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In the current study, we compared plastic matrix-assisted laser desorption/ionization (MALDI) plates pre-
spotted with different solid ionic matrices. Data reflect that after 3 months of storage, the standards were
oxidized in a-cyano-4-hydroxycinnamic acid (HCCA) whether or not in HCCA/3-acetylpyridine (3APY) and
HCCA/aniline, and certain peptides, such as ubiquitin, were not detected using the HCCA matrix, whereas
they were detected in pre-spotted ionic matrices. Application in peptidomics of these MALDI matrices
pre-spotted plates (after 3 months of storage) with ovarian cyst fluid showed less intense signals with
HCCA than with solid ionic matrices. We show that these pre-spotted ionic matrices plates can be used
for relative drug quantification, high mass protein detection, and MALDI mass spectrometry imaging.

� 2012 Elsevier Inc. All rights reserved.
Despite the remaining shade zones on the desorption/ionization
process in matrix-assisted laser desorption/ionization (MALDI),1

MALDI protocols have been optimized partly based on empirical
strategies. Over the years, various matrices have been proposed
based on the results of experiments [1–4]. More recently, fundamen-
tal studies have investigated the properties that give a matrix its
properties [5], for example, showing the prime importance of the
matrix to show the strongest absorption at the considered wave-
length as well as matrix proton affinity [6–8] or matrix crystalliza-
tion properties. Matrix deposition methods were also studied
extensively over the past years, seeking to improve mass spectrom-
etry (MS) spectra quality and experiment reproducibility. Several
deposition methods [9] have been well known for many years such
as the dried droplet method [10], the thin layer and sandwich prep-
aration methods [11], and the crushed crystals preparations [12].
On-target purification is also often used by rinsing matrix crystals
with water to remove water-soluble contaminants such as salts.
ll rights reserved.
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However, the purification tools are constantly being improved
to increase sensitivity and reduce the number of liquid handling
steps using even more complex strategies. These tools rid the sam-
ple of detergents, salts, and other unwanted by-products of gel
electrophoresis, and they concentrate the analytes so that even
low-abundance peptides can be detected.

One of the most popular products for concentrating and purify-
ing samples prior to MALDI was the ZipTip (produced by Milli-
pore), a pipette tip containing a stationary phase (e.g., C4, C18)
that binds peptides or proteins and enables the user to wash away
salts and other impurities [13,14]. For large-scale purifications,
Millipore offers the Montage In-Gel DigestZP Kit, which includes
the ZipPlate, a 96-well plate with chromatography medium packed
into the bottom of each well [15]. Gel slices are placed into each
well and digested. The purified proteins are then eluted from the
wells and are spotted either onto a MALDI target plate or directly
onto a MALDI target (Applied Biosystems) using the MALDI Spot
Kit (produced by Millipore). Agilent Technologies sells a ZipTip
competitor in the form of pipette tips embedded with a C18 matrix
along the walls that allows the sample to flow freely through the
tip without blockage. These tips are included as a component in
the Lys Tag 4H Reagent Kit (produced by Agilent Technologies),
which tags lysine residues in peptides prior to MALDI MS to en-
hance their signal relative to arginine residues [16].

In addition to ZipTips, companies have developed pre-spotted
384-well plate formats such as the Prespotted AnchorChip (PAC,
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produced by Bruker Daltonics), which is pre-spotted with matrix
and has 96 calibrant spots [17–21]. The PAC targets are hydrophobic
polymer targets covered with matrix spots that facilitate cocrystal-
lization of the analyte to the MALDI matrix. This concentrates the
analyte on the surface and allows the impurities to be washed away
without the need for a separate purification step [22,23]. The PAC
increases the sensitivity 10- to 100-fold. Similarly, the MASSPrep
ProTarget (produced by Waters) is designed for on-target purifica-
tion of peptides after in-gel digestion [24]. This target both captures
and concentrates the peptides, which desalts the peptides and
increases the sensitivity 10-fold. Thermo offers surface tension-
segmented (STS) Biochips, which are silicon plates developed by
LumiCyte (LCI) Technologies that are designed for on-target
purification of MALDI samples. The net result is a 50- to 100-fold in-
crease in sensitivity [25,26]. Thermo and LumiCyte Technologies
also sell STS chips with purification capabilities, including chips
containing reverse phase chromatography medium. These chips al-
low the user to select for peptides of interest from complex samples.

However, these companies use classic MALDI matrices such as
a-cyano-4-hydroxycinnamic acid (HCCA) and sinapinic acid (SA).
Here, we present a new generation of pre-spotted plates with solid
ionic matrices composed of HCCA/aniline, HCCA/3-acetylpyridine
(3APY), and HCCA/phenylenediamine (PA). The ionic matrices are
produced by acido-basic reactions between conventional MALDI
matrices (playing the role of the acid) and various organic basis,
as described previously [27]. In fact, ionic liquids are increasingly
being used for organic synthesis [28] and have various useful prop-
erties such as solvent recycling, low vapor pressure, and electrical
conductivity [27, 29–33]. Ionic liquids can be obtained from an
acid/base reaction to generate liquids represented by the general
formula [A�, B+] [29–31]. Most classic MALDI matrices are acidic,
and different bases can be used to synthesize salt complexes with
different MALDI ionic matrices (e.g., 2,5-dihydroxybenzoic acid,
HCCA, SA, 3-hydroxyproprionic acid) [27,29,31,34]. We previously
demonstrated that solid or liquid ionic matrices are efficient for
MALDI imaging studies [35,36]. Here, we confirm that these ionic
matrices can be used as pre-spotted matrices with better results
than classical matrices. Kinetic time conservation and drug quanti-
fication experiments were performed using this new generation of
plate, and they exhibited greater reproducibility in time course
experiments and offer the possibility of high-throughput drug rel-
ative quantification by MALDI and MALDI mass spectrometry
imaging (MSI) for lipids with no delocalization.
Materials and methods

Experimental materials

Aniline (ANI), 3APY, PA, angiotensin-2, Des-Arg-bradykinin,
substance P, adrenocorticotropic hormones (ACTH) 18–39, ACTH
7–38, HCCA, atenolol, and bovine insulin were obtained from
Sigma–Aldrich and used without any further purification. Trifluo-
roacetic acid (TFA) was purchased from Applied Biosystems, and
acetonitrile (ACN) and methanol were obtained from J.T. Baker.

Samples

Peptide standards
A mixed solution of peptides (1.6 lM bradykinin, 1.6 lM sub-

stance P, 18–391.6 lM ACTH, 7–383.2 lM ACTH, 4.8 lM bovine
insulin, and 4.8 lM bovine ubiquitin in H2O) was used in this study.

Human ovarian cyst liquid peptides
C18 ZipTips (Millipore) were directly applied on human ovarian

cyst liquid. Peptides were eluted from the tips with 10 ll of 100%
ACN. The peptides were stored on ice before use on pre-spotted
matrices or for dried droplet matrix preparation. Ascites or cyst flu-
ids were obtained with informed consent and institutional review
board approval (CCPPRBM Lille: CP 05/83) from patients undergo-
ing any ovarian tumor resection at Hospital Jeanne de Flandre
(Lille, France).

Sample preparation for MALDI MS analysis
For classic analysis, 1 ll of the sample solution (peptide

standard or human ovarian cyst liquid) and 1 ll of matrix solution
(solid ionic matrix or classical MALDI matrices) were mixed on the
MALDI plate according to the dried droplet preparation procedure.

Tissues
Adult male Wistar rats weighing 250 to 350 g (animal use

accreditation by the French ministry of agriculture, No. 04860)
were used in the study and maintained under standard care. Ani-
mals were sacrificed by decapitation and immediately dissected
to remove the brain. Frozen rat brains were cut into 5-lm-thick
tissue sections using a cryostat Leica CM1510S (Leica Microsys-
tems, Nanterre, France) and applied onto indium tin oxide
(ITO)-coated conductive glass slides (Bruker Daltonics, Bremen,
Germany). The tissue sections were vacuum-dried in a desiccator
for 10 min and then soaked in 70% EtOH, 95% EtOH, and chloroform
for 30 s each with concomitant drying under vacuum for 5 min.
The sections were then dried and stored under vacuum until use.
For some sections, after MALDI analysis, the matrix was removed
by washing the slides with 70% ethanol and the sections were
stained using hematoxylin–eosin–safran (HES) staining.

Preparation of ionic matrices
All solid ionic matrices (HCCA/ANI, HCCA/3APY, and HCCA/PA)

can be produced using classical protocols used for ionic liquid syn-
thesis [27,31,35]. Briefly, 50 mg of HCCA or SA was dissolved in
20 ml of methanol, and an equimolar amount of base was added.
The solution was mixed for 1 h, and the solvent was evaporated
in a vacuum evaporator for 45 min (T = 50 �C, P = 40 mbar). The
resulting compound was placed in a dessicator for 30 min to
eliminate residual solvent and stored at �20 �C. Just before use,
the ionic matrices were prepared by dissolving 10 mg of compound
in 1 ml of ACN/water (2:1, v/v, 0.1% TFA).

For classical HCCA, 10 mg was dissolved in 1 ml of ACN/
0.1% TFA in water (7:3, v/v).

Pre-spotted plates

MALDI plates (Bruker Daltonics) or MALDI plastic plates
(Eppendorf, Hamburg, Germany) were used. A spot of 1 ll was
used for ionic matrices alone or for the peptide standards. The
plates were stored at room temperature during the study. In the
case of the MALDI imaging studies, an automatic microspotter
(Sunchrom, Germany) operated with a 75-lm capillary column
with a flow rate set to 300 nl/min was used [37].

Mass spectrometry

MALDI MS analysis
Spectra were acquired on a MALDI time-of-flight (TOF) Voy-

ager-DE STR mass spectrometer (Applied Biosystems, Framingham,
MA, USA) with delayed extraction and a 337-nm pulsed nitrogen
laser (2-ns pulse duration, 3-Hz repetition rate). HCCA matrix
was used at a concentration of 10 mg/ml in ACN/0.1% TFA (2:1, v/
v). The calibration was performed using a mixed solution of pep-
tides (1.6 lM bradykinin, 1.6 lM substance P, 18–391.6 lM ACTH,
7–383.2 lM ACTH, 4.8 lM bovine insulin, and 4.8 lM bovine ubiq-
uitin in H2O). Each spot was submitted to a random analysis.



Ionic matrices pre-spotted MALDI plates / D. Bonnel et al. / Anal. Biochem. 434 (2013) 187–198 189
MALDI MS imaging of lipids
Lipids are highly mobile during tissue preparation and are sol-

uble in the solvent that is used for matrix preparation, resulting
in substantial delocalization of the lipids [38]. To avoid this prob-
lem, the ionic matrices were primarily deposited with an auto-
matic microspotter onto ITO conductive glass slides (Sunchrom).

MALDI TOF mass spectra were acquired on a Voyager-DE STR
mass spectrometer (Applied Biosystems) using delayed extraction
(DE) and a pulsed nitrogen laser at 337 nm. Each spectrum is the
average of 200 laser shots.
MALDI MS imaging of peptides/proteins
MALDI matrix was applied using an ImagePrep device (Bruker

Daltonics) by spraying HCCA/ANI, HCCA/3APY, SA/ANI, and SA/
3APY matrix (1 equivalent of ANI [20 ll for 5 ml] in 10 mg/ml in
70:30 ACN/H2O, 0.1% TFA of SA solution). The MALDI MSI experi-
ment was performed on an UltraFlex II MALDI TOF/TOF (tandem
TOF) instrument (Bruker Daltonics) equipped with a smartbeam
laser (Nd:YAG, 355 nm). Peptide mass spectra were acquired in
linear positive ion mode at a mass range of m/z 500 to 10,000.
The distance between raster points was set to 50 lm, and a total
of 300 laser shots were accumulated at a 200-Hz repetition rate
for each pixel. Spectra were processed by baseline correction and
smoothing using FlexAnalysis 3.2 software (Bruker Daltonics). Im-
age analysis and data visualization were performed with FlexImag-
ing 2.1 software (Bruker Daltonics).
Quantification

A dilute range of atenolol was prepared in water (1, 5, 10, 25, 50,
100, 200, 500, 1000, 3000, and 5000 lg/ml), and 1 ll of each
solution was deposited on pre-spotted matrices plates in triplicate.
For this MS analysis, a MALDI TOF/TOF UltraFlex II (Bruker
Daltonics) was used in positive reflector mode with 5000 laser
shots accumulation per spot at a frequency of 200 Hz and a power
near the production ion threshold.
Results and discussion

Recently, companies have developed MALDI targets on which
matrix is deposited and crystallized before use, thereby allowing
the standardization of sample preparation and a reduction in the
analysis time. These targets are designed for unique usage and also
avoid contaminations from previous analyses. Similar results were
obtained with a classic HCCA preparation when analyte and matrix
were mixed prior to analysis. This technology is useful for clinical
proteomics where more than 100 samples can be analyzed simul-
taneously [39]. Because the sample can be conserved for several
months after crystallization without major signal degradation,
samples can be archived [40]. Luebbert and coworkers demon-
strated that the optimal condition for storing pre-spotted samples
is �20 �C without neutral gas. In fact, the storage of a digest of
250 amol of BSA for 9 months did not alter the signal [41].

Considering these results and the application of ionic matrices
for dissolving organic or inorganic samples [27,29,31,34], it would
be interesting to test pre-spotted plates with different ionic matri-
ces and compare with classical matrices. Different ionic matrices
have been synthesized according to works of Lemaire and cowork-
ers [35] and notably with SA and HCCA. In this study, three organic
bases (ANI, 3APY, and PA) were used. Because PA has two free
amine residues, we can study an ionic matrix with a double
protonation, which enables the formation of an ionic complex such
as [M� B2+ M�], with M representing the MALDI matrix and B
representing the organic base.
Test of ovarian cyst liquid peptides on pre-spotted ionic matrices

Sets of experiments with classical and ionic matrices (i.e., HCCA,
HCCA/ANI, and HCCA/3APY) were tested under classic proteomic
conditions. For this purpose, 250 ll of ovarian cyst liquid serum
was extracted under acidic conditions and purified on C18 solid
phase extraction, as described previously [42]. After freeze drying,
the ovarian cyst liquid serum was diluted in 50 ll of H2O TFA 0.1%,
and 1 ll of the sample mixture was deposited on dried droplet or
pre-crystallized matrices (pre-spotted) deposition. As shown in
Table 1, the spectra obtained with pre-crystallized matrices for
the m/z range of 900 to 4200 were of better quality than with dried
droplet preparation. The major difference was the number of de-
tected peptides, and the greatest sensitivity was obtained using
the HCCA/ANI and HCCA/3APY pre-spotted ionic matrices.

Tests of conservation on standards

The standards (substance P, ACTH 18–39, and bovine ubiquitin)
were tested, and the analyses were compared with HCCA or HCCA/
3APY under pre-crystallized conditions, 1 week after deposition
(Fig. 1A and B) or after 3 months of conservation (Fig. 1C and D).
Comparison was performed by taking into account the peptide
mass range and the best spectra in terms of signal/noise ratio,
resolution, and reproducibility (Fig. 1). Comparison of m/z signals
between HCCA and HCCA/3APY obtained after 1 week reflect that
better signals were obtained for substance P and ACTH, and slightly
for ubiquitin, with HCCA/3APY than with HCCA. However, the
peptide distributions are similar, as is the case for substance
P. The major protonated form, as well as both the sodium and
potassium forms, was detected. The oxidized form of substance
P appeared slightly at m/z 1364.6 with HCCA or HCCA/3APY using
pre-spotted ionic matrices (Fig. 1A).

After 3 months of storage at room temperature, pre-spotted
plates with the standards were analyzed. As indicated in Fig. 1C,
ubiquitin was not detected with the HCCA pre-spotted plates,
whereas it was detected with HCCA/3APY plates (Fig. 1D). Interest-
ingly, the peptide distribution was modified because the major
form detected was the oxidized form on the HCCA plates, whereas
the double oxidized form was also highly abundant. The nonoxi-
dized species was similar, and it was not observable. However,
on the HCCA/3APY pre-spotted plates, the nonoxidized form, spe-
cifically the protonated form with sodium adducts, was more
abundant. The oxidized form was still the major species, but the
double oxidized species was more limited. It is improbable that
oxidation occurred on the peptides within the crystals to
produce a stronger signal. Therefore, the major species contained
in the crystal (M+H)+ was likely more affected by degradation than
the oxidized form (M+H+O)+.

With the ionic matrix, less degradation and less oxidation were
observed, suggesting better stability and conservation with these
matrices. This was reinforced by the loss of the ubiquitin signal
using the HCCA matrix (Fig. 1C). These sets of experiments were
conducted five times and gave reproducible results each time. Sim-
ilar detection patterns also occurred when an HCCA/ANI matrix
was used except for ubiquitin detection, which was similar to
HCCA in pre-spotted conditions.

Test of conservation for peptides extracted from ovarian cyst liquid

Comparison between HCCA dried droplet deposition (Fig. 2A)
and pre-spotted HCCA/ANI (Fig. 2B) after 3 months of conservation
showed less signal ions with m/z less than 2000 in HCCA and more
signal ions between 2000 and 5000 with HCCA/ANI. A similar com-
parison performed between SA in dried droplet deposition (Fig. 2C)
and HCCA/3APY in pre-spotted ionic matrices (Fig. 2D) showed



Table 1
m/z Detection and intensity comparison in mass spectra from ovarian cystic liquid peptides using dried droplet and pre-crystallized HCCA, HCCA/ANI, and HCCA/3APY.

m/z HCCA HCCA/ANI HCCA/3APY

Dried droplet
intensity

Pre-spotted
intensity

Dried droplet
intensity

Pre-spotted
intensity

Dried droplet
intensity

Pre-spotted
intensity

939.487 x x x x x 866.59
948.466 x x x 8858.24 x x
991.364 x x x 9576.66 x x
997.165 x x 3828.00 x x x

1022.524 x x x x x 1552.57
1028.544 x x x x x 7163.12
1034.563 x x x x x 17734.55
1044.504 x x x 43290.19 x 3443.82
1050.779 x x 2668.72 20811.10 x 15769.00
1052.140 3176.05 17881.29 8639.15 x x x
1056.531 x x x x x 1623.77
1060.480 x x x 186791.80 x x
1066.511 x 9756.30 x 107866.64 x 8617.76
1072.532 x 11788.05 4923.46 36730.98 x 20537.75
1078.535 x x x 12832.61 x 8861.90
1082.476 x x x 16844.84 x x
1084.462 x x x 11471.96 x x
1088.482 x x x 12124.83 x 4642.90
1094.510 x x x x x 2569.98
1110.044 x x x 5310.84 x x
1153.570 x x x 13193.77 x x
1166.216 3048.41 14936.45 7458.88 x x x
1196.446 x x x 5726.29 x x
1202.462 x x x 5479.46 x x
1217.652 x x x x x 1971.08
1223.677 x x x x x 10069.46
1239.649 x x x x x 8167.32
1249.592 x x x 17877.37 x x
1255.604 x x x 12518.72 x 2368.49
1271.580 x x x 68687.73 x x
1277.597 x x x 37045.95 x 5621.06
1283.816 x x 3131.00 13098.20 x 9050.89
1289.628 x x x x x 3228.19
1299.589 x x x x x 2198.16
1305.600 x x x x x 1209.04
1314.686 x x x 8052.94 x x
1320.682 x x x 5103.54 x x
1335.420 1410.09 7021.21 2939.61 x x x
1428.754 x x x x x 2543.80
1449.481 1224.68 7083.62 2604.45 x x x
1460.686 x x x 7835.10 x x
1468.411 x 13914.98 x x x x
1476.664 x x x 47009.03 x x
1480.660 x x x 4234.69 x x
1482.677 x x x 18764.22 x x
1488.695 x x x 7950.04 x 2098.73
1494.710 x x x x x 1684.52
1525.426 x x x 4736.04 x x
1573.300 x 2729.64 x x x x
1618.911 x x 1722.00 x x x
1624.409 x 26029.80 x x x x
1687.763 x x x 12100.58 x x
1730.153 x x x 4231.89 x x
1733.015 x x 1434.00 x x x
1743.553 x 4653.89 x x x x
1765.541 x 2596.97 x x x x
1892.855 x x x 3869.20 x x
1899.710 x 8324.87 x x x x
3286.208 x x 1607.00 x x x
4039.471 378.17 x 616.11 x 292.37 x
Number of m/z

detected
5 12 12 31 1 24
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signal ions ranging between 5000 and 12,000. However, more ions
in m/z less than 5000 were detected with HCCA/3APY than with SA,
and different ions were obtained for m/z ranging between 5000
and 12,000 for both matrices (Fig. 2C and D). Nevertheless, more
ions were detected in both pre-spotted ionic matrices HCCA/ANI
and HCCA/3APY than in HCCA or SA in dried droplet
deposition. Comparisons between HCCA/ANI and HCCA/3APY were
complementary. A greater number of ions ranging between 2000
and 5000 were detected with HCCA/ANI compared with HCCA/
3APY, but ions with larger m/z were detected with HCCA/3APY.
Taken together, it is clear that pre-spotted plates with ionic
matrices allowed detecting more peptides in the serum, and after
3 months of conservation these plates were still useful for
peptidomic studies.



Fig.1. Conservation studies performed on peptide standards analyzed on HCCA or HCCA/3APY ionic pre-spotted matrices. Analysis were performed after 1 week of
conservation (A and B) or after 3 months (C and D). n = 5.
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Fig.2. Mass spectra comparison of peptides extracted from ovarian cyst liquid serum using dried droplet HCCA (A), dried droplet SA (C), pre-spotted HCCA/ANI (B), or pre-
spotted HCCA/3APY (D) after 3 months of conservation.
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Protein analysis

To get a novel ionic matrix for high mass protein detection (i.e.,
m/z > 20,000), several ionic matrices based on HCCA or SA were
tested. In pre-spotted conditions, the best spectral quality in terms
of signal intensity, signal/noise, and reproducibility was obtained
for HCCA/PA (Fig. 3). This novel ionic matrix was tested with a
mix of bovine ubiquitin, horse apomyoglobin, and bovine serum
albumin (BSA) to study its behavior on a range of small proteins
to larger ones (Fig. 3). In pre-spotted conditions, HCCA did not pro-
duce any peptide or protein signal (data not shown). By contrast,
the ionic matrix HCCA/PA in pre-spotted conditions (as well as in
dry droplet) allowed the detection of BSA (m/z 66624.27) and its
dimer (m/z 133084.25) (Fig. 3, inset). This matrix permitted the
detection of the three proteins of masses ranging from approxi-
mately 8000 up to 70,000 with concentrations of 2 pmol/ll for
ubiquitin and apomyoglobin and of 5 pmol/ll for BSA.

Tissue analyses

Pre-spotted matrices can also be used for direct tissue analyses
and imaging of molecules that are delocalized after matrix applica-
tion such as lipids, which are known to move rapidly in tissues
depending on the washing procedures or conservation modes
[43,44]. To get around this problem, we tested lipids and phospho-
lipids using 5-lm sections deposited on the top of pre-spotted



Fig.3. Detection of ubiquitin, apomyoglobin, and bovine serum albumin (BSA) with HCCA/PA in pre-spotted conditions. The inset is a mass spectrum of BSA using pre-spotted
HCCA/PA. The inset picture shows HCCA/PA in dried droplet matrix deposition. n = 5.

Fig.4. Direct tissue analyses using either HCCA in dry droplet on the tissue (A) or pre-spotted HCCA/3APY under the tissue (B). n = 5.
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Fig.5. Atenolol titration with either HCCA or HCCA/ANI pre-spotted plates for 250 to 5000 lg/ml (A) and 1 to 200 lg/ml (B). n = 10.
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solid ionic matrices. The results were compared with the classic
matrix deposition procedure (Fig. 4A) and pre-crystallized HCCA/
3APY (Fig. 4B). The phospholipids within the tissue were detected
with less intensity than with the classic procedure, but the number
of peaks detected was similar to that obtained using the classic
procedure. This result indicates that MALDI imaging can be used
to analyze compounds that cannot be dissolved in matrix solvent
or for compounds that are unstable in tissue such as lipids. Similar
results were obtained with HCCA/ANI.
Drug quantification

It is also possible to use pre-spotted ionic matrices for drug
quantification. The concentration of atenolol (1–5000 lg/ml) was
determined with pre-spotted HCCA/ANI or HCCA (performed in
triplicate for each matrix). Using spectra in each condition of dilu-
tion, the ratio Areadrug/Areamatrix was calculated to compare the im-
pacts of the pre-spotted matrices on drug quantification. As
observed in Fig. 5A, the best linear regression was obtained using



Fig.6. MALDI MSI images of rat brain section after spraying ionic matrices HCCA, HCCA/ANI, and HCCA/3APY. Intensity (Intens) and signal/noise (S/N) of each detected m/z are
presented at the level of each molecular image. Bregma index of the rat brain section is also presented.
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the pre-spotted HCCA/ANI (R2 = 0.99) compared with pre-spotted
HCCA (R2 = 0.87) for a dilute range of 250 to 5000 lg/ml. The same
result was found with a dilute range of 1 to 200 lg/ml with
R2 = 0.97 for HCCA/ANI and R2 = 0.89 for HCCA (Fig. 5B). This
demonstrates that these ionic matrices plates can be useful for
high-throughput drug quantification and, in agreement with the
‘‘Tissue analyses’’ section above, for following up drug quantifica-
tion directly in tissue.

MALDI MSI

The new solid ionic matrices (HCCA/ANI, HCCA/3APY, SA/ANI,
and SA/3APY) were also tested in MALDI MSI for peptide and pro-
tein detection (Figs. 6 and 7). Results obtained are quite different
on tissue than the results obtained on metal target. In fact,
HCCA/ANI compared with HCCA/3APY gave better results in MALDI
MSI in terms of number of detected ions, signal intensity, and im-
age quality (Fig. 6). For ionic matrices derived from SA (SA/ANI and
SA/3APY), they also presented a greater number of detected ions,
better signal intensity, and good complementary in terms of ion
species detected (Fig. 7). These data clearly showed that ionic
matrices selected for metal target cannot be the same for MALDI
MSI. The tissue effect needs to be taken into consideration. Thus,
it is difficult to extrapolate data obtained on metal target to tissue
application. Nevertheless, ionic matrices based on ANI, in general,
gave better results in both conditions [35,36]. From previous
fundamental studies, certain conclusions may be derived. For
example, studying the ion yields for different matrices at different
wavelengths with correlations to the absorption spectra of the
matrices (in the solid state if possible) tends to demonstrate that
better performances are obtained if matrices present higher
absorption at the working wavelength of the ultraviolet (UV) MAL-
DI instrument [4–6]. It was also shown that for shorter wave-
lengths in UV, fragmentation processes are increased, leading to
decreased performances. Therefore, matrices with maximum
absorption at the highest UV wavelengths (330–350 nm) are
shown to have better performances (e.g., HCCA). Some studies of
analyte distribution in matrix crystals also tend to prove that
cocrystallization is an important feature for the MALDI process
and will influence the quality of spectra [45]. These studies tend
to demonstrate that better results should be generated for matrices
with high density of small crystals. On the other hand, proton affin-
ities of matrices also play a role in the ionization process and will
influence the intensity of the resulting signals. Karas and cowork-
ers demonstrated that the addition of halogens on HCCA matrix
will improve spectra quality because the halogenated matrix pre-
sents a smaller proton affinity, allowing for thermodynamically
more favorable proton transfer to analyte during the ionization
process [46,47] regardless of the desorption/ionization model
considered in MALDI [48–52]. However, this group also recently
demonstrated that matrices with more halogens, and presenting
even smaller proton affinity, show a shift in their maximum
absorption wavelength toward a shorter wavelength; therefore,
these matrices do not present higher performances for the reasons



Fig.7. Mass spectra comparison of peptides/proteins detected in rat brain tissue after spraying either SA, SA/ANI, or SA/3APY on top of the tissue.
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already mentioned above [6]. Thus, there needs to be a compro-
mise to find design matrices with the smallest proton affinity but
with a maximum absorption range in the currently used laser
wavelengths.

Concerning ionic matrices, we have already performed some
fundamental studies for comparing HCCA/ANI and HCCA/3APY
with conventional HCCA (unpublished data). In these experiments,
we compared different preparation methods (i.e., dried droplet,
spray coating on the metal sample plate, and spray coating on tis-
sue samples) and measured different parameters for these prepa-
rations (i.e., crystallization by scanning electron microscopy,
initial velocity using the delayed extraction method [53], and inter-
nal energy). We observed different behavior for the three matrices
under the three preparations according to these parameters. To
briefly summarize, it is hard to find one specific feature explaining
the better signal intensity observed for ionic matrices. The smallest
proton affinity of these matrices could also explain their specific
behavior. However, ionic matrices are organic salts, and measure-
ment of proton affinity is not so obvious and no values are avail-
able yet. It might be that ionic matrices favor proton transfer
during the ionization process. We also observed for ionic matrices
that because of their surface tension, crystallization is slower and
might provide a better cocrystallization with analytes. Altogether,
these features could contribute to explain the improved perfor-
mances of ionic matrices compared with conventional ones, but
we hardly found a single feature explaining all of our experimental
observations. Matrix choice still remains a difficult fundamental
aspect, not all parameters are yet controlled even for conventional
matrices, and in many cases new matrices are selected by empiri-
cal approaches.
Conclusion

Pre-spotted ionic matrices allow analysis of peptides up to
5 kDa with HCCA/ANI, up to 8 or 9 kDa with HCCA/3APY, and up
to 67 kDa with HCCA/PA with very high sensitivity and high spec-
tral quality compared with the classic preparation method. The
sensitivity and spectral quality of these pre-spotted ionic matrices
are better than dry droplet HCCA or pre-spotted HCCA. Moreover,
in the pre-spotted ionic matrices conditions, degradation of the
analyte seems to be slower than in classical MALDI matrices such
as HCCA and SA. In summary, the pre-spotted ionic matrices are
preserved over time and can be used in classical proteomic studies
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with better standardization, repeatability, and time saving but also
in MALDI imaging (e.g., for lipids). Finally, these new methods can
be used for relative drug quantification. This reflects that ionic
matrices offer many possibilities to MALDI.
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