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Phospholipids (PLs) are the major components of cellular membranes and play important biological roles.
To effectively identify PL species and avoid chemical background interferences, 1,5-diaminonaphthalene
(DAN) was introduced as a matrix in this study. A systematic evaluation of three established matrix
substances, especially 2,5-dihydroxybenzoic acid (DHB) and 9-aminoacridine hemihydrate (9AA) as ref-
erence compounds, for phospholipid (PL) analysis was performed. Spectra of all analytes (phosphocholine
(PC) in positive ion mode, the rest in negative ion mode) using DAN as the matrix showed only proto-
nated/deprotonated analyte signals. Moreover, the spectra were totally devoid of any matrix related
signals. In addition, ionization efficiency of PLs using DAN as matrix was evaluated, and improved
signal intensities of analytes with low laser energy were produced, making DAN a versatile and sen-
sitive reagent for PL analysis. DAN was also successfully applied to the PLs identification of Geobacillus
stearothermophilus, in which phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) were found
to be the major classes. All the results indicate that DAN is a promising matrix for high-speed and effective
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1. Introduction

Among the various cellular metabolites, lipids are the lead-
ing molecules to be explored by omics-based studies, known as
lipidomics [1]. Lipids and their metabolites play a vital role in
a variety of biological processes including energy storage, cell
signaling, antiviral protection, and as the structure to prevent alve-
olar collapse. Phospholipids (PLs), defined as glycerol-phosphate
derivatives, are major components of cellular membranes (50-60%
of lipid mass) and fulfill a variety of functions in cell signaling, cell
growth and death. In bacteria and eukaryotic cells, PLs are consti-
tuted by straight-chain fatty acids linked to glycerol by ester bonds
or/and ether bonds. Due to their structural diversity, it is therefore
advantageous to acquire both positive and negative ion mode spec-
tra from each analyzed sample provided that mass resolution, mass
accuracy and the analysis throughput remain uncompromised [2].

Several protocols are available for lipid analysis, and common
approaches are based on thin-layer chromatography (TLC) [3],
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high performance liquid chromatography (HPLC) [4], and shot-
gun method coupled to mass spectrometry (MS) [5]. Among the
most advantageous “soft-ionization” techniques available today,
electrospray ionization (ESI) MS has been widely employed for
lipid analysis [6]. However, despite the more frequent use of this
approach, MALDI-MS shows advantages over ESI-MS, characterized
by excellent sensitivity, high tolerance against salts and sample
impurities, and instrumental robustness, making it a promising
alternative for high-through lipidomics analysis in complex bio-
logical samples [7-12]. Unfortunately, due to the interference of
chemical background noise, which is a typical obstacle for sensitive
MALDI-MS detection of compounds in the low-mass-region, com-
paratively little attention has been paid to the field of lipidomics
[13,14].

Efforts have been made to solve the problem of low-mass-region
interference. One active field is the development of matrix-free
approaches involving laser desorption/ionization (LDI) of analytes
from a specific surface. For example, Northen et al. [15] introduced
nanostructure-initiator mass spectrometry (NIMS), a tool allowing
direct characterization of peptide microarrays, direct mass analysis
of single cell, tissue imaging, and direct characterization of blood
and urine. Alternatively, several new matrices have been stud-
ied [16-19], e.g., 2,5-dihydroxybenzoic acid (DHB), 4-nitroaniline
(PNA) and 2,4,6-trihydroxyacetophenone (THAP). But to date, only
few matrix substances like DHB have been extensively used for
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analysis of diverse lipid classes by MALDI-MS, and recently, 9-
aminoacridine (9AA) was demonstrated to be an efficient matrix for
analyzing low molecular weight acid, but limited to negative mode
and in use may sometimes generate certain alkali metal adductions
[20]. An ideal matrix should be totally devoid of matrix-related ion,
this would make spectral interpretation straightforward.

1,5-diaminonapthalene (DAN) has been characterized as a basic
matrix and used previously as a MALDI matrix for peptide in-source
decay (ISD) process activation and reduction of peptide disul-
phide bonds facilitated sequencing. Moreover, it has successfully
been applied for lipidomic analysis by imaging mass spectrometry
[21,22]. In the present study, comparing DHB and 9AA, we describe
an optimized method by introducing DAN as the matrix substance
for highly sensitive detection of PLs by MALDI time of flight/time
of flight (TOF/TOF) in both positive and negative ionization modes.
To explain the beneficial effects of this compound, mass spectra
acquired from different matrices were investigated and compared.
Meanwhile, DAN was applied to the detection of small amounts of
PL extracts from Geobacillus stearothermophilus for examining its
robustness and sensitivity.

2. Materials and methods

2.1. Regents and chemicals

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE),
1,2-dipalmitoyl-sn-glycero-3-phosphoinositol (DPPI), 1,2-

dimyristoyl-sn-glycero-3-phospho-L-serine, sodium salt (DMPS),
1,2-dimyristoyl-sn-glycero-phosphate, sodium salt (DMPA),
1,2-dipentadecanoyl-sn-glycero-3-[phosphor-rac(1-glycerol)],
and sodium salt (DPPG) were purchased from Avanti Polar
Lipids (Alabama, USA). 2,5-dihydroxybenzoic acid (DHB), 9-
aminoacridine hemihydrate (9AA), and 1,5-diaminonapthalene
(DAN) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
HPLC grade chloroform, methanol, and acetonitrile were pur-
chased from Fisher Scientific (Waltham, MA, USA). Water with a
resistivity of 18 M2 cm! was purified using a Milli-Q system from
Millipore (Billerica, MA, USA). Purchased chemicals and solvents
were obtained in the highest quality and used without additional
purification.

2.2. Lipid extraction

G. stearothermophilus NCTC 10003 was cultured in the medium
as described previously [23]. The strain was grown in a 5 L Winpact
bench-top fermentor (Major Science, USA) at 60°C, 300 rpm. Cell
broth at middle exponential phase (optical density at 600 nm of
~0.6) was harvested by centrifugation at 6000 x g for 10 min, and
the pellet was stored at —20°C.

Lipids were extracted from G. stearothermophilus samples
according to a modified version of the Bligh and Dyer method.
Briefly, 0.1 g cell sample was accurately weighed in a 2 mL polyte-
trafluoroethylene tube, and mixed with 1.2 mL of CHCI;/MeOH (2/1,
v/v) solution. After extracting ultrasonically for 10 min, a portion of
0.4 mL water was added to separate the phase. Then, the mixture
was centrifuged at 8000 x g for 10 min, and the lower organic phase
was recovered and transferred to a new glass tube. The aqueous
phase was re-extracted with 0.8 mL of CHCl3 another two times
and then handled as described before. The collected organic phases
were combined and evaporated under nitrogen flow. Dried lipid
extracts were dissolved in 1.0 mL of CHCl3/MeOH (2:1, v/v) and
stored in the dark at —80°C. It is worth a mention that in order to
minimize the risk of oxidation of the polyunsaturated fatty acids
or lipid hydrolysis during the process of isolation, it is always

recommended that the extraction process of lipids should be com-
pleted at low temperature (4°C) as soon as possible after cell
collection.

2.3. MALDI mass spectrometry

For MALDI-MS analysis, 5 mg/mL DAN was freshly prepared in
isopropanol/acetonitrile (60/40, v/v) and mixed with an equal vol-
ume of sample solution before deposition onto the MALDI target.
Much care should be taken when preparing DNA due to its potential
carcinogenicity [24]. DHB and 9AA were also used as matrices. DHB
was used as 30 mg/mL solution in methanol, whereas a 10 mg/mL
solution of 9AA was prepared in isopropanol/acetonitrile (60/40,
v/v), an optimized condition developed by Sun et al. [25]. Lipid
extracts and phospholipid standard solutions were individually
premixed 1:1 (v/v) with DHB, 9AA, and DAN, respectively, and sub-
sequently applied onto a MALDI target plate.

All mass spectra shown were obtained using an Applied Biosys-
tems 4800 MALDI-TOF/TOF mass spectrometer from (AB Sciex,
Foster City, CA) equipped with a 200 Hz tripled-frequency Nd:YAG
pulsed laser with 355 nm wavelength. Measurements were per-
formed in MS or MS/MS mode by MALDI-TOF/TOF in either positive
or negative ion reflection mode at an accelerating potential of
20KkV. A delayed ion extraction time of 450 ns was selected accord-
ing to the mass range under observation (m/z 400-1200) allowing
for baseline isotopic mass resolution. Mass spectra were obtained
applying a laser energy adjusted up to 5-10% above threshold
irradiation according to the manufacturer’s nominal scale. An inte-
grated video imaging system (~25x magnification) allowed direct
observation of the sample spots under investigation. External mass
calibration was achieved using mixture of phospholipid standard
compounds described above. MS data acquisition was performed
by 4000 Series Explorer, version 3.5.2 program.

2.4. Data analysis

MALDI-TOF MS data analysis was performed by the man-
ufacturer supplied instrument software Data Explorer v.4.9
(Applied Biosystems) using the Savitzky-Golay smoothing algo-
rithm. Lipid characterization was performed by comparing
accurate mass measurements with the LIPID MAPS prediction
tool (http://www.lipidmaps.org/tools/index.html). Values were
displayed as mean + standard deviation (SD) of at least triplicate
measurements (n > 3).

3. Results and discussion
3.1. MALDI-TOF MS of DAN

The photochemical properties of DAN in tetrahydrofuran were
previously studied by Wang [26]. The absorption maximum is cen-
tered at 330-350nm in their spectra, which is assigned to the
n— 7" electronic transition due to electron transfer from nitro-
gen lone pair to the w* orbital of the naphthalene group. The
UV-vis spectral absorption profile of DAN in solid state undergoes
a red shift, which makes the DAN able to absorb the Nd:YAG laser
wavelength (355 nm). Meanwhile, due to its strong UV absorption,
rather low laser powers and much lower matrix concentrations are
required. Fig. 1 showed the MALDI spectra of DAN in both positive
and negative ion mode. DAN favored as the existence of a radical
cation (MH*" ion, m/z 157.8) in the gas phase, which was contrary
to what is usually observed with other matrix (showing the favored
formation of MH* ion). Further ions, presenting at m/z299, 314, and
326, were considered to have originated from the radical induced
reaction with neutral DAN molecules, but not simple DAN clusters
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Fig. 1. Matrix assisted laser desorption ionization (MALDI) time of flight/time of flight mass spectrometry (TOF/TOF-MS) spectra of DAN in (A) positive ion mode and (B)

negative ion mode.

[27]. This observation agrees as well with previous reports. In neg-
ative mode (Fig. 1B), the precursor ions of DAN were detected at
m/z 155.9 and 156.9 at low mass range. We speculate thismass loss
was derived from a reduction reaction involving the amino groups
of DAN. Such a proton donating function of DAN was confirmed to
be related to a reaction similar to that of a Bronsted-Lowry acid
by Fukuyama [28]. The dominate ion in the full spectra was at m/z
312.0. Similar to that in positive ion mode, this ion was generated
by a radical anion ([M-2H]"~) induced reaction with a neutral DAN
molecule. In addition, ions originated from three DAN molecules
were also observed at m/z451 and 462. No other further appreciable
decomposition and extensive cluster formation could be seen from
the MALDI experiments. Therefore, DAN was shown to be suitable
for analysis of phospholipids, whose mass charge ratios are usually
more than 650.

3.2. Matrix comparison for PLs ionization behavior

PC and PE were selected as two representative PL classes
and studied individually, because they accumulate in significant
amounts in cells, tissues and body fluids. DHB and 9AA were cho-
sen for performance comparison with that of DAN, since DHB is
currently the most popular matrix used for MALDI mass analysis
of lipids and other carbohydrates, while 9AA is a very promising
negative ion matrix and has already been used for the detection of
acidic lipids [20].

Figs. 2 and 3 showed selected positive and negative ion MALDI-
TOF/TOF mass spectra of isolated DMPC and DPPE in order to
illustrate the effect of DAN and the polarity mode. DMPC, with
its quaternary amine, stabilized a positive charge quite strongly.
Moreover, previous studies have shown that PC can inhibit the
detection of other phospholipids in positive ion mode due to their
easy ionization properties [29]. Its spectra in DAN (positive ion
mode, Fig. 2B) provided exclusively intense [M+H]|" and very minor
[M+Na]*. While in the spectra using DHB as matrix, the sodium
adduct ion was significantly intensive [30], with intensity higher

than 20% (Fig. 2C), which reduced sensitivity of detection due to
signal splitting. When using 9AA as the matrix, the spectra were
similar to those using DAN as the matrix, but it required much
higher laser intensity(>6000). In the negative mode using DAN
(Fig. 2D), the DMPC related ions occurred only after elimination
of methyl group or other cations. For example, the most abundant
ion at m/z 662 was [M—CHj3]~, generated by charged quaternary
amine induced in source fragmentation. The ions at m/z591 and 617
were tentatively speculated to be [M—CH,=CHN*(CH3)3—H] and
[M—HN*(CH3)3—H]~, respectively. This speculation was further
approved by MS? experiments, and the MS? spectra are shown
in Fig. S1 (see Supporting Information). In the product ion spec-
tra of the precursor at m/z 591, the most intense ion was at m/z
363, corresponding to the loss of an acyl chain (14:0) from its
deprotonated molecule. The peak at m/z 227 was the ionized acyl
chain (14:0) itself, while the peak at 79 was the diagnostic ion
of [PO3]~. In the product ion spectra of the precursor at m/z 617
(Fig. S2, see Supporting Information), the ionized acyl chain (14:0)
became the most abundant ion, while the intensity of its coun-
terpart ([617-227-H]~) was only about 10%. The peak at m/z 123
indicated the existence of the structure [HOPO3CH=CH,]|~ in its
precursor ion. All of the fragment ions were consistent with the
assignment of their precursors. The spectra of 9AA (Fig. 2E) was
very similar to that of DAN, in which the ions described above were
reduced, but some matrix adduct ions appeared, like the precursor
ion at m/z 712. However, in the case of DHB (Fig. 2F), the spec-
tra gave an exclusively intense DHB adduct peak ([M+DHB—H]~) at
m/z 830 [31]. A MS2 experiment of DMPC was also conducted and
no significant difference was observed in the spectra. Therefore,
positive ion mode combined with the DAN matrix seems to be the
optimum condition for DMPC detection.

In the case of DPPE (positive ion mode, Fig. 3), it behaved totally
different to that of DMPC when DAN was used as the MALDI matrix,
since no [M+H]" ion could be observed directly. Instead, the spectra
were filled with alkali adduct ions, DAN adduct ions, and in source
fragment ions, which markedly complicated spectral complexity
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Fig. 2. (A) DMPC chemical structure, and MALDI TOF/TOF-MS spectra relevant to DMPC with (B) DAN in positive ion mode, (C) DHB in positive ion mode, (D) DAN in negative
ion mode, (E) 9AA in negative ion mode, and (F) DHB in negative ion mode.

and data analysis. As shown in Fig. 3B, the peaks with m/z 686 and
708 were the two most abundant ions and assigned to be [M+Na]*
and [M+2Na—H]*, respectively, while, the peaks in the mass spec-
tra with m/z 702 and 724 were corresponding to [M+K]* and

[M+Na+K—H]*, with comparatively lower intensity. The observed
fragment ions at nominated m/z 619 and 647 were attributed to
partial loss of the head group, identified as [M—aziridine—H]|* and
[M—NH3+H]*, respectively. Their detailed fragment pathways were
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previously proposed by Hsu and Turk [32]. In a similar manner to
DAN matrix, the mass spectra of DPPE in DHB matrix exhibited
alkali adduct ions (m/z 686, 702, 708, and 724), matrix adduct ions
(m/z 878), and in source fragment ions (m/z 500, 523, and 607),
although significant amounts of protonated DPPE ion [M+H]* at
m/z 664 could be observed in the mass spectra (Fig. 3C). There was
no signal observed in the spectra using 9AA as matrix in the pos-
itive ion mode. Therefore, the tested three MALDI matrices seem
not suitable for analysis of PE in positive ion mode. In negative
mode, PE species were ready to be ionized, since the phosphate
hydroxyl group can be easily deprotonated (pKa=5.70) while the
amine group is only weakly acidic so it does not have any signif-
icant contribution in ionization. This was supported by a strong
[DPPE—H]-ion signal (m/z 662.5) (Fig. 3) and MS? spectra no mat-
ter using DAN, DHB or 9AA as MALDI matrix. It can be seen from
Fig. 3D that the resulting spectra were much cleaner and that the
DPPE ion peak (exclusively in the deprotonated form) was easily
identified. Matrices adduct ions and in source fragment ions were
prevalent in Fig. 3E and F, which would overlap with other PLs and
complicate the data interpretation process. Thus, through the use of
DAN, a single [M—H]~ion was formed and desorbed with high effi-
ciency in the absence of multiple adduct ions and matrix clusters
in the negative ion mode. DPPI, DMPS, DMPA and DPPG were also
studied individually and they could be well detected and identified
in negative ionization mode.

3.3. Matrix comparison for PLs ionization efficiency

The efficiency of ionization of individual representative PL com-
pounds was compared using three different types of matrices: DHB,
9AA and DAN. The PL mixture consisting of equal molar quanti-
ties of DMPC, DPPE, DPPI, DMPS, DMPA, and DPPG was selected to
evaluate the signal-to-noise (S/N) ratio. It is known that ionization
of PLs mainly depends on the polar head groups bearing different

functional groups. Fig. 4A demonstrated the S/N ratios of each PL
during our investigation. It is important to point out that the mea-
surements of DMPC were obtained in positive ion mode, since PC
is a more sensitively detectable PL species in protonated form as
already stated. DHB showed many interfering peaks (although the
S/N ratio of the target peak is high), while 9AA and DAN provided
considerably better results under our experimental setup. How-
ever, the laser energy needed for DAN (~4000) was significantly
less than that of 9AA (>6000). The S/N ratios of the rest of the five
tested PLs were recorded in negative ion mode and a ca. 5-10 fold
increase of mean signals could be observed by using DAN, in con-
trast to 9AA or DHB as MALDI matrix. The ionization efficiency of
each matrix substance was totally different, for example, DHB pro-
vided comparatively lower DPPE and DMPA signals, while 9AA gave
relative weak peak of DMPS. The S/N ratio of DPPG was the highest
no matter which matrix was used. Fig. 4B demonstrated a repre-
sentative spectrum of PL mixture in negative ion mode using DAN
as matrix. The DPPE at m/z 662 and the DPPG at m/z 693 were the
most abundant ions observed. The above results demonstrated that
positive and negative ion MALDI spectra produced by matrix DAN
had an improved signal intensity of analytes with low laser energy,
making DAN a versatile and sensitive reagent for phospholipid anal-
ysis. This phenomenon may be attributed to that DAN is regarded
as reductive chemical, whose hydrogen-donating ability is higher
than DHB [33].

3.4. Application of DAN for PLs analysis in vitro

There has also been widespread interest in the development of
methods for analyzing lipid profiles from bacteria for addressing
questions of the important roles lipids played in the structures
of cell membranes or in the various metabolic and communica-
tion processes within cells [34]. The thermophilic eubacterium G.
stearothermophilus has been extensively used as a model to identify
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membrane perturbing effects of lipophilic compounds, because its
growth occurs at high temperatures, the risk of contamination is
reduced, and results in bacterial cultures with high cell densities
[34]. Therefore, PL extracts from the culture broth of G. stearother-
mophilus strain was studied to prove the potential of the proposed
MALDI matrix in the analysis of real complex samples. The crude
lipid extracts were directly spotted on the plate without any pre-
separation, and mass spectra were obtained by averaging 20 laser
shots scanned across the sample spot. MALDI mass spectrome-
ter was firstly operated in positive ion mode for monitoring the
PC species. However, PC related ions were absent in the spectra,
which theoretically lost a prominent fragment ion corresponding
to neutral loss of 183 Da (CsH14NPO,4) along with the comple-
mentary protonated fragment ion at m/z 184. Instead, the spectra
were filled with alkali adduct ions of PE and PG, which showed
characteristic ions at m/z 164 and 195 in the MS? spectra, corre-
sponding to the sodiated polar head-group [Na*(Co;HsN)H3PO4]*
and [Na*(HOCH;CHOHCH; )H3PO4]*, respectively. These results are
consistent with the previous findings that PE and PG are abundant
in bacterial membranes while PC cannot be detected [34-35].
Improved results were obtained using negative ion mode as
shown in Fig. 5A. The main ions were distributed within the range
from m/z 645 to 920. The spectra obtained from DAN were simi-
lar to but much more than those from 9AA (Fig. S3, see Supporting
Information). Most of the PL species were identified using MS? data,
aided with the LIPID MAPS database (http://www.lipidmaps.org/)

and MS prediction tool. In the spectra, significant even mass ions
were observed and all of these ions were interpreted as PE species,
which is in line with previous studies that PE is a major component
in bacterial lipids [35]. For example, the predominant fragmenta-
tion of phospholipid with m/z 676 (Fig. 5B) contained a diagnostic
peak at m/z 196, which corresponded to the loss of H,O from glyc-
erol phosphoethanolamine. The fragment ions at m/z 227, 241, 255,
and 269 were speculated to be deprotonated acyl chain Cq4.9, C15:0,
Ci6:0, and Cq7:g, respectively, indicating that at least two PE species
with different acyl side chain compositions were overlapped at this
precursor ion peak. The other fragmentions in the spectra also indi-
cated the presence of PE, with m/z 466, 452 and 438 corresponding
to the loss of acyl chain Cy4:9, C15.0 and Cyg:¢ as ketenes, respec-
tively, and m/z 140 and 122, corresponding to the ethanolamine
phosphate ion and ethanolamine phosphate ion with loss of H,O,
respectively. Therefore, PLs species at m/z 676 were speculated to
be PE (14:0/17:0) and PE (15:0/16:0). As expected from the sample
composition, G. stearothermophilus lipid extracts contained various
PE species, including m/z 648, 660, 674, 686, 688, 690, and 704,
which were identified based on MS? spectra and summarized in
Tables 1 and S1 (see Supporting Information).

PG class is the second most abundant phospholipids in bacte-
ria as reported [36]. Similar MS? spectra were observed for all of
the significant odd mass ions observed. Fig. 5C showed represen-
tative MS? spectra of PG at m/z 707. The diagnostic fragmentation
of phospholipids involved the cleavage of the phosphate-glycerol
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Table 1
Attribution of the main ions observed in the spectra of Fig. 5A.

Class Observed m/z CN:DB?

PE 648.3 29:0
660.3 28:1
674.3 31:1
676.3 31:0,32:0°
686.3 32:2
688.3 32:1
690.4 32:0,33:0°
704.4 33:0,34:0°

PG 649.3 27:1
707.3 31:0,32:0°
7214 32:0,33:0°
7354 33:0,34:0°
749.4 34:0,35:0°

PE derivatives 854.4 30:0
868.4 31:0
882.4 32:0
896.6 33:0

PE = phosphoethanolamine; PG = phosphatidylglycerol.
3 CN:DB stands for the ratio between carbon number and double bonds.
b Plasmanyl/acyl PE (1-0-alkyl-2-acyl PE).

bond, resulting in the elimination of a characteristic phosphatidyl
head-group, which was deprotonated and appeared at m/z153. The
spectra showed two predominant fragment ions at m/z 241 and
255, complying with the deprotonated acyl chain Cq5.9 and Cyg:0,
respectively. The fragments at m/z 451 and 465 could be assigned
to the loss of Cq¢.9 and Cys.¢ fatty acids, while the fragment ions at
m/z 377 and 391 were consistent with the further loss of the glyc-
erol from m/z 451 and 465, respectively. Other precursors with m/z
649,707,721, 735, and 749 were identified as PG species and listed
in Tables 1 and S1 (see Supporting Information).

In addition, there were even mass signals in the mass range
from m/z 850 to 900, in which four significant precursors could
be observed, including m/z 854, 868, 882, and 896. These ions were
not matrix adducts since they appeared at the same mass-charge
ratio even using DHB and 9AA as matrices. The MS? spectra, taking
precursor ion at m/z 868 as an example (Fig. 5D), showed signals of
acyl chain ions at m/z 227, 241, and 255, and the counterpart ions
loss of one acyl chain as ketene from [M—H]", at m/z 626 and 644.
Thus, this ion was speculated to be a PL derivative with linkage at
the head group. The even m/z product ions at m/z 388, 332, and
314 aided our speculation, since these ions agreed with the mass
weight of derived glycerol ethanolamine phosphate ion, derived
ethanolamine phosphate ion, and derived ethanolamine phosphate
ion with loss of H,0. Notwithstanding that, assignment of all the
peaks in the spectra was not the focus of this paper. We tentatively
considered these ions as PE derivatives. A summary of the PL ions
identified in the mass spectra for G. stearothermophilus using the
MALDI-TOF/TOF data is given in Table 1.

Collectively, compared with DHB and 9AA as matrices, the
intensity of the spectra from DAN was much higher, allowing the
detection of individual PLs. Moreover, using DAN as the matrix pro-
duced definitely deprotonated ions without any matrix adducts
which could contaminate the spectra from real samples and make
difficulties to analyze PL species.

4. Conclusions

The discovery of novel matrix substances and constant improve-
ments in sensitivity and reproducibility for phospholipidomics
study using the MALDI-MS method for ionization is an active
and dynamic area of research. Here, we present DAN as MALDI
matrix for studying phospholipids including PC, PE, PI, PS, PA, and
PG. Compared with conventional matrices such as DHB and 9AA,

the results can be obtained using DAN even at much lower con-
centration. Absence of matrix related ions makes DAN ideal for
studying phospholipids in the low mass weight region. The detailed
evaluation of critical parameters including different matrix sub-
stances, PLs fragmentation behavior in gas phase, and the PLs
ionization efficiency reveals crucial to acquire sufficiently high
sensitivity and versatility for detection of different PL classes in
positive and negative ionization modes. Finally, the combination
of these essential factors was successfully applied to identify PLs
from G. stearothermophilus. Considering the robustness and high
throughput capability of MALDI-MS/MS, DAN with its remarkable
properties has a great potential for lipidomics study of low concen-
tration PLs.
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