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Matrix-enhanced surface-assisted laser desorption ionization mass spectrometry imaging
(ME-SALDI MSI) has been previously demonstrated as a viable approach to improving MS
imaging sensitivity. We describe here the employment of ionic matrices to replace
conventional MALDI matrices as the coating layer with the aims of reducing analyte
redistribution during sample preparation and improving matrix vacuum stability during
imaging. In this study, CHCA/ANI (�-cyano-4-hydroxycinnamic acid/aniline) was de-
posited atop tissue samples through sublimation to eliminate redistribution of analytes of
interest on the tissue surface. The resulting film was visually homogeneous under an
optical microscope. Excellent vacuum stability of the ionic matrix was quantitatively
compared with the conventional matrix. The subsequently improved ionization efficiency
of the analytes over traditional MALDI was demonstrated. The benefits of using the ionic
matrix in MS imaging were apparent in the analysis of garlic tissue sections in the
ME-SALDI MSI mode. (J Am Soc Mass Spectrom 2009, 20, 2229–2237) © 2009 American
Society for Mass Spectrometry

Surface-assisted laser desorption ionization mass
spectrometry (SALDI-MS) has been used as a
complementary tool to matrix-assisted laser de-

sorption ionization mass spectrometry (MALDI-MS) in
small molecule profiling [1, 2]. Its applications in tissue
imaging have been demonstrated by various groups
where porous surfaces or inorganic nanoparticles have
been successfully utilized as the energy mediating re-
agents [3–5]. To further improve imaging sensitivity, a
hybrid ionization approach, matrix-enhanced SALDI
(ME-SALDI), has been recently reported in which con-
ventional matrix molecules were deposited atop a po-
rous SALDI substrate to provide a proton-rich environ-
ment for enhanced ionization of desorbed species [6].
The porous SALDI substrate in ME-SALDI is believed
to effectively reduce laser flux needed for analyte
desorption; consequently few matrix ions and frag-
ments are observed in the resulting spectra. Both char-
acteristics are crucial for detection of low-mass species,
rendering ME-SALDI an attractive solution for MS
imaging (MSI) of metabolites, especially for those
where imaging at high spatial resolution under a re-
duced laser beam size is desired. Improved MS perfor-
mance over conventional MALDI and SALDI ionization
methods has been demonstrated with enhanced detec-
tion sensitivity and a broadened detection mass win-
dow [6].

However, an inherent challenge associated with
matrix-based laser desorption ionization sources is also
present in ME-SALDI for MSI applications: it is known
that most conventional MALDI matrices slowly vapor-
ize under high vacuum (10�7�10�8 Torr) due to their
low sublimation points. The loss of materials becomes
more severe when the matrix is amorphous—a common
form observed when the matrix is deposited by subli-
mation in a solvent-free fashion. While the loss of
matrix under vacuum does not necessarily impose a
problem in MALDI profiling experiments where most
measurements occur in seconds, it cannot be ignored
during MS imaging experiments because of extended
interrogation time and the preferred solvent-free ap-
proach for matrix deposition [7]. For example, for a
commercial MALDI-TOF instrument equipped with a
20-Hz N2 laser, approximately 720 pixels can be imaged
in 1 h when 100 laser shots are averaged per pixel,
which translates to �55.6 h of instrument time to
examine a 1-cm2 tissue section with spatial resolution of
50 �m, not counting the time spent for translational
stage movement. Even with a high pulse rate laser
installed, the interrogation time for most imaging ex-
periments is sufficiently long to experience the impacts
of matrix loss, most notably the inevitable change in
ionization efficiency across tissue that skews the actual
spatial distribution of chemical composition in the
sample imaged.
A new class of MALDI matrices by mixing an equal

molar of a conventional MALDI matrix with an organic
base to form the so-called ionic matrix have been reported
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by Armstrong et al. in 2001, [8] and the progress to date
has been summarized in a recent review by Tholey and
Heinzle [9]. In comparison with conventional MALDI
matrices, ionic matrices afford several advantages, in-
cluding improved deposition homogeneity, suppressed
matrix background interference, reduced matrix frag-
mentation, and more importantly for imaging applica-
tions, superior stability under high vacuum over an
extended MS inquisition period. Many types of ionic
matrices have since been synthesized and evaluated.
Their applications in detection and quantification of
oligonucleotides, lipids, and saccharides have gained
great research interest [10–21]. Direct tissue analysis in
the MALDI mode using ionic matrices has shown better
spectral quality and ionization efficiency over their
conventional analogs [20, 21]. MS imaging using ionic
matrices in the conventional MALDI mode has also
been reported [20].
Here, we describe the use of an ionic matrix, i.e., CHCA/

ANI synthesized with �-cyano-4-hydroxycinnamic acid
(CHCA) and aniline (ANI), in the place of conventional
MALDI matrix, for ME-SALDI MS imaging. CHCA/
ANI was selected as the model for their demonstrated
performance in conventional MALDI MS imaging [9,
20]. In this study, reproducible and homogenous dep-
osition of CHCA/ANI through sublimation has been
demonstrated, which eliminates solvent-induced ana-
lyte dissolution and diffusion on the tissue surface.
Spectral qualities in terms of detectable mass range and
mass resolution of ionic matrix-based ME-SALDI are
comparable to those of MALDI using ionic matrices.
Similarly improved MS performance was observed
when CHCA/pyridine was used as another ionic ma-
trix model. Reduced spectral background and better MS
ionization efficiency of ionic matrix-based ME-SALDI
over ionic matrix-based MALDI renders it an ideal
solution for 2-D metabolite imaging.

Experimental

Materials

N-type Sb-doped (100) single-crystalline silicon wafers at
0.005–0.02 �/cm were purchased from Silicon Sense, Inc.
(Nashua, NH, USA), and stored under vacuum. 2,5-
Dihydroxybenzoic acid (DHB), �-cyano-4-hydroxycinnamic
acid (CHCA), quinidine, pyridine (Py), and aniline (ANI)
were purchased from Sigma Aldrich (St. Louis, MO, USA).
Methylene blue (C18H22N3SCl · 1/2ZnCl2) was purchased
from MP Biomedicals (Solon, OH, USA). Hydrofluoric
acid (HF, 49%), acetone, methanol, and H2O2 (30%) were
purchased from Fisher Scientific (Pittsburgh, PA, USA).
CH3CH2OH was purchased from Aaper Alcohol (Shel-
byville, KY, USA). DI H2O of 18 M� (Millipore, Danvers,
MA, USA) was used throughout the experiments. Mouse
brain and chicken liver tissues were freshly frozen and
stored at �80 °C upon use. Garlic and chicken liver
tissue samples were purchased from local grocery
stores.

Porous Silicon Substrate Preparation

Porous silicon substrates were prepared as previously
described [22]. Briefly, silicon wafer chips were washed
with a 5% HF solution in ethanol for 1 min and then
electrochemically etched in a 25% HF/ethanol solution
for 1 min at a current density of 5 mA/cm2. White light
from a 50 W tungsten lamp was used to irradiate the
silicon surface during etching. The produced porous
silicon substrates were then dipped into 15% H2O2 for 1
min, followed by a 1-min dip in 5% HF/ethanol solu-
tion to refresh the surface before analyte deposition.

Synthesis of Ionic Matrix

CHCA/ANI and CHCA/Py were synthesized by mix-
ing an equal molar CHCAwith ANI (or Py) in methanol
as described in the literature [20]. The reaction mixture
was stirred for 2 h at room temperature, followed by
solvent removal under vacuum. The synthesized prod-
ucts, CHCA/ANI and CHCA/Py, were stored in a desic-
cator under vacuum at room temperature before use.

MS Sample Preparation

Two standard solutions of quinidine were prepared for
MS evaluation of ionic matrix-based ME-SALDI: (1)
1-�M quinidine in 4.2 mg/mL of CHCA/ANI in aceto-
nitrile/water (1:1, vol/vol), and (2) 1-�M quinidine in
4.2 mg/mL of CHCA/ANI in acetonitrile/water (1:1,
vol/vol, containing 0.1% TFA). For MALDI-MS analy-
sis, 1 �L of the standard solution (1) or (2) was drop-
loaded on a stainless steel MALDI plate. For ME-SALDI
analysis, 1 �L of standard solution (1) was drop-loaded
on a porous silicon substrate.
To study the impact of acidic additives on vacuum

stability, two 10 mg/mL CHCA/ANI solutions were
prepared in acetone:ethanol � 2:1 with or without 0.1%
TFA. Individual glass slides were placed on a Laurell
WS-400E-6NPP-LITE spin coater (North Wales, PA,
USA), followed by dropping 50 �L of the CHCA/ANI
solution with or without TFA to the center of the slides.
The spin coater was then operated at 300 rpm for 1 min
that yielded a uniform matrix film.
Tissue samples were prepared by first mounting

sections of garlic cloves or chicken liver on a metal
support with an optical cutting temperature (OCT)
compound. The mounted species were then sliced into
10-�m thick sections with a Cryo-cut microtome (Amer-
ican Optical Corp., Buffalo, NY, USA) at �20 °C. The
UV absorbance of chicken liver and garlic tissue slices
was measured to examine the transparency of the
resulting tissue samples using an 8453 Hewlett Packard
spectrometer (Agilent, Palo Alto, CA, USA) (Supporting
Information SF 1a and b, which can be found in the
electronic version of this article). The sliced sections
were carefully transferred onto a porous silicon sub-
strate for ME-SALDI MSI. Meanwhile, a tissue section
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microtomed at the adjacent location was placed on a
glass slide, stained with methylene blue, and imaged
with a Leica DMRX light microscope (Leica Microsys-
tems GmbH, Germany). In some cases, limited by the
view of microscope, the optical images of stained
sections were mosaics of several individual images.
Matrix deposition for imaging applications was car-

ried out by sublimation. Specifically, 0.3 g of CHCA,
CHCA/ANI, CHCA/Py, or DHB was added into a
sublimation chamber set up in-house [7]. A tissue-
coated porous silicon substrate or a transparent glass
slide was mounted to the flat bottom of the condenser,
facing downwards to the matrix. An oil bath was
preheated to 120 °C for CHCA, 170 °C for CHCA/ANI,
113 °C for CHCA/Py, or 110 °C for DHB deposition.
The amount of matrix deposited was controlled by the
sublimation time or the temperature of the oil bath,
which was varied from 80 °C to 120 °C. The condenser
and the surface temperature of the substrate attached to
the condenser were cooled down with running water
for vapor condensation. The pressure of the sublimation
chamber was maintained at �50 Torr for 2 min before
immersing the apparatus into the oil bath. Except for
CHCA/Py, the sublimation setup was removed and the
vacuum was released after 5-min immersion. A 10-min
heating was used in the sublimation of CHCA/Py. The
substrate was then carefully removed, and the amount
of matrix deposited was subsequently quantified by UV
absorbance measurements of the matrix-coated glass
slides. Deposition uniformity was evaluated by calcu-
lating intra-substrate relative standard deviations of the
measured UV absorbance of five different locations on
the same substrate. Deposition reproducibility was
evaluated by inter-substrate relative standard devia-
tions, which were calculated from UV absorbance of
five matrix-coated glass sides prepared under same
conditions. Optical microscopic images were also taken
to visually examine the quality of matrix deposition
using a Leica DMRX light microscope equipped with a
Donpisha XC-003P CCD camera. Matrix stability was
evaluated by comparing UV absorbance of matrices
before and after storage in the sample chamber of the
mass spectrometer (10�7 Torr) for 40 h.
An adjacent slice of tissue from the same garlic

clove used in MS imaging was homogenized and
extracted in methanol under stirring for 2 d. CHCA/
ANI (4.2 mg/mL) was then added to the filtered
garlic extracts before being drop-deposited on a sub-
strate for ME-SALDI and MALDI profiling measure-
ments. For the experiments where CHCA/Py was
used, one volume of garlic methanol extract was
mixed with one volume of 6 mg/mL of CHCA
aqueous solution or 8 mg/mL of CHCA/Py aqueous
solution for MALDI and ME-SALDI experiments,
respectively. In LDI and SALDI measurements, the
garlic extract was diluted with one volume of water
instead of with the matrix solution.

MS Instrument Parameters and Data Analysis

An Applied Biosystems Voyager DE-STR MALDI-TOF
mass spectrometer (Framingham, MA, USA) was used
for most experiments, which was operated at an accel-
erating voltage of 20 kV, equipped with a 20-Hz N2
laser. All experiments were operated in reflector mode.
The laser intensity and delay time were varied to
achieve optimal performance. An adjustable iris was
used to change the diameter of the laser beam, and the
final beam size was determined by the largest measur-
able laser burn-mark left on a substrate under the
highest laser fluence provided by the instrument [5]. A
35-�m laser beamwas used in most experiments, except
for DHB-coated garlic section and CHCA-coated mouse
brain section, which were imaged under a 90-�m laser
beam at 100-�m stepwise to acquire appreciable signals
[6]. CHCA/ANI-coated garlic section was imaged at
50-�m stepwise.
For the experiments where MS performances of

MALDI, LDI, SALDI, and ME-SALDI were compared,
the data were collected with a Bruker Daltonics (Bil-
lerica, MA, USA) Omniflex MALDI-TOF MS instru-
ment. The signal-to-noise ratios were calculated with
XMASS 5.1.
Mass spectra were extracted using in-house devel-

oped software and plotted using Origin 6.0 (Origin-
Lab Corp., Northampton, MA, USA). Matrix suppres-
sion effect scores (MSE) were calculated using

MSE �
�I�Analyte Ions�

�I�Analyte Ions� � �I�Matrix Ions�
to quantify the im-

pact of matrix interference. During MS imaging, the
instrument was controlled by MMSIT MALDI Imaging
Tool software v2.2.0. The final ion maps, as well as the
Y-axis and X-axis profiles, were reconstructed using
BioMap 3.7.5.4. Both programs were provided by Dr.
Markus Stoeckli, Novartis Institutes for BioMedical
Research, Basel, Switzerland.

Results and Discussion

The gradual loss of matrix molecules in MS imaging
was clear in Figure 1a and b, where conventional matrix
DHB was sublimated atop a piece of garlic tissue
section. DHB was chosen as the representative matrix
for conventional MALDI in this study for its popularity
in MSI applications and the better vacuum stability of
its amorphous film than other widely used conven-
tional MALDI matrices. Panel 1a shows the clearly
reduced molecular ion intensity of DHB (m/z � 155.0)
over �15 h scanning, following the overall rastering
direction from left to right. Similarly skewed distribu-
tion of analyte ions is also observed. As shown in Figure
1b, a much higher ion intensity for the ion at m/z 104.1,
likely from �-aminobutyric acid, one of the major amino
compounds produced during germination and early
seedling growth of plant [23, 24], is observed not only in
the cotyledon portion of garlic, as expected, but also in
the left portion of the tissue where the area was ana-
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lyzed first during the MSI experiment. Note that the
garlic tissue as well as the chicken liver tissue used in the
subsequent studies merely served as the sample tissue to
reveal the improvedMS performance when ionic matrices
were used. In-depth understanding of its corresponding
biologic contents and optimization of sample preparation
is ongoing.
To better quantitate the effect of matrix loss on MS

imaging, MS spectra were collected from several adja-
cent chicken liver tissue sections that were placed on
porous Si MS substrates and were coated with different
amounts of DHB by controlling the sublimation tem-
perature (Supporting Information Figure 1). Mean-
while, for each tissue-coated MS substrate, a tissue-
coated glass slide was prepared at the same time in the
same chamber to ensure consistent coating of DHB on
the surface. The transmission UV absorbance measure-
ments show that the typical amount of matrix used in
ME-SALDI experiments was sufficiently low, which
allowed photons to reach the porous substrate under-
neath even with tissue samples lying on the top (Sup-
porting Information Figure 1b and c). The MS ion
intensities of several prominent species acquired from

the chicken liver tissue were plotted against the UV
absorbance of DHB at 337 nm from the corresponding
glass slides. Clearly, the MS intensities of analyte ions
vary when the amount of DHB changes and the degree
of variation differs significantly among the analytes
studied (Figure 1c). For example, the major ion peaks of
DHB ([M � H]�, m/z 155.0) and cholesterol ([M � H �
H2O]

�, m/z 369.4) remained relatively constant initially
but decreased sharply when the amount of matrix
deposited reduced below certain thresholds. In con-
trast, the intensity of the ions at m/z 103.9 increased
initially as the thickness of DHB decreased but de-
creased rapidly when the amount of DHB was less than
1.5 AU. The observation confirmed our initial concern
on the possible distortion of MS imaging results due to
the loss of matrix across the surface that was slowly
pumped away under vacuum. This nonuniformity in
matrix distribution could impose an upper limit to the
MS imaging inquisition time, which directly translates
to the limits on the overall size of the tissue section to be
analyzed and on the achievable spatial resolution when
conventional MALDI matrices are used in MS imaging.
It is also worth pointing out that internal standards
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Figure 1. (Top) Reconstructed 2-D MS images for ions at (a) m/z � 155.0 and (b) m/z � 104.1 for
DHB-coated garlic tissue. (Bottom) DHB was sublimated onto both chicken liver tissue section-coated
porous Si substrates and transparent glass slides with varied thicknesses to investigate the impact of
different amount of DHB in MS detection. (c) A plot of MS signal intensities of an analyte ion at m/z �
103.9 (open square), the matrix ion at m/z � 155.0 (open circle), and a major cholesterol ion at m/z �
369.4 (open triangle) against the absorbance of DHB on the glass slides of the same DHB thickness at
337 nm. (d) NormalizedMS ion intensities atm/z � 103.9 (open square) andm/z � 369.4 (open triangle)
against the DHB molecular ions at m/z � 155.0 as a function of the absorbance of DHB at 337 nm.
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have been used in the literature to alleviate the distor-
tion induced by the loss of matrix over time. However,
the fact that the degree of matrix-induced MS signal
fluctuation is closely dependent on the chemical nature
of the analyte to be imaged makes this approach only
partially successful. As shown in Figure 1d, after being
normalized against the molecular ion peak of DHB, the
ion intensities of cholesterol became less dependent on
the amount of DHB on the substrate, where the relative
signal variation of cholesterol ions across the samples
with different amounts of matrix was reduced from
63% to 20%. However, a sharp increase in the relative
intensity was observed for the ion at m/z 103.9 after
DHB normalization, and the calculated signal variation
jumped from 46% to 134%.
As previously discussed, advances in matrix optimi-

zation suggest ionic matrix as a viable solution to the
aforementioned problem. Before it can be employed in
ME-SALDI MS imaging, however, three critical issues
need to be addressed first to ensure a homogenous and
reproducible matrix coating with minimal analyte de-
localization: (1) deposition of ionic matrix can be con-
ducted in a solvent-free format, e.g., through sublima-
tion; (2) matrix stability is indeed improved in the
ME-SALDI mode that warrants continuous investiga-
tion and optimization; and (3) the spectral integrity is
not compromised in ME-SALDI when ionic matrix is
used. To address these issues, an ionic matrix, CHCA/
ANI, was selected as the model complex to evaluate the

performance of ionic matrix in ME-SALDI for its dem-
onstrated superior MALDI performance in tissue
imaging applications [20]. Note that because the ionic
matrix in ME-SALDI solely serves as a proton-rich
donor to enhance ionization efficiency, most ionic ma-
trices that have been demonstrated viable for conven-
tional MALDI should work in a similar fashion in
ME-SALDI.
Although in salt forms, many ionic liquid molecules

exhibit measurable vapor pressures that allow them to be
vaporized at reduced pressure without decomposition
[25]. Indeed, CHCA/ANIwas found to be vaporizable at
an elevated temperature of 170 °C, noticeably higher
than that of CHCA under vacuum (125 °C), but still
manageable with the in-house sublimation apparatus.
As shown in Figure 2a, homogenous matrix films with
small crystal size (�1 �m) were produced through
sublimation. A uniform layer of CHCA-Py has also
been produced through sublimation (Supporting Infor-
mation Figure 2a). Dissociation of CHCA/ANI and
CHCA/Py salt were unlikely during vaporization, as
drastically different film morphology was observed
from the CHCA/ANI or CHCA/Py-coated slide in
comparison with the surface coated with CHCA alone
(Supporting Information Figure 2b).
To quantitatively assess the reproducibility and sta-

bility of matrix deposition, the corresponding UV ab-
sorbance from CHCA/ANI- and DHB-coated glass
slides was compared. The intra-substrate RSD% of five
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Figure 2. Optical images of (a) the solid ionic matrix (CHCA/ANI) and (b) conventional matrix
(DHB) sublimated on transparent glass slides. Representative UV-Vis spectra of (c) the CHCA/ANI
layer and (d) the DHB layer collected before (black) and after (red) 40-h vacuum storage.
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measurements within the same substrate coated with
CHCA/ANI was less than 2% and the inter-substrate
RSD% from five CHCA/ANI-coated substrates pre-
pared independently was less than 4.4% (Supporting
Information Table 1). On the other hand, for DHB-
coated substrates the intra-substrate and inter-substrate
RSD of 3% and 8.2% was calculated, respectively. The
results suggest a comparable, if not better, deposition
uniformity and reproducibility when ionic matrix was
deposited by sublimation. The vacuum stability of
different matrix layers was examined by comparing the
change in their UV absorbance before and after 40-h
vacuum storage at 10�7 Torr. As shown in Figure 2c, the
UV absorbance of the CHCA/ANI layer changed less
than 4% (from 1.81 � 0.05 to 1.75 � 0.03). In contrast,
the UV absorbance of the substrate coated with DHB
was significantly reduced from 2.68 � 0.05 to 0.15 �
0.02, equivalent to more than 94% loss of the original
materials (Figure 2d).
Significant reduction of the matrix interference is

another attractive characteristic of using CHCA/ANI as
the matrix, yet it was often accompanied by decrease of
analyte signals. As shown in Figure 3a, a clean but fairly
weak analyte signal was observed when CHCA/ANI
was used as the MALDI matrix in detection of 1 pmol
quinidine (m/z � 325.2), an anti-arrhythmic pharmaceu-
tical compound. The Matrix Suppression Effect score

�MSE �
�I�Analyte Ions�

�I�Analyte Ions� � �I�Matrix Ions�� was quantitatively
calculated as 72 � 7%. Proton transfer between matrix
ions and analyte molecules in desorbed plume is be-
lieved to be one of the primary ionization pathways for
analyte ionization in MALDI. Decrease of the plume
density for the ionic matrix system, i.e., fewer gas-phase
inter-molecular collisions, is suspected, which likely
results in lower yields of analyte and matrix ions.
Furthermore, the less acidic nature of ionic matrices
than that of conventional organic matrices offers fewer
protons to the desorbed species, which further reduces
the ionization efficiency of the system. Acidic additives,
such as trifluoroacetic acid (TFA) or phosphoric acid,
have been frequently used with ionic matrices in
MALDI-MS to overcome this limitation and enhance
analyte ionization efficiency (Figure 3b). However, these
acidic additives cannot be co-vaporized with CHCA/

ANI due to their drastically different vapor pressures;
therefore solution-based matrix deposition has to be
employed, which raises the risks of analyte redistribu-
tion. More importantly, although these acidic additives
facilitate analyte ionization by providing extra protons
to the desorbed species, they compete with CHCA in
forming complexes with aniline, resulting in release of
conventional MALDI matrix molecules from the corre-
sponding solid ionic matrix (Supporting Information
Scheme 1). Reappearance of the matrix signals after
addition of TFA was the first sign of dissociation of
CHCA/ANI complexes (Figure 3b), substantiated by
the decreased MSE value to 21 � 5%. Suspected disso-
ciation was further confirmed by the reduced vacuum
stability where the UV absorbance of CHCA/ANI co-
deposited with TFA decreased from 0.73 � 0.16 to
0.50 � 0.11 after 40-h storage. It corresponds to a 32%
reduction, a more than 8-fold increase in the matrix loss
rate compared with that of CHCA/ANI without TFA
(data not shown).
Using porous surfaces to assist efficient ionization of

analytes, ME-SALDI provides an alternative solution to
improve analyte signals by enhancing the desorption
efficiency. Figure 3c shows that the ion intensity of
quinidine was improved for nearly two orders of mag-
nitude in ME-SALDI in comparison with using the
same ionic matrix in the MALDI mode without TFA,
and more than 3-fold to that in the MALDI mode with
TFA. Moreover, the desired characteristics of ionic matri-
ces in reducing matrix interference (MSE� 69 � 5%) and
improving vacuum stability (less than 4% loss after 40-h
vacuum storage) were preserved in ME-SALDI.
The benefit of combining porous substrates with

ionic matrix in the ME-SALDI mode was also demon-
strated in the detection of garlic extracts. The ion intensity
at m/z 104.1 was �7-fold stronger in ME-SALDI (Figure
4a) than in MALDI without acidic additives (Figure 4b).
The molecular ions of fructo-oligosaccharides with the
degree of polymerization (DP) from 5 to 12 were
unambiguously detected only in ME-SALDI. Further-
more, the matrix background signal was negligible. Last
but not the least, other important MS characteristics,
such as absolute ion intensity, signal-to-noise ratio,
mass range, and spectral resolution of the analytes,
were preserved, if not improved, when the ionic matrix

Table 1. Signal-to-noise ratios of represent analytes detected in garlic extract using CHCA and CHCA/Py as the matrices in
MALDI, using direct laser desorption ionization (LDI), using a porous silicon substrate in SALDI, and using CHCA/Py on a porous
Si substrate in ME-SALDI

MALDI LDI SALDI ME-SALDI

Analyte CHCA CHCA-Py No matrix No matrix CHCA-Py

�-Aminobutyric acid (m/z � 104.1) 1425 � 384 4126 � 2478 886 � 1280 4773 � 2658 61072 � 28791
Unknown ion (m/z � 796.5) 551 � 97 646 � 342 NA 158 � 107 21038 � 9061
DP6 (m/z � 1029.3) 69 � 17 NA NA NA 2793 � 1698
DP9 (m/z � 1515.4) 40 � 9 NA NA NA 961 � 429
DP12 (m/z � 2001.6) 14 � 2 NA NA NA 231 � 97

NA � no ion peak discernable.
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was utilized in the ME-SALDI mode. Similar improve-
ment was observed when a different ionic matrix,
CHCA/Py, was used as the ME-SALDI matrix in com-
parison with conventional MALDI, direct laser desorp-
tion ionization (LDI), and SALDI during the detection
of garlic extract (Table 1).
The use of ionic matrix in ME-SALDI MS imaging in

revealing the spatial distribution of natural biomol-
ecules was demonstrated in Figure 5. An optical image
of a 10-�m thick stained garlic tissue section was shown
in panel 5a where the storage leaf (i.e., endosperm) was
clearly distinguishable from the cotyledon in the center.
A piece of garlic section at the adjacent position was
placed on a porous silicon substrate and coated with a
thin-layer of CHCA/ANI through sublimation, fol-
lowed by scanning with a 35-�m laser beam at 50-�m
step wise. A major matrix ion (m/z 190.1) was uniformly
observed across the entire scanning area, which con-
firmed homogenous matrix deposition on the tissue and
negligible matrix loss over the �46 h scanning (Figure
5b). In comparison with the distorted distribution in
DHB-coated garlic section (Figure 1b), the MS signal for
the ions at m/z 104.1 was the same for the spectra
acquired at the beginning and near the end of the tissue
scanning. The much higher ion intensities observed in
the cotyledon portion can therefore be assigned to local
over-expression of �-aminobutyric acid with reasonable
confidence (Figure 5c). On the other hand, the potas-
sium adducts of fructo-oligosaccharide DP5 (m/z 867.2),
one of the primary carbohydrate storage species in
garlic, was found to distribute mainly in the endosperm
portion, as expected (Figure 5d). Note that similar to the
conventional matrix-based ME-SALDI MSI experiments
[6], a lower laser fluence was used than that in MALDI
MSI but yielded similar ion intensities (data not shown).
This observation confirms that the presence of the tissue
did not prevent the porous substrate underneath from
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Figure 3. Representative MS spectra of 1 pmol quinidine col-
lected using (a) CHCA/ANI in MALDI, (b) CHCA/ANI with
0.1% TFA in MALDI, and (c) CHCA/ANI in ME-SALDI. The
matrix and analyte peaks were labeled with asterisks and circles,
respectively.

Figure 4. MS detection of garlic extracts using CHCA/ANI as
the matrix in (a) ME-SALDI and (b) MALDI.
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participating in the desorption and ionization process,
which is consistent with our previous speculation that
ME-SALDI is a combined thermo/mechanical pro-
cess where ablation takes a minor role in analyte
desorption [26].

Conclusions

In summary, we have demonstrated that the use of
ionic matrix in ME-SALDI provides an attractive ap-
proach to the analysis of small molecules in the imaging
application. The demonstrated benefits include extended
imaging stability under vacuum, enhanced analyte ioniza-
tion, and lower background noise. Elimination of acidic
additives for ionic matrix without compromising analyte
ionization efficiency makes it suitable for solvent-free
matrix deposition. Qualitative mapping of low-mass
species using ionic matrix in ME-SALDI has been
demonstrated, and continuing studies on quantitative
imaging are underway.
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