close to the ion production threshold, in a range where
the ablation plume in not dense and the secondary ionization
processes not very eﬃcient. This observation has to be
connected to the remarkable decrease of ion production
threshold for masked studies, slight for 50 μm aperture size and
pronounced for 100 μm. This result strongly contrasts with
those obtained by focusing the laser spot (see above).
A primary ionization mechanism partly consistent with our
study could be linked to the existence of a photoelectric eﬀect

the laser (this holds for most conﬁgurations). However, for 100
μm aperture size masks, we observed rectangular ablation areas
of ∼100 μm length (about the size of the aperture) and ∼35
μm in width. Similarly, 50 μm aperture size masks show ablated
areas of ∼50 μm in length and ∼45 μm in width. Again,
material removal can only be explained if one takes into
account beam reﬂection(s) on the mask inner walls. For this
laser incidence angle, one reﬂection can be expected for 100 μm
and two for 50 μm. Calculations lead to expected areas roughly
similar to those experimentally observed.
Sensitivity. Figure 5 shows the evolution of protonated
bradykinin peak intensity with increasing laser ﬂuence on the
Voyager DE-STR Elite during the irradiation of HCCAbradykinin sample, directly or through masks of 50 and 100 μm
aperture sizes. Every reported value corresponds to an average
of 10 measurements obtained at diﬀerent sample locations.
Fluence has been chosen in the range of standard MALDI
analysis (i.e., just above the threshold for ion production). In
principle, the ﬂuence should be recorded directly on the target
(i.e., behind the mask systems) to compare the distributions.
Indeed, in the absence of reﬂection, this parameter is
independent of the mask conﬁguration since the irradiated
energy and the spot size decrease in the same way when the
aperture width is reduced (photons density is preserved).
However, since the reﬂectance of the silicon mask is not 100%
(50% according to measurement performed on a Silicon wafer),
(multi)reﬂection of the laser beam on the wall of the mask
should normally decrease the ﬂuence at the bottom of the
aperture. The complexity of the measurement leads us to
record the laser ﬂuence in front of the mask. This will be
considered in the following text.
The global aspect of all ﬂuence distributions of analyte is
similar, regardless the mask conﬁguration, and can be
interpreted using the commonly accepted two-step MALDI
ionization model, initially developed by Bökelmann25 and then
developed by Knochenmuss and Zenobi,26 also referred as
coupled photophysical and chemical dynamics (CPCD) by
Knochenmuss in his more recent work.27 Brieﬂy, above the ionproduction threshold, protonated matrix ions are massively
generated or released by primary ionization processes (i.e.,
during the laser irradiation). Together with desorbed neutrals,
clusters, and other minority ions, they form a desorbed plume
dense enough to initiate eﬃcient secondary ionization by
proton transfer reactions via collisions between the protonated
matrix and neutral analyte. On the other hand, at laser ﬂuence
about 2−3 times above the threshold, saturation, and then a
decrease of the analyte signal6,24 is observed. This is not related
to ion fragmentation only as one could presume and not
necessarily ﬁtting with a model assuming reaction equilibrium
in the plume. Such a behavior is observed for HCCA and
diﬀerent CCA derivatives such as Cl-CCA, as demonstrated in
the work of Soltwisch et al., where they studied the ion yield
dependence on laser wavelength and energy for several
matrices.7 This is also found by Knochenmuss et al. in their
recent paper where they use the CPCD as a model for
wavelength and matrix dependence of the MALDI mechanism.
The decrease in analyte signal intensity would thus be related to
the speciﬁc plume characteristics for CCA derivatives due to
the absorption cross-section leading to faster pooling processes
and slower secondary reaction kinetics.27
Surprisingly, the use of masks improves in many circumstances the sensitivity of the analysis (i.e., the intensity of the
analyte peak). For instance, while the irradiated area is about
1409
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Figure 7. Zoomed view in the m/z range corresponding to the signal of bradykinin of the MALDI-TOF MS spectra recorded in the linear positive
mode (laser ﬂuence: 80 J/m2). Spectra were recorded for a single mask and a mask array of the same thickness (60 μm) and aperture size (50 μm)
and were compared to a spectrum obtained without a mask system.

that the height of the layer is a few micrometers, whereas its
section obviously has the dimension of the aperture. The
second possible source corresponds to desorption, and then the
deposition of a matrix ﬁlm on the Si mask walls after every laser
pulse. The next pulse(s) will then irradiate this layer together
with the sample. Note that in these scenarios, the energy
brought by the laser to the sample should be suﬃcient to
initiate the ejection of neutral material to form a desorption
plume or a matrix layer on the walls of the apertures. This is
highly likely since the desorption threshold is usually far below
the ion production threshold.
Some experiments and observations support these assumptions. First, the ﬂuence distributions of two thin layers of
analytes deposited respectively onto the standard ITO glass and
onto a silicon wafer have been compared (without mask). The
results clearly demonstrate a decrease of the ion production
threshold and an enhancement of the signal when the silicon
substrate is used. Not surprisingly, this positive eﬀect is limited
to the low ﬂuence range.
Furthermore, analyte signal is quite undetectable in mass
spectra recorded using the Voyager setup with masks of the Vshaped aperture (tilted walls with 50° angle to the mask
section) produced through chemical etching of the same wafers.
This could be associated with the forward peaking in the
angular distribution of the ejected material, which drastically

on the fraction of sample in contact with the silicon edge of the
mask. Following the surface-enhancement matrix photoionization model proposed by McCombie and Knochenmuss32 to
describe the ion yields of thin samples deposited on metal
substrate, the presence of matrix within tunneling range of the
metal (or the semiconductor in our case) leads to the coupling
of matrix and substrate molecular orbitals. Consequently, the
highest occupied and the lowest unoccupied molecular orbitals
(HOMO and LUMO) of the matrix are shifted. If the resulting
LUMO orbital drops beyond the Fermi level of the substrate, it
is populated, leading to a decrease of the gap to the ionization
potential of the matrix down to the work function. With regard
to the laser wavelength (337 nm, 3.7 eV), the tested HCCA
matrix ionization potential (8.5 eV) and the work function of
pure silicon (4.6 eV),33 two photons could eﬃciently ionize the
matrix layer in contact with the edge of the mask, while three
photons are necessary to ionize matrix present in the bulk. The
result is a decrease of the ionization threshold. Thus, at low
ﬂuence, the primary ionization enhancement eﬀect could only
involve this matrix layer. The layer may originate from two
sources. The ﬁrst one corresponds to the fraction of the matrix
present in the early stage of the plume, which simultaneously
interacts with the silicon edges and the tail of the laser pulse.
Taking account of the typical velocity of the plume (600 m/
s)34−36 and the laser pulse duration (10 ns), one can estimate
1410
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Figure 8. Evolution with laser ﬂuence of the analyte signal intensity (here Bradykinin) for a single mask and a mask array of same thickness (60 μm)
and aperture size (50 μm). Vertical bars indicate the RMS.

This assumption is supported by the previous observations on
the V-shape mask. Nevertheless, the conﬁnement eﬀect alone
could not explain the superposition of the distributions at low
ﬂuence (since a reﬂection is expected in this case).
Finally, the increased sensitivity at low ﬂuence could
originate from a surface-enhancement matrix photoionization
eﬀect, while the global increase in intensity at high ﬂuence may
have its origin in a change in the plume dynamics aﬀecting the
kinetics of secondary reactions. A superposition of these two
diﬀerent eﬀects is expected in a certain range of ﬂuence,
depending on the characteristic dimensions of the mask and on
the geometry of the laser beam (proﬁle, incidence angle).
Further experiments using diﬀerent mask material (including
metal and insulator) and thickness, and complementary
investigation on the dynamics of the plume by ICCD camera
fast imaging are required to discriminate between these
diﬀerent mechanisms.
Mass Resolution. Figure 7 shows a zoom of mass spectra
centered on the protonated and cationized bradykinin ion
signals and recorded with and without a mask, using the
Voyager Elite mass spectrometer. It is clearly evidenced that the
use of the mask also enhances the mass resolution. This gives,
for instance, the possibility to completely dissociate the peaks
corresponding to the bradykinin adducts. Note that other
parameters generally used to improve the resolution (e.g.,
extraction delay, acceleration, and reﬂector voltages) have been
optimized for the detection of signal in the absence of any
mask, giving possibilities of further enhancement.
By contrast with the sensitivity, this eﬀect is more accurate
for smallest aperture and high ﬂuence (but in the normal range
of a standard analysis). More precisely, enlargement of the
analyte peak with increasing ﬂuence is much less pronounced
with a mask. Thus, mass resolution improvement does not
exactly coincide with the sensitivity enhancement, which could
suggest diﬀerent origins for the two eﬀects. It is well-known
that the mass peak broadening observed in the linear mass
spectra is mainly caused by the kinetic energy and longitudinal
spatial distributions of the formed ions, which turns in the
spread of the ions traveling through the drift region of the mass
spectrometer. In the case of a MALDI TOF-MS, one only

reduced the contact of the matrix layer with the oblique walls of
this type of mask.
On the other hand, the proposed mechanism could at least
partially explain some interesting trends evidenced in the
ﬂuence distributions. For instance, the superposition of all the
distributions below 150 J/m2 is a clear indication that reﬂection
on the silicon wall of the mask is negligible in the low ﬂuence
range (i.e., all the energy of the laser pulse is used to ablate the
layer). Otherwise, the distributions recorded with mask should
be shifted, since partial reﬂection of the laser beam on the wall
of the mask should decrease the ﬂuence. This is in good
agreement with our model where the ablation/ionization is
achieved from a layer in contact with the mask rather than from
the bottom of the aperture. At higher laser ﬂuence, the
inﬂection and occasionally the decrease evidenced in the
distributions recorded through masks could be explained by the
removal of the layer during the pulse duration, by faster pooling
processes and slower secondary reaction kinetics, or by
increased fragmentation of the material ablated from the wall
(not evidenced in the mass spectra). However, high laser
ﬂuence could also lead to reﬂection from a part of the beam to
the bottom of the sample, leading to the ejection of fresh
material. Finally, the new increase of the signal after the bump
could be the result of these two opposite mechanisms. In this
frame, the oscillation of the signal with increasing ﬂuence
evidenced for the smallest apertures (or grid, see G50 in Figure
7, panels a and b) could be associated to a second reﬂection, as
depicted in the bottom-right Figure 4. The less homogeneous
proﬁle of the laser and the small range of available ﬂuence
probably prevent similar observations with the Voyager Elite.
However, the sudden increase of the signal evidenced in Figure
6 (panels a and b) at highest ﬂuence (above 500 mJ/m2)
cannot be explained by this mechanism alone. One cannot
exclude at this stage that the walls of the mask could also lead
to the conﬁnement of the plume. This could induce an
ampliﬁcation of ion/molecule collisions in the plume due to a
more favorable thermodynamic equilibrium and consequently
to a better proton exchange between matrix ions and analytes.
Finally, the improved sensitivity at high energy could at least
partially be the result of this secondary ionization enhancement.
1411

dx.doi.org/10.1021/ac401329r | Anal. Chem. 2014, 86, 1404−1413

Analytical Chemistry

Article

pillars37,38 and the behavior models from capillary-like
restricted volumes by Knochenmuss39 are not expected here
because of the dimensions of our arrays, much larger than the
laser wavelength used.
In the case of the Ultraﬂex II, the diameters of the laser beam
limit the number of irradiated apertures to one or two at most.
No increase of the sensitivity compared to a simple mask is
then expected. In fact, if a positive eﬀect is still observed with
the mask array of 50 μm apertures for 127 μm spot size, the
eﬀect is lower than those observed for the 100 μm single
aperture. For the 70 μm spot size, no more positive eﬀect is
observed, but for 70 μm this would actually lead to a
conﬁguration closer to the 50 μm single aperture mask.
However, mask array remains useful since it facilitates the
delicate positioning of the inclined beam inside the smallest
apertures and justiﬁes its application in the study of the
sensitivity with the Ultraﬂex II.

needs to take the energy spread into account, since generation
of ions is always achieved close to the sample surface. In view of
these considerations, a possible explanation could be that the
shape of the laser beam turns to a more homogeneous proﬁle
after it has been cut by the mask. The entire matrix is then
irradiated with the same laser ﬂuence, conferring a narrower
ﬂuence distribution to the desorbed ions. In this frame, the
more homogeneous beam proﬁle of the Ultraﬂex II naturally
leads to a more modest improvement of the mass resolution.
However, we observed a very diﬀerent behavior according to
the spot size chosen. For the 127 μm spot size and 150 ns delay
time, a resolution of Rs = 1340 is calculated for m/z 757.
Equivalent spectral resolution of Rs = 1340 is calculated for 100
μm aperture mask (M100), while Rs is found to be 1850 and
1410 for masks of 50 μm aperture (M50) and array of mask of
50 μm aperture (G50), respectively. The resolution is again
higher for M50 than M100 or G50, which is in line with our
results from the Voyager Elite. The main diﬀerence is that the
increase of resolution is lower on the Ultraﬂex II. For 70 μm
spot size and identical delay, curiously we observe a drastic
decrease in the spectral resolution from Rs = 1340 down to Rs =
240 for m/z 757, meaning that isotopic pattern is no more
observable. With the use of M100 and G50, an important
increase is observed and Rs is measured to be Rs = 1150 and Rs
= 1500, respectively. This eﬀect is observed on the whole
standard ﬂuence range. Remarkably, the masks or array of
masks allow for the compensation of the resolution loss at this
spot size. Again G50 shows higher increase than M100, as we
previously observed on the Voyager Elite instrument. Similar
behavior was observed for other delays (e.g., 100 and 250 ns).
This recalls the use of a spatially structured laser beam proﬁle
to improve MALDI performance.22 Note that in this work,
mass resolution enhancement leads to increased sensitivity,
while these two phenomena are decoupled here.
Mask Array. By suﬃciently reducing the distance between
some apertures, one can form a mask array. Consequently, the
laser pulse simultaneously irradiates several apertures. Since a
bigger surface is aﬀected, the mask array should provide a
further increase of the sensitivity compared to a single mask but
at the cost of spatial resolution deterioration. The beneﬁt in
sensitivity is clearly demonstrated by the Figure 8, which shows
the comparison of the ﬂuence distributions of bradykinin signal
during the irradiation of sample through the 50 μm aperture
mask and the corresponding array (distance between two
apertures: 25 μm). However, while nine apertures are
simultaneously irradiated by the laser, the intensity of the
bradykinin peak only increases by a factor of 4 at most. This
result can be interpreted in the continuation of our previous
explanation. Each sample region is irradiated by a quasi top-hat
laser beam but with a diﬀerent ﬂuence because of the Gaussian
proﬁle of the laser beam before the array: high ﬂuence for the
central aperture and lower ﬂuence for the periphery. In this
frame, the ﬂuence distribution results from the convolution of
nine distributions shifted to each other. This also explains the
alteration of the mass resolution (albeit, it is still superior to
that obtained without a mask, see Figure 7). Another possibility
is that collisions between the diﬀerent plumes could have a
counter-productive eﬀect on the production of analyte ions.
This could explain the sudden fall of the signal at high laser
ﬂuence. Plume imagery studies are necessary to determine the
plume divergence and check this assumption. Finally, the
nanophotonic enhancement or the polarization dependence of
the ion yield evidenced in the work of Vertes group on arrays of

■

CONCLUSION
Systematic studies on model peptides using various mask
conﬁgurations, laser ﬂuences, and spot sizes demonstrated a
positive eﬀect of the use of masks on signal intensity and
spectral resolution. Using such masks, we are able to observe an
increase of signal intensity along with an improvement (up to a
factor of 100) of the spatial resolution for speciﬁc
conﬁgurations. This eﬀect is more pronounced for certain
aperture dimensions. Interestingly, mask geometries giving the
highest increase in sensitivity are not the ones allowing for the
highest increase in spectral resolution to be reached, therefore
demonstrating that the two eﬀects are decoupled. In other
studies (data not shown), where masks showing V-shaped
apertures were used, the eﬀect was observed to be far less
marked compared to square aperture masks presented here.
In the frame of the two-steps ionization model5 (or coupled
photophysical and chemical dynamics model27), this eﬀect
could come either from an increase in the ﬁrst or from an
increase in the second ionization step. Our results and previous
studies are consistent with an increase in the primary ionization
step (matrix ions production) at low ﬂuence due to interaction
with the silicon mask. On the other hand, at higher ﬂuence they
are also in line with an increase in the secondary ionization step
(analyte ion production) by change in the plume dynamics and
kinetics of secondary reactions through plume conﬁnement. We
assume that these two eﬀects coexist and combine together,
pushing in the same positive direction for ion formation. In
order to conﬁrm which of the mechanisms is involved, it could
be interesting to test masks made out of diﬀerent materials,
although such masks may be diﬃcult to realize. Another
interesting perspective for this work would be to test the masks
on an instrument equipped with a coaxial laser and with ﬁner
focusing (i.e., 5−10 μm), in order to determine if these eﬀects
are still observed for small spot sizes.
Finally, these mask systems could ﬁnd interesting applications for MALDI analysis since they can easily be adjusted on
the majority of commercial MALDI mass spectrometer without
any major structure modiﬁcations of the instrument and could
allow a clear gain in signal intensity, especially for higher
molecular weights.
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