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Published: 15 March 2017 !Vlatrlx assisted I_aser desorptlor_1/|on|zat|on gMALDI.) imaging mass spestrl'ometr)./ (IMS) is an increasingly
. important technique for detection and spatial localization of phospholipids on tissue. Due to the
. high abundance and being easy-to-ionize of phosphatidylcholine (PC), therefore, selecting matrix to
. yield signals of other lipids has become the most crucial factor for a successful MALDI-IMS analysis
. of phospholipids. Herein, graphene oxide (GO) was proposed as a new matrix to selectively enhance
. the detection of other types of phospholipids that are frequently suppressed by the presence of PCin
. positive mode. Compared to the commonly used matrix DHB, GO matrix significantly improved signal-
. to-noise ratios of phospholipids as a result of its high desorption/ionization efficiency for nonpolar
© compounds. Also, GO afforded homogeneous crystallizations with analytes due to its monolayer
. structure and good dispersion, resulting in better reproducibility of shot-to-shot (CV < 13%) and spot-
© to-spot (CV < 14%) analysis. Finally, GO matrix was successfully applied to simultaneous imaging of PC,
. PE, PS and glycosphingolipid in the mouse brain, with a total of 65 phospholipids identified.

Lipids, especially phospholipids (PLs), are major constituents of cellular membranes and participate in many
. essential biological functions ranging from signal transduction, energy storage, cell adhesion and migration,
:metabolism, homeostasis, and apoptosis'2. Defects in phospholipids metabolism are associated with numerous
. diseases including atherosclerosis, Alzheimer’s disease, cancer, and Niemann-Pick disease®. Thus, revealing their
global distribution in vivo is crucial to disease diagnosis and treatment.
: Matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI-IMS) is a well-established
. label-free technique that can simultaneously map a broad range of biomolecules in cells and tissues with high
sensitivity, specificity and relative quantitative abilities*””. In a typical MALDI-IMS workflow, a tissue is cryo-
sectioned into slices, mounted onto a target and subsequently coated with a suitable matrix that extract analytes
. from the underlying tissue to form co-crystallization. Then specific regions of the tissue sections are scanned by
 MALDI MS in an array of discrete points and then images are reconstructed to form the mass spectrum charts
from those points. So far, MALDI-IMS has proven to be a powerful technique for identification and spatial local-
ization of phospholipids across a variety of biological tissues®, including mouse brain®, mouse liver!?, rat heart!!,
and bovine lens'.
: The successful MALDI-IMS analysis of phospholipids largely depends on the choice of matrix. Currently,
. the most frequently used matrix for phospholipid analysis is 2,5-dihydroxybenzoic acid (DHB)!*. However,
: DHB tends to form heterogeneous crystals resulting in poor reproducibility and low resolution'®. Moreover,
: phosphatidylchlines (PCs) and spingomyelins (SMs) frequently suppress the detection of other lipid classes
© in a positive mode!. To address this problem, a batch of matrices such as 9-Aminoacridine (9-AA)'S,
* 4-phenyl-a-cyanocinnamic acid amide (Ph-CCA-NH2)"7, N-(1-naphthyl)ethlenediamine dihydrochloride
: (NEDC)*, dithranol (DT)", quercetin'’, hydroxyflacones?, etc., have been demonstrated for profiling and imag-
ing of phospholipids. Due to the high abundance and being easy-to-ionize of PC, it usually required two separate
scan in positive and negative mode, separately, which was quite time-consuming and reagent-wasting. Therefore,
- searching for different matrices for simultaneous analysis of multiple phospholipids by MALDI-IMS remains to
. be a rather empirical task.
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Recently, graphene (G) and graphene oxide (GO), as new members of carbon-based nanomaterials, have
attracted considerable attention due to their unique properties, including simple monolayer structure, good ther-
mal and chemical stability as well as excellent electronic properties?*%. In 2010, graphene was first introduced
as a matrix for the facile analysis of amino acids, polyamines, anticancer drugs, nucleosides and steroids using
MALDI-TOF MS?. Since then, G/GO have been employed as MALDI matrices for the facile analysis of small
molecules?*?, proteins/peptides®*?’, and polymers*®. Compared with classical organic matrices, G/GO show sev-
eral advantages, such as low background interference, enhanced ionization efficiency of analytes, rare hot-spot
phenomenon, etc. In particular, G/GO are found to show a high desorption/ionization efficiency towards nonpo-
lar compounds that are commonly difficult to ionize. This phenomenon would be attributed to the hydrophobic/
hydrophobic interaction between nonpolar compounds and G/GO as well as the unique electronic property of G/
GO for energy transfer?®. Therefore, G/GO are promising matrices for lipid detection and imaging.

In this work, we present successful use of GO as a new matrix for MALDI-IMS analysis of phospholipids. The
unique advantage of GO as matrix is that signal-to-noise (S/N) ratios of low-abundance phospholipid classes were
selectively improved despite the presence of PC, which could provide a more comprehensive profile of phospho-
lipids spatial distributions in mouse brain sections. In addition, compared to DHB, GO provides a homogeneous
deposition on tissue, leading to higher signal intensities and better reproducibility. Finally, we present GO as
novel MALDI-IMS matrix for imaging of various lipid classes in mouse brain tissue sections.

Results and Discussion

Evaluation of GO as matrix for MALDI analysis of phospholipids. The characterization of graphene
oxide was kindly provided by the manufacturer. As shown in Figure S1-S4, graphene oxide synthesized through
Hummer approach has a very small thickness (0.8-1.2 nm), indicating its one-atom-thick property. Typically, sol-
vent and matrix concentration play critical roles in MALDI MS analysis?. Therefore, the preliminary experiment
was conducted to optimize the solvent and matrix concentration. We investigated three solvents including H,O,
C,H;O0H/H,0 (50:50v/v) and ACN/H,O (50:50, v/v) containing 0.1% TFA, and a series of matrix concentrations
ranging from 0.1 mg/mL to 10 mg/mL. It was found that GO dissolved in C,H;OH/H,0 (50:50, v/v) at the con-
centration of 2 mg/mL could generate the best spectrum (data not shown).

After optimization of the concentration and matrix buffer, GO was investigated as matrix to ionize differ-
ent phospholipid classes. The main advantage of GO matrix is that it greatly enhanced the S/N ratios of phos-
pholipids. Figure 1 displayed the MALDI mass spectra of four representative phospholipid species including
PC (20:1/20:1), PE (16:0/16:0), PG (18:1/18:1) and PS (16:0/18:2) using DHB and GO as matrix, respectively.
Compared to DHB matrix (Fig. 1, upper panel), GO matrix showed enhanced ionization (Fig. 1, lower panel) for
all four phospholipid species. Specifically, the S/N ratios of PC, PE, PG and PS were enhanced by approximately 6,
22,97 and 15 fold, respectively. It should be noted that when using DHB matrix, the signals of phospholipids were
often observed in several forms of adducts like [M + H] ", [M + Na] ™, [M + 2Na-H] ™, and [M + K] . However,
GO preferred to generate predominant abundant [M + K] * ion, which to some extent simplified the mass spectra
and facilitated phospholipids identification. PC was generally detected in the form of [M + K-59]", indicating
that PC had lost its quaternary amine group to form a dehydrated diacylglycerol fragment ion. This phenome-
non could probably be attributed to the strong interaction between the negative charges of GO and a permanent
positive charge of PC’s head group. Subsequently, the limits of detection (LODs) for the most abundant peaks of
PC, PE, PG and PS were determined with a dilution series of phospholipids. Compared with 1.8, 2.9, 12.3 and
2.5 pmol using DHB matrix, the LODs for PC, PE, PG and PS were 730, 93, 105 and 75 fmol using GO matrix,
indicating the decrease of 2.5, 31, 117 and 33 fold, respectively.

The second advantage of GO matrix is that it could selectively improve the detection of other phospholipids in
positive mode in the presence of PC. PC always suppresses the ionization of other phospholipids in positive mode
due to its high abundance in eukaryotic membranes and its quaternary amine group?. A mixed solution contain-
ing four standard phospholipid species was used as a model sample to evaluate the ionization capability of GO
towards other phospholipids. We blended PC, PE, PG and PS in molar ratios of 8:4:1:2 to mimic the composition
of phospholipids in real biological tissues according to the previous literature®®. As shown in Fig. 2, when using
DHB matrix, the signal of PC predominated the mass spectra, and no peak of PG could be detected (Fig. 2a).
By contrast, when using GO matrix, the S/N ratios of PC, PE and PS were increased by 10, 51 and 6 fold, while
signals of PG at m/z 797.42 ([M + Na] ") and m/z 813.39 ([M + K] ") were detected with considerable S/N ratios
(S/N=50and S/N =172) (Fig. 2b, Table 1). This was probably because that PC’s quaternary amine group was
cut off so that it could no longer suppress the ionization of other phospholipid classes, enabling the simultaneous
detection of different phospholipid classes in biological samples.

The third advantage of GO matrix is that it could improve the signal reproducibility of phospholipids. As
previously reported, DHB suffered from forming heterogeneous crystallization with analytes (Figure S5a), lead-
ing to wide variations of signal intensity (Figure S6 and S7). In contrast, as shown in Figure S5b, more uniform
crystals were obtained by using GO matrix, indicating better reproducibility of signal intensity. For further con-
firmation, shot-to-shot experiment was conducted by acquiring 10 mass spectra in a single spot and spot-to-spot
experiment was performed by acquiring 10 mass spectra in 10 spots. As illustrated in Figure S6 and S7, the results
showed that GO produced much better shot-to-shot (CV < 13%) and spot-to-spot (CV < 14%) reproducibility
for phospholipid analysis than DHB matrix.

Direct analysis of phospholipids in mouse brain tissue sections using GO. In order to further
investigate the potential of GO for improved phospholipid imaging, mouse brain tissue sections were analysed
directly. For comparison, DHB was used as a reference matrix. The LIPID MAPS DATABASE was used for a pre-
liminary structure determination. As shown in Fig. 3, GO matrix showed significant advantages over DHB matrix
in terms of sensitivity, selectivity and reproducibility.
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Figure 1. MALDI-TOF MS spectra of four individual phospholipid species (a) PC (20:1/20:1), (b) PE
(16:0/16:0), (c) PG (18:1/18:1) and (d) PS (16:0/18:2) in positive mode using DHB (upper panel) and GO (lower
panel) as matrix, respectively. The concentration of each phospholipid was 200 ng/pL.

DHB matrix only generated peaks of PC and a few of SM (Fig. 3a), which was in agreement with previous
reports®.. In contrast, GO provided peaks of PC, PE, PS, SM, and glycosylsphingolipids (Fig. 3b). We detected a
total of 65 lipid species using GO as matrix whereas only 13 lipid species were identified using DHB matrix. The
detected phospholipids was listed in Table S1 (GO) and S2 (DHB). When using DHB matrix, protonated, sodiated
and potassium adducts were detected. In contrast, when using GO matrix, the phospholipid species were primar-
ily detected in the form of potassium adducts, which was in agreement with previous experiments.

Within all the identified PL groups using GO matrix, PC and PE were prominent peaks, since they were the
two most abundant classes among phospholipid pools. Some important PC species such as PC(32:0), PC(34:1),
and PC(36:1) generated peaks were detected with at least 3 times higher intensities when using GO matrix than
using DHB matrix. Consistent with the literature previously reported,31 m/z values of the most prominent peaks
corresponded to PC isoforms {m/z 713.4, [PC(32:0) + K-59]*; and m/z 739.4, [PC(34:1) + K-59] "} and PE iso-
forms {m/z 766.5, [PE(36:2p) + K] ; and m/z 806.4, [PE(38:4) + K] *} (Fig. 3b). All of the four peaks showed
similar intensities, indicating that PE was not suppressed by PC in the extracts. The enhanced selectivity and
sensitivity led to an increase in the total number of lipid species that could be detected and mapped.

Besides PC and PE, peaks corresponding to other PL classes such as SM species {m/z 731.5,
[SM(d18:1/18:0) + K-59]*} and PS species {m/z 874.4, [PS(40:6) + K]*; and m/z 828.4, [PS(36:1) + K]*}
were also observed, although with relatively weak intensities due to their relatively low abundance. Peaks
corresponded to glycosphingolipid species also showed considerable intensities, including m/z 822.5,
[GalCer/GluCer(d18:1/22:0) + K]*; m/z 848.6, [GalCer/GluCer(d18:1/24:1) + K]*; m/z 850.6, [GalCer/
GluCer(d18:1/24:0) + K] *; and their derivatives.

Characterization of phospholipids by tandem mass spectrometry. The above detected phospho-
lipid identities were then further confirmed by in situ MALDI MS/MS as well as ESI MS/MS. Figure 4 showed
the MS/MS spectra of for representative phospholipid species. For m/z 713.4, [PC(32:0) + K-59] " and m/z 739.4,
[PC(32:0) + K-59]", m/z 163 was the diagnostic fragment of PC head group, with the quaternary amine group
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Figure 2. MALDI-TOF MS spectra of a mixture of four standard phospholipid species in positive mode using
(a) DHB and (b) GO as matrix. Among the mixture, the molar ratio of PC (20:1/20:1), PE (16:0/16:0), PG
(18:1/18:1) and PS (16:0/18:2) was 8:4:1:2.

[M + Na-59]* 805.44 48 367

[M+K-59]* 821.42 8 1618

PC 10
[M+H]* 84254 | 165 | 26
[M+Na]* 864.52 | 102 | 190
[M+K]* 88049 | 16 | 605
[M+Na]* 71439 | 20 | 185

PE IM+K]* 73038 | ND | 1027 51

[M+Na-+K-H]* | 752.37 | ND 287
[M+2K-HJ* 768.34 | ND 71

[M +Na]* 79742 | ND | 50
PG N/A
[M+K]* 81339 | ND | 172
[M+Na]* 78237 | 22 21
PS 6
IM+K]* 79835 | ND | 125

Table 1. Comparison of DHB and GO matrix for MALDI-TOF MS analysis of a mixture of four standard
phospholipid species in positive mode.

lost, while m/z 551 and m/z 577, along with their potassium adduct m/z 589 and m/z 615 were assigned to neutral
loss of cyclophosphate, respectively (Fig. 4a and b). For m/z 806.4, [PE(38:4) + K]*, m/z 180 was identical diag-
nostic fragment of PE head group and m/z 764 was assigned to neutral loss of vinly amine (Fig. 4c). For m/z 874.4,
[PS(40:6) + K] T, m/z 224 referred to the potassium adduct of PS head group (Fig. 4d).

To further confirm the presence of all lipids detected with GO matrix, crude extract of mouse brain was
analysed by ESI-QqQ-MS/MS in a series of precursor ions (PI) and neutral loss (NL) scanning experiments
(Figure S8). Structural confirmation of the lipids was also conducted by querying the literature previously
reported®.
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Figure 3. MALDI-TOF MS spectra of lipids in mouse brain tissue sections in positive mode using (a) DHB and
(b) GO as matrix.

Imaging of phospholipids in mouse brain tissue section. Traditional phospholipid IMS analysis usu-
ally required two separate scans in both positive and negative mode since PC suppressed the signals of other
phospholipid classes. Seeing that GO could selectively enhance the detection of other phospholipids in positive
mode in the presence of PC, we attempted to map multiple phospholipid classes in a single positive scan. In this
way, mouse brain tissue section were selected to illustrate the advantages of GO as matrix in phospholipid IMS
analysis. GO solution [0.2mg/mL in C,H;OH/H,0 (50:50), v/v] was uniformly deposited onto the mouse brain
tissue section by a TM-Sprayer. Herein, a more diluted matrix solution was used in case that the matrix solution
could block the pipelines. The laser spot diameter was set to 50 pm. Therefore, a lateral resolution of 60 pm was
achieved with no ablation overlap observed.

Figure 5(b-p) presented the IMS results from a mouse brain coronal section coated with GO matrix in the
positive mode, which showed an excellent correlation with the corresponding optical image (Fig. 5a). Then we
investigated some specific distribution patterns for PC, PE, SM, PS and glycosphingolipid species. For PC species,
the ions at m/z 713.4, [PC(32:0) + K-59]" and m/z 739.4, [PC(34:1) + K-59] " appeared in the MALDI MS images
of mouse brain with similar intensities in regions of cerebral cortex and thalamus, while the intensity of ion at
m/z 767.5, [PC(36:1) + K-59] was greater in regions of thalamus than that in cerebral cortex. For PS species, the
distribution of the ion at m/z 826.4, [PS(36:2) 4+ K]* showed a brighter depiction in regions of thalamus than in
cerebral cortex, while the ion at m/z 874.4, [PS(40:6) + K] was mainly detected in the cerebral cortex. For glycos-
pingolipid species, m/z 848.6, [GalCer/GluCer(d18:1/24:1) 4+ K] were mainly detected in the cerebral peduncle.
These results were basically consistent with the previous literatures reported®***. Compared to traditional matri-
ces, GO not only showed greatly improved sensitivity and selectivity, but also obtained simultaneous IMS analysis
of multiple phospholipid classes in a single positive scan, thereby simplifying the workflow of IMS.

Conclusions

In this study, GO has been successfully demonstrated to be a novel matrix to improve MALDI-IMS analysis
of phospholipids. Compared with conventional DHB matrix, GO showed greater advantages on improved
sensitivity, selectivity and reproducibility. In a single positive mode scan, a total of 65 lipid species could be
successfully identified using GO in the mouse brain section, including PC, PE, PS, SM and glycosphingolipid
species. Additionally, ion images of lipid classes above were also simultaneously mapped in the same scan, facil-
itating rapid screening of phospholipid biomarker candidates. Compared with previous study, which typically
requires two separate scan in both positive and negative mode using other matrices such as binary matrix of
CHCA and DHB, silver nanoparticles and 1, 5-diaminonaphthalene (DAN), using GO as matrix is time-saving,
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Figure 4. in situ MS/MS spectra of [M + K] ions of some typical phospholipids: (a) m/z 713 .4,
[PC(32:0) + K-59]*; (b) m/z 739.4, [PC(34:1) + K-59]*; () m/z 806.4, [PE(38:4) + K]* and (d) m/z 874.4,
[PS(40:6) +K] ™.

sample-saving and reagent-saving. Finally, when it comes to the cost of sample preparation, it requires approx-
imately 32 ug GO (0.007 USD) for a given mouse brain section (about 0.5 cm?), which is less than 160 ug DHB
(0.094 USD); 55 ug DAN (0.025 USD). In conclusion, it is believed that GO has great potential to be applied to
simultaneous MALDI-IMS analysis of multiple and low abundant phospholipids in positive mode across various
biological tissue sections.

Methods

Chemicals and Reagents. Phosphatidylcholine (PC) (20:1/20:1) and the sodium salt of phosphatidylserine
(PS) (16:0/18:2) were purchased from Avanti Polar Lipid, Inc. (Alabaster, AL, USA). Phosphatidylethanolamine
(PE) (16:0/16:0) and the sodium salt of phosphatidyglycerol (PG) (18:1/18:1) were purchased from Shanghai
A.V.T. Pharmaceutical, Ltd. (Shanghai, China). Graphene oxide (GO) powder was obtained from Nanjing
XFNANO Materials Tech Co., Ltd. 2,5-Dihydroxybenzoic acid (DHB) and trifluoroacetic acid (TFA) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Methanol and acetonitrile (ACN) were HPLC grade. Ethanol
and chloroform were analytical grade. Distilled water was purified by a Milli-Q system (Milford, MA, USA).

Sample preparation. Each phospholipid was dissolved in chloroform/methanol (50:50, v/v) at the concen-
tration of 1.0 mg/mL as storage solution and diluted to a proper concentration as needed. All the standard solu-
tions were kept at —20 °C for further use. DHB matrix was dissolved in ACN/H,0 (50:50, v/v) containing 0.1%
TFA at the concentration of 10 mg/mL. 2.0 mg GO was dispersed in a 1 mL solution of C,H;OH/H,0 (50:50, v/v),
and then sonicated for 5 min prior to use. 1 pL GO suspension and 1 pL sample solution were mixed, applied onto
the MALDI target and then dried in the air for further analysis by MALDI-TOF MS.

Tissue dissection and matrix application. Adult male C57/BL6 mice were purchased from depart-
ment of laboratory animal science (Fudan University) and were sacrificed by cervical dislocation. The brain was
excised from the mouse immediately. Fresh frozen brain tissue was cut into 10 pm thickness sections using a Leica
cryostat (Leica CM 3050 S, Leica Microsystems Inc, Wetzlar, Germany) at —20 °C. The serial slices were then
thaw-mounted onto glass slides and dried in a desiccator. The tissue sections were coated with DHB matrix and
GO using TM-Sprayer™ (HTX Technologies). A Nikon scanner (Coolscan VED, Nikon, Tokyo, Japan) was used
for optical scanning. All animal experiments were conducted in strict accordance with the National Institute of
Health Guide for the Care and Use of Laboratory Animals and were approved by the Experimental Animal Ethics
Committee of Shanghai Medical College, Fudan University.

MALDI MS analysis and data processing. All MALDI MS and MS/MS experiments were performed
in positive ion reflection mode on a 5800 Proteomics Analyzer (Applied Biosystems, Framingham, MA, USA)
equipped with a Nd:YAG laser (355nm), a repetition rate of 400 Hz, and an acceleration voltage of 20kV. Laser
energy was set to 3500 and 3000 for DHB matrix and GO matrix, respectively. 1000 shots were accumulated for
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Figure 5. Optical image (a) and MALDI-MS images (b-p) of a coronal mouse brain tissue section. Intensity
(I) range is given for each ion image. (b) m/z 710.4, [SM(18:0) + K-59]%; (¢) m/z 713.4 [PC(32:0) + K-59];
(d) m/z 739.4 [PC(34:1) + K-59]%; (e) m/z 766.5 [PE(36:2p) + K]*; () m/z 767.5 [PC(36:1) + K-59]; (g)
m/z 782.5 [PE(36:2) + K]*; (h) m/z 784.5 [PE(36:1) + K]*; (i) m/z 806.4 [PE(38:4) + K]*; (j) m/z 822.6
[GalCer/GluCer(d18:1/22:0) + K] *; (k) m/z 826.4 [PS(36:2) + K] *; (1) m/z 828.4 [PS(36:1) + K] *; (m)

m/z 830.4 [PE(40:6) + K] ™; (n) m/z 848.6 [GalCer/GluCer(d18:1/24:1) + K] ™; (0) m/z 850.6 [GalCer/
GluCer(d18:1/24:0) + K] *; (p) m/z 874.4 [PS(40:6) + K] *.

each spectrum. For tissue imaging, the laser step size was 60 pm. Assignment of detected lipids was based on the
LIPID MAPS prediction tool (http://www.lipidmaps.org/tools/index.html), the literatures and MS/MS experi-
ments. During the database search, the [M + H] ", [M + Na] " and [M + K] " ions were considered, with a mass
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tolerance of £0.1 Da. Two-dimensional ion density maps were created using the image reconstruction software
(BioMap, Novartis, Basel, Switzerland).

Lipid extraction and ESI QqQ-MS/MS Measurements. 40mg C57/BL6 mouse brain tissue aliquots
were homogenized with a mortar and a pestle in liquid nitrogen. Next, 5mL chloroform/methanol/formic acid
(10:10:1, v/v/v) was added to each tube, and the extraction process was performed at —20 °C overnight. 2.2mL
buffer A (0.2M H;PO,, 1 M KCl) was added into each tube and the tubes were then centrifuged (3000 rpm,
4°C, 5min) in a 5810R centrifuge (Eppendorf, Germany). The lower organic phase was collected, lyophilized,
re-dissolved with 1 mL isopropanol/hexane/100 mM ammonium acetate(aq) (50:48:2, v/v/v), and centrifuged
(14,000 rpm, 4°C, 40 min) in a Beckman Coulter Allegra 64 R centrifuge (Brea, CA). The supernatants were col-
lected and stored at 4°C until used.

For ESI QqQ-MS/MS measurements, all scans were performed on an API 4000 QTRAP tandem mass spec-
trometer (AB SCIEX). The details of the EST QqQ-MS/MS method are described in the Supporting Information.
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