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metabolism in one cell

Jason S. Hamilton,1 Roberto Aguilar,1 Robby A. Petros,2 Guido F. Verbeck1

1Department of Chemistry, University of North Texas, Denton, TX, USA
2Department of Chemistry, Texas Women’s Univeristy, Denton, TX, USA

Abstract. The cellular metabolome is considered to be a representation of cellular
phenotype and cellular response to changes to internal or external events. Methods
to expand the coverage of the expansive physiochemical properties that makeup the
metabolome currently utilize multi-step extractions and chromatographic separations
prior to chemical detection, leading to lengthy analysis times. In this study, a single-
step procedure for the extraction and separation of a sample using a micro-capillary
as a separatory funnel to achieve analyte partitioning within an organic/aqueous
immiscible solvent system is described. The separated analytes are then spotted
for MALDI-MS imaging and distribution ratios are calculated. Initially, the method is
applied to standard mixtures for proof of partitioning. The extraction of an individual

cell is non-reproducible; therefore, a broad chemical analysis of metabolites is necessary and will be illustrated
with the one-cell analysis of a single Snu-5 gastric cancer cell taken from a cellular suspension. The method
presented here shows a broad partitioning dynamic range as a single-step method for lipid analysis demonstrat-
ing a decrease in ion suppression often present in MALDI analysis of lipids.
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Introduction

The cellular metabolome is a dynamic collection of metab-
olites considered to be small molecules of less than

1000 Da in molecular mass [1], including sugars, peptides,
lipids, and other small molecules of varying hydrophilicity
and lipophilicity [2, 3]. The cellular metabolome is considered
to be a direct representation of a cell’s phenotype and consid-
ered to be a measure of the immediate cellular responses
brought about by changes in environment, disease state, or diet
[4]. The responsive nature of the metabolome provides the
opportunity for biomarker discovery through metabolomics
and lipidomics [4–8]. However, the metabolome is an expan-
sive set of molecules that can greatly vary in their physiochem-
ical states, making single-platform analysis for polar and non-
polar metabolite profiling difficult. The method presented here
offers a demonstration of a solution through the simultaneous
extraction and partitioning of polar and nonpolar lipids in an
immiscible solvent system coupled to mass spectrometry

imaging (MSI) by matrix assisted laser desorption/ionization
(MALDI) for single platform analysis.

Historically, the extraction of lipophilic and hydrophilic
metabolites consists of multi-step extraction procedures using
immiscible solvent systems of an organic and aqueous solvent
to create a biphasic mixture. Lipids and nonpolar metabolites
partition into the organic phase whereas polar metabolites par-
tition into the aqueous phase. The phases are then collected
separately to undergo further purification or re-extraction to
ensure complete metabolite extraction [3]. The Folch and
Bligh-Dyer methods are two of the most commonly used bi-
phasic extraction methods and were developed to extract lipids
into the organic phase while the aqueous phase was used for
sample purification to remove non-lipids [9, 10]. The Folch
et al. method uses a 2:1 chloroform/methanol (CHCl3/MeOH)
solvent system for the extraction of lipids followed by a 0.2
volume addition of water (H2O) during a washing step to
remove non-lipids [9]. The Bligh-Dyer et al. method uses an
initial extraction solvent of 1:2 CHCl3/MeOH followed by the
addition of 1:1 CHCl3/H2O to induce a biphasic mixture and
remove polar and nonlipid contaminants from the organic phase
[10]. However, because polar metabolites are extracted into theCorrespondence to: Guido F. Verbeck; e-mail: gverbeck@unt.edu
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aqueous phase of the Folch and Bligh-Dyer methods, they are
useful for metabolomics studies. Biphasic extraction methods
using varying ratios of CHCl3/MeOH/H2O for the extraction of
polar and nonpolar metabolites have been performed on mouse
melanoma cells [11], blood parasites [12], bacterial and macro-
phage cells [13], urine, and plasma [14]. Several other groups
used a modified extraction method by replacing CHCl3 with
methyl tert-butyl ether (MTBE) for the extraction ofmetabolites
from plasma [15–17], mouse tissue [18], rat tissue [19], and
serum spots, urine, and cerebrospinal fluid [20]. Methods have
been developed to extract polar and nonpolar metabolites using
monophasic systems to cut down on time and prepare for single
platform analysis [21–23], but these systems often neglect the
extraction of neutral lipids, as outlined in a comparison study of
12 such methods by Dietmar et al. [21].

Metabolomics experiments are most commonly per-
formed using nuclear magnetic resonance (NMR) or mass
spectrometry (MS) through direct injection of a crude sam-
ple or following separation by gas chromatography (GC-
MS), capillary electrophoresis (CE-MS), or liquid chroma-
tography (LC-MS) [3, 4, 8, 24]. NMR has several advan-
tages for its use in metabolomics; it is non-destructive,
biological samples can be analyzed in their natural state,
results are highly reproducible, and metabolites can be
quantified down to the micromolar scale [3, 4, 8]. However,
NMR is limited by its sensitivity, as metabolites of sub-
micromolar concentrations are not detected [4, 8]. Mass
spectrometry (MS) provides picomolar sensitivity, metabo-
lites can be quantified, structural information is provided,
and isomeric metabolite identifications can be ascertained
with tandem MS/MS regarding the detected analytes com-
pared with NMR. Furthermore, high-resolution MS can
provide chemical formulations that can be used for putative
matching of unknown metabolites using searchable data-
bases such as the LIPID MAPS [25] and Human Metabo-
lome [26] databases. To increase the selectivity of MS and
reduce matrix effects, chromatography techniques such as
gas chromatography (GC)-MS, capillary electrophoresis
(CE)-MS, and liquid chromatography (LC)-MS are com-
monly placed in line with MS. GC-MS separates molecules
in the gas phase with excellent reproducible retention. In
addition, the consistent reproducible fragmentation patterns
created by electron impact (EI) make molecular identifica-
tion through database matching relatively simple [4]. How-
ever, GC-MS is disadvantaged in that only volatile and
nonvolatile molecules that have been derivatized are accept-
able for GC-MS analysis [3]. CE-MS is best used for the
separation of charged polar metabolites [3] and it is sug-
gested that lipids should be removed from the sample [27].
Alternatively, with the addition of a charged surfactant to
CE, neutral molecules can be separated by micellar electro-
kinetic chromatography (MEKC) [24]. The reproducibility
of CE is considered to be poor, unwanted electrochemical
side reactions can take place, and it is not a robust technique
[24]. LC-MS is widely used in metabolomics and often
incorporates both reversed-phase (RP) and normal-phase

(NP) columns [3, 24]. The commonly used stationary
phases of C8 or C18 in RP columns provide separation of
lipids and other nonpolar metabolites in the extracted or-
ganic phase [24], while NP-LC can employ hydrophilic
interaction chromatography (HILIC) to separate the more
polar metabolites of the aqueous phase extract [24]. Both
RPLC and HILIC can be used to expand the coverage of the
metabolome, but two consecutive chromatographic separa-
tions increase both analysis time and cost [13, 28]. There are
methods being developed to simultaneously separate polar
and lipid metabolites using a single column, but thus
far only l ipids with polar head groups, such as
glycerophospholipids, have been detected [13].

Historically, a separatory funnel has been used to separate
polar and nonpolar molecules to determine a molecule’s re-
spective partition coefficient [29]. The partition coefficient, log
KO/W, is a constant that describes a molecule’s affinity for the
organic or aqueous phase and is defined as the log of the ratio
of a molecule’s concentration in the organic phase to the
concentration in the aqueous phase using octanol and water at
equilibrium [29]. When immiscible solvents other than octanol
and water are implemented, the distribution ratio can be calcu-
lated to measure the partitioning of a solute. The distribution
ratio, KD, measured using the ratio of a molecule’s concentra-
tion in the organic to aqueous phase of any immiscible solvent
system regardless of equilibrium [29]. Once correlation coeffi-
cients based on a solute’s retention factor are determined, the
distribution ratios calculated by chromatography methods can
then be used as predictors of partition coefficients for that
solute [29, 30].

Analyses of the metabolome and/or lipidome incorporating
biphasic mixtures are most prevalent in the analysis of biofluids
and tissues resulting in data that is averaged over many cells.
Techniques for the high-throughput analyses of single cells have
been developed using printed microarrays [31], flow cytometry,
microfluidics, and CE [2, 32, 33]. However, chromatographic
separation by microfluidics and CE incurs lengthy run-times or
purification steps. Flow cytometry is limited in the breadth of
information acquired, and printed microarrays often result in the
deposition of multiple cells [31] resulting in data averaged over
multiple cells. NMR and Raman spectroscopy analysis of single
cells are non-destructive techniques that provide real-time anal-
ysis of the dynamic metabolome. Raman is disadvantaged by
the lack of molecular identifications it can provide [34], and
NMR is disadvantaged by its sensitivity limitations of micro-
molar analyte detection [4, 8], as previously stated.

Direct analyte-probed nanoextraction (DAPNe) is a method
developed by our group for the extraction of trace materials in
complex matrices using a nanomanipulation workstation
coupled to nanoelectrospray ionization (NSI) for analysis by
direct inject mass spectrometry (DIMS) [35–39]. The
nanomanipulator is mounted on a microscope stage and is
equipped with up to four nanopositioners driven by piezoelec-
tric motors. Each of the positioners can be fitted with micro-
electrodes, microgrippers, nanospray emitters, quartz rods, or
glass capillaries. The positioners are controlled by a joystick in
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the X-, Y-, and Z-axes with a spatial resolution of 100 nm and
5 nm in coarse and fine modes, respectively. The movement of
the positioner allows for the precise extraction of the area of
interest reducing matrix effects as well as the need for chro-
matographic separation or pretreatment of the sample [35, 38].

Recently, DAPNe of one cell has been used to identify lipid
heterogeneity within breast tumor and adjacent healthy tissues
[40, 41], mammalian cell culture [42], and plant tissues [43,
44]. DAPNe of one cell has been developed for the extraction
of individual cells and/or organelles from individual cells and
can be coupled to nanoelectrospray ionization (NSI)-MS [40–
45], or matrix assisted laser desorption/ionization (MALDI)-
Orbitrap-MS to image an extracted sample [45]. Here we
describe for the first time the use of DAPNe using a glass
micro-capillary tip as a separatory funnel coupled to MALDI-
MS to image the distribution of solutes from a reaction mixture
of phenethylamine analogues and a lipid standards mix, in a
CHCl3/H2O solvent system to establish proof of principle.
Ultimately, the method is demonstrated for the analysis of
one cell as an untargeted lipid profiling method to analyze both
polar and nonpolar lipids in a single extraction step while
reducing ion suppression often found in direct lipid analysis
of MALDI samples [46].

Materials and Methods
Phenethylamine Reaction Mixture

Following the procedure described by Clemons et al. [47],
alkylated phenethylamine (PEA) analogues were synthesized
using 1-iodomethane, 1-iodoethane, 1-iodopropane, 1-
iodobutane, 1-iodopentane, 1-iodohexane, 1-iodoheptane, and
1-iodooctane; all from Sigma Aldrich (St. Louis, MO, USA).
The synthesis resulted in a mixture of secondary and tertiary
PEA analogues of varying alkyl moieties with 2–16 total
carbons and primary PEA. The final reaction mixture is dis-
solved in 1:1 CHCl3:MeOH (HPLC grade; Sigma-Aldrich).

Lipid Standards

Lipid standards including polar brain lipids, triheptadecanoate
(17:0/17:0/17:0) (TG 51:0) (both from Avanti Polar Lipids,
Alabaster, AL, USA), and triglycerol mix 2:0–10:0 (Sigma-
Aldrich) were each dissolved in 1:1 CHCl3:MeOH (HPLC
grade (Sigma-Aldrich) and mixed to a final concentration of
2 μM for each standard.

Snu-5 Cells

Human gastric carcinoma cells, SNU-5 (ATCC CRL-5973,
American Type Culture Collection (ATCC), Manassas, VA,
USA), were cultured in suspension producing both individual
cells and aggregates of multiple cells. The average diameter of
an individual cell was found to be 20 μm through measure-
ments using the Nikon Elements software package (Nikon,
Melville, NY, USA). The cells were cultured at 37 °C under

5% CO2 in Iscove’s Modified Dulbecco’s Medium supple-
mented with 20% fetal bovine serum (all from ATCC).

Extraction

Extractions, Figure 1a, were performed utilizing a mod-
ified nanomanipulator workstation (DCG Systems Inc.,
Fremont, CA, USA) mounted to an AZ100 microscope
(Nikon). A single prober was fitted with a quartz capil-
lary tip pulled using a P-2000 CO2-laser micropipette
puller (Sutter Instruments, Novato, CA, USA) to an
internal diameter of 20 μm matching the average diam-
eter of the Snu-5 cells to reduce the chance of damaging
the cells and inducing unwanted responses from mechan-
ical shearing during extraction.

For analysis of the lipid standards and drug mix (PEA
analogues), 1 μL of a standard solution is backfilled into a
capillary tip. A 1-μL droplet of 18Ω Milli-Q water (Millipore,
Billerica, MA, USA) is deposited on a clean glass slide. Using
the joystick controller, the capillary tip is then positioned
directly above the water droplet and slowly lowered into the
droplet. Using a pressure injector, the water is aspirated into the
capillary tip and drawn through the standard solution, Figure 1a.
The immiscible layers are allowed to separate before being
spotted onto a stainless steel MALDI tissue slide, Figure 1b.

The procedure for the analysis of the suspension cells differs
slightly from the standard solutions; 1 μL of the cell suspension
was centrifuged to remove the growth media, and cells resus-
pended in ammonium carbonate buffer until extraction. First,
the capillary tip is backfilled with 1 μL of CHCl3, then posi-
tioned adjacent to a suspended Snu-5 cell within a droplet of
cell suspension. Once in position, using a nitrogen gas pressure
injector, negative pressure, –1.0 psi, is applied to draw the cell
into the capillary tip, the cell is left to lyse within the solvent
(~5 min), then 1 μL of water is aspirated into the capillary tip,
and the phases are allowed to separate before being spotted.

Immediately after the spotted sample has evaporated, a
second capillary tip filled with 2 μL of MALDI matrix,
20 mg/mL 2,5-dihydroxybenzoic acid (DHB) (DHB 98%,
Sigma-Aldrich) solution in 3:2 acetonitrile/water (ACN/H2O)
(v/v), (HPLC grade, Sigma-Aldrich) is placed into the prober
and positioned over the sample spot. Following the method
described by Phelps et al. [45], DHB is then spotted onto the
sample and dried with a stream of nitrogen before being loaded
into the MALDI front end for analysis, Figure 1b.

MALDI-LTQ-Orbitrap Analysis

MALDI-MS experiments were conducted on a MALDI-
LTQ-XL-Orbitrap (Thermo Scientific, San Jose, CA,
USA) equipped with a 337 nm N2 laser (MNL 100;
Lasertechnik, Berlin, Germany). Conditions were as fol-
lows: 15 μJ energy per laser shot, 1 laser shot per
spectra, and laser raster motion was set at a 60 μm step
size for lipid samples and 100 μm for drug sample. Data
acquisition was collected in positive ion mode using a
mass range of m/z 100–1100 (lipids), and m/z 50–600
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(drug), with a mass resolution of 60,000 (at m/z 400).
Data processing was performed using Xcalibur ver. 2.3
(Thermo Scientific). Image processing for the deposited
spots was performed with ImageQuest ver. 1.1, (Thermo
Scientific) the mass range plotted, and linear smoothing
applied, Figure 1c–e. Mass spectra were plotted using
PSI-Plot software (Poly Software International, Pearl
River, NY, USA).

Distribution Ratio (KD)

To evaluate the partitioning of various solutes, the dis-
tribution ratio was calculated as the ratio of the total ion
count of an analyte in the organic phase (chloroform) to
the total ion count of the same analyte in the aqueous
phase (water). This was performed using the polygonal
selection tool of the MSI software suite [48] to highlight
each phase of the MALDI-MS images separately. The
mass spectral data for each scan within the selected area
was exported and the absolute intensity of a specific
peak was summed for each phase. The total intensity
for both the organic and aqueous regions of the image,
Table 1, were then used to calculate the distribution
ratio, KD, and the log of the ratio taken, log KD using
Equations 1 and 2, respectively.

KD ¼ CHCl3½ �
H2O½ � ð1Þ

log KD ¼ log10
CHCl3½ �
H2O½ �

� �
ð2Þ

The data in Table 1b and c, columns [CHCl3], [H2O], KD,
and log KD, were calculated based on all possible adducts
associated with each lipid species ([M + H]+, [M + Na]+, and/
or [M + K]+). The ion column indicates which adduct was used
to create the MALDI images found in Figures 3 and 4.

Results and Discussion
During the drying process of the MALDI spots, it was deter-
mined that the aqueous phase remained in the center of the spot
as the organic phase spread outward from the origin of the
spotting position. While the center of the MALDI images is the
aqueous phase, some aggregation of hydrophobic molecules
can be found within this phase because of the density and
evaporation rate of the chloroform. During the spotting and
phase separations, the chloroform was expelled from the cap-
illary tip first, followed by the water. The surface tension of the
chloroform is such that it does not form a droplet but rather
spreads out radially, in effect increasing the surface to air ratio
causing the chloroform evaporation to speed up. This resulted
in the deposition of some chloroform soluble analytes beneath
the aqueous phase, thus providing the illusion that some or-
ganic phase analytes dispersed into the aqueous phase. This
was not corrected for when calculating the distribution ratios.

Figure 1. Illustration representing the DAPNe-micro-capillary separation-MALDI-MS imaging method. Use of DAPNe for the
extraction of one cell using a micro-capillary backfilled with 1 μL of organic solvent (a), followed by aspiration of 1 μL water for
metabolite partitioning in an immiscible solvent system. Upon phase separation (b), the phases are spotted onto a MALDI slide,
evaporated, and spotted with matrix for MALDI-MS imaging. The resulting total ion count (TIC) represents the overall shape of the
sample spot and peak selection displays the distribution of that peak to the organic phase (d) or aqueous phase (e)
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Drug Spots

The dispersion of the PEA analogues between the two
phases correlates with the total number of carbons in the
acyl moieties of the alkylated PEA such that as the
carbon number increases, the dispersion from the aque-
ous phase to the organic phase also increases, as can be
seen in Figure 2. The images of Figure 2b–n differ by
the addition of a single carbon to the alkyl moieties of
the PEA analogue from two to 14 carbons and a total of
16 carbons in Figure 2o, as denoted in Table 1a. It is
important to note that secondary PEA analogues exist
within the analytes detected in Figure 2b–h. These sec-
ondary species are expected to partition between the

aqueous and organic phases despite an increasing alkyl
chain as observed in Figure 2g and h. Figure 2a, m/z
122.0970, shows the predominant partition into the aque-
ous phase of phenethylamine, a primary amine. The
secondary and tertiary PEA analogues with two total
substituted carbons also partition strongly within the
aqueous phase, as seen in Figure 2b, m/z 150.1283. With
a total substituted carbon count of seven, Figure 2g, the
analytes begin to partition into the organic phase. Fig-
ure 2j illustrates a relatively even partitioning of tertiary
PEA analogues with 10 total carbons in which an ethyl
is the shortest alkyl chain. This trend of an increased
partition into the organic phase continues as the total
number of carbons added to the alkylated PEA analogues

Table 1. Tabulated Information for Calculation of KD and Peak Identification in Spectra

(a) Phenethylamine (PEA) analogues
Figure 1 Peak (m/z ±0.003) ID/carbon no. Ion [CHCl3] [H2O] KD log KD

a 122.097 PEA [M+H]+ 4.67E+06 2.38E+07 0.196 -0.708
b 150.128 2C [M+H]+ 1.37E+06 1.09E+07 0.125 -0.902
c 164.144 3C [M+H]+ 5.63E+07 3.72E+08 0.151 -0.820
d 178.160 4C [M+H]+ 6.02E+07 3.23E+08 0.186 -0.730
e 192.175 5C [M+H]+ 5.91E+07 2.24E+08 0.264 -0.579
f 206.191 6C [M+H]+ 1.81E+08 4.71E+08 0.384 -0.415
g 220.207 7C [M+H]+ 3.17E+08 6.02E+08 0.527 -0.278
h 234.222 8C [M+H]+ 5.87E+08 7.51E+08 0.781 -0.107
i 248.238 9C [M+H]+ 1.02E+09 8.40E+08 1.214 0.084
j 262.254 10C [M+H]+ 2.32E+09 1.43E+09 1.618 0.209
k 276.269 11C [M+H]+ 2.64E+09 1.15E+09 2.294 0.361
l 290.285 12C [M+H]+ 2.72E+09 9.57E+08 2.847 0.454
m 304.300 13C [M+H]+ 2.31E+09 6.34E+08 3.637 0.561
n 318.316 14C [M+H]+ 1.36E+09 3.14E+08 4.333 0.637
o 346.347 16C [M+H]+ 3.29E+08 4.94E+07 6.663 0.824
b. Lipid standard mixture
Figure 3 Peak (m/z ±0.003) Known ID Ion [CHCl3] [H2O] KD log KD

a 325.162 TG (12:0) [M+NA]+ 3.06E+05 8.43E+05 0.363 -0.440
b 409.256 TG (18:0) [M+NA]+ 6.76E+05 1.30E+06 0.522 -0.283
c 493.350 TG (24:0) [M+NA]+ 7.07E+08 2.11E+08 3.347 0.525
d 577.444 TG (30:) [M+NA]+ 5.15E+08 1.14E+08 4.501 0.653
e 871.773 TG (51:0) [M+NA]+ 8.10E+07 3.55E+07 2.281 0.358
f 377.168 LPA (12:0) [M+NA]+ 1.48E+07 4.19E+07 0.354 -0.451
g 496.340 LPC(16:0) [M+H]+ 2.35E+06 4.82E+04 48.745 1.688
h 637.332 LPI (19:0) [M+NA]+ 7.81E+05 2.35E+06 0.332 -0.478
i 723.495 PA(36:2) [M+Na]+ 5.30E+05 2.36E+04 22.425 1.350
j 782.570 PC(34:1) [M+Na]+ 2.97E+05 1.31E+04 22.666 1.355
(c) Snu-5 one-cell extraction
Figure 4 Peak (m/z ±0.003) Known ID Ion [CHCl3] [H2O] KD log KD

- 257.248 FA(16:0) [M+H] 16594783.16 7.97E+06 2.082 0.319
a 281.245 FA(18:2) [M+H] 5.61E+10 5.44E+10 1.030 0.013
- 285.2788 FA(18-0) [M+H] 2.48E+06 1.00E+06 2.475 0.394
- 588.536 Cer(d36:1) [M+Na] 1.43E+06 4.89E+05 2.923 0.466
b 618.580 Cer(d38:0) [M+Na] 1.58E+09 2.24E+09 0.706 -0.151
c 734.570 PC(32:0) [M+H] 9.17E+06 3.31E+07 0.277 -0.557
d 758.570 PC(34:2) [M+H] 1.57E+06 5.51E+05 2.850 0.455
e 782.568 PC(34:1) [M+Na] 1.91E+06 1.50E+07 0.127 -0.896
f 784.583 PC(34:0) [M+Na] 4.40E+06 2.11E+07 0.209 -0.679
g 810.599 PC(36:1) [M+Na] 2.10E+06 6.93E+06 0.302 -0.519
h 728.463 PE(32:1) [M+K] 1.01E+06 7.20E+05 1.409 0.149
i 692.523 PE(32:0) [M+H] 1.54E+06 8.87E+05 1.732 0.239
j 742.536 PE(34:0) [M+Na] 2.82E+06 1.00E+06 2.821 0.450
k 770.568 PE(36:0) [M+Na] 1.81E+06 1.82E+06 0.997 -0.001
l 661.533 CE(16:1) [M+K] 5.04E+08 3.15E+08 1.598 0.204
m 689.564 CE(18:1) [M+K] 5.05E+08 3.69E+08 1.370 0.137
n 967.868 TG(58:1) [M+Na] 1.46E+08 8.25E+07 1.767 0.247
o 1009.856 TG(60:2) [M+K] 1.48E+08 8.80E+07 1.687 0.227

TG = triglyceride; LPA = lysophosphatidic acid; PA = phosphatidic acid; PC = phosphatidylcholine; PE = phosphatidylethanolamine; FA = fatty acid; Cer =
ceramide; CE = cholesterol ester



increases, Figure 2k–o. The partitioning trend is also
expressed by the log KD values found in Table 1a,
which range from –0.708 to 0.824 for m/z 122.0970

and m/z 346.3474, respectively. The drug spot analysis
provides evidence for the ability of this method to pro-
vide a visual partitioning of molecules with minimal

Figure 2. (a)–(j) (a)–(o) MALDI images of selected peaks of phenethylamine (PEA) analogues for the visualization of their respective
phase partitioning. (p) The total ion count of the PEA reaction mixture sample spot. Identified peaks of most abundant PEA
analogues within an averaged spectrum (q)
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increases in hydrophobic character based on their in-
creased distribution into the organic phase of the solvent
system.

Lipid Spot

The dispersion of the triglyceride (TG) standards in the aque-
ous and/or organic regions within the spots is relative to the
fatty acyl chain length of the TG and can be seen in the images
of Figure 3 and supported by the log KD values in Table 1b.

The TG (12:0) standard (Figure 3a) was localized in the aque-
ous phase with a log KD of –1.11, and the TG (51:0) standard
(Figure 3e) was localized more in the organic phase, with a log
KD of 0.33. The polar brain lipid standards were found in both
the aqueous and organic phases. Lysophosphatidic acid (LPA)
(Figure 3f), with its polar head group and relatively short 12-
carbon acyl chain, migrated more to the aqueous phase and has
a log KD value of –0.91. Lysophosphatidylcholine (16:0)
[LPC(16:0)] (Figure 3g) partitions more in the organic phase
with a log KD of 1.688, and is a result of its longer 16-carbon

Figure 3. (a)–(j) Selected peaks of known lipid species in a lipid standard mixture for visualization of their respective phase
partitioning. (k) The total ion count of the lipid standard mixture sample spot. (l) Identified peaks of most abundant expected lipid
species within an averaged spectrum
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acyl chain and less polar head group, compared with LPA. The
distribution of the lipid standards is correlated to the acyl chain

length of the fatty acyl constituents as well as the nature of the
head group for the specific lipids described here.

Figure 4. (a)–(o) MALDI images of selected peaks of putatively identified lipid species from the one-cell extraction of a Snu-5 cell for
visualization of their respective phase partitioning. (p) The total ion count of the one-cell extraction sample spot. (q) Identified peaks
of selected putatively identified lipids within an averaged spectrum, with inset (r) of peaks greater than m/z 600
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Snu-5 Whole Cell

The MALDI-MS analysis of lipids extracted from an
intact individual Snu-5 gastric cancer cell resulted in
the detection of multiple lipid classes, including
glycerophospholipids, ceramides, cholesterol esters, tri-
glycerides, and fatty acids in the positive mode using
the MALDI matrix 2,5-DHB. Select peaks of interest
were putatively identified through a Lipid MAPS data-
base search of protonated, sodiated, or potassiated neutral
and polar lipid species with a tolerance of m/z ±0.005.
Distribution ratios for 18 peaks of interest were calculat-
ed, Table 1c, and visual partitioning of 15 putative
matches are represented as MALDI images, Figure 4a–
o. The center of the Snu-5 MALDI spot was determined
to be the aqueous phase. An irregular oval-shaped black
line was drawn around the center region of each MALDI
image in Figure 4 to show where the inner aqueous
phase meets the outer organic phase.

Of the 18 peaks reported here, five were found to be phos-
phatidylcholine, making it the most represented lipid class
within the single-cell extract. The partitioning of the PC species
resulted in an aggregation near where the aqueous and organic
phases meet. The calculated log KD values of the PC species
ranged from –0.161 to 0.318, Table 1c. Four masses of interest
were putatively identified as phosphatidylethanolamine, mak-
ing it the second most represented class of lipids. The PE
species appear to partition into both phases and appear to not
aggregate within a specific area of the sample spot. The iden-
tification of nine glycerophospholipids is not surprising as they
are readily associated with cellular membranes and should be
expected to account for a larger portion of the cellular lipid
population.

Contrary to the PE species, two cholesterol ester peaks, m/z
661.533 and 686.564, are shown to aggregate heavily to a
single region, forming a relatively concentrated pocket along
the organic side of the biphasic line within the MALDI spot,
Figure 4l and m. It is of interest to note that the hydrophilic
triglyceride species, m/z 967.868 and 1009.856, partitioned
within the aqueous region of the spot, Figure 4n and o. The
partitioning of these neutral lipids can best be explained as a
result of the drying process described at the beginning of the
“Results and Discussion” section.

The identification of Cer (d38:0), Figure 4b, is of interest as
it has been reported to be formed in response to apoptosis
within a cell [26], and suggests the addition of a quenching
step prior to extraction is required. Quenching is performed
through pretreatments of a sample with an organic solvent.
Dietmar et al. performed a comparison study of 12 metabolite
extraction procedures coupled with several quenching methods
and determined that a pretreatment with cold 0.9% NaCl is the
only acceptable quenching method for mammalian cells as all
other methods tested resulted in cell membrane damage that
lead to metabolite leakage [21].

Although the lipid species of the Snu-5 one-cell analysis
were putatively identified through an exact mass search of the

LIPIDMAPS database [25] with a mass tolerance of 0.005 Da;
tandem MS should be performed to elucidate chemical struc-
tures for confirmation of identification. Tandem MS using
electrospray ionization (ESI) or NSI can be difficult to perform
on single-cell samples due to small sample volumes (≤10 μL)
and limited analysis times (~2 min). The use of DAPNe-micro-
capillary separatory chemistry-MALDI-MS for the spotting of
extracts for MALDI imaging provides an increase in the
amount of time that can be spent with a sample compared with
other methods such as NSI-MS; in fact, Phelps et al. reported a
15-fold increase in analysis time when coupling DAPNe to
MALDI-MS [45]. Furthermore, Phelps et al. demonstrated the
ability to reanalyze the MALDI sample spot using tandem MS
to verify the identification of analytes of interest [45]. This
increase in time allows for more thoughtful and thorough
processing of the data and offers the benefit of multiple
MALDI analyses. Unfortunately, due to the length of time
between putative database identification and original analysis,
the MALDI spots were not reanalyzed for structural confirma-
tion of putative identifications.

During immiscible solvent extraction, semipolar metab-
olites can disperse into both the organic and aqueous phases
[3]. If a procedure requires the collection and purification of
each phase separately for separation by RP-LC and NP-LC,
one or both of the methods may not be suitable for these
semipolar metabolites, resulting in their elution in the dead
volume preventing their detection in the sample [13].
DAPNe-micro-capillary separatory chemistry-MALDI-MS
removes the need for phase collection and purification steps
as well as chromatographic separations, meaning the entire
organic and aqueous phases are retained and deposited on
the MALDI slide for simultaneous analysis. Furthermore,
separation prior to MALDI-MS analysis has been shown to
reduce the ion suppression effect of the phosphatidylcholine
species on other lipid classes [46]. In a review of MALDI-
MS characterization of lipids, it was reported that the pres-
ence of PC can severely suppress neutral lipids such as
triglycerides [46]. However, with the use of solid phase
extraction, this suppression is significantly reduced and
TG species ion intensities are more representative of their
actual abundance within a sample. Using DAPNe-micro-
capillary separatory chemistry-MALDI-MS for lipid analy-
sis PC, PE, TG, and CE lipid species are all identified with
ion intensities on the same order of magnitude when nor-
malized to the total ion count. Therefore, the use of immis-
cible solvents for the partitioning of polar and nonpolar
lipids during one-cell analysis provides a method for sepa-
rations when chromatographic methods are infeasible.

It is of interest to note that the use of micro-capillary phase
separation using immiscible solvents was previously attempted
in our lab using NSI. The technique described in previous
papers, DAPNe-NSI-MS [40, 41, 45], was not compatible with
immiscible phase separation within a micro-capillary emitter as
the change in phases caused an interruption in sample flow and
the aqueous phase remained in the capillary emitter during
analysis with NSI.
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Conclusion
The coupling of DAPNe to micro-capillary separatory chemis-
try with MALDI-MS imaging demonstrates a technique capa-
ble of increasing the range of polar and nonpolar molecules that
can be analyzed simultaneously using a single step extraction
method of one-cell without pretreatment or chromatography
separations. The spotting of one-cell extracts on aMALDI slide
for imaging not only allows reanalysis of the sample but also
provides visual confirmation that partitioning of hydrophilic
and lipophilic molecules occurs within the micro-capillary
during extraction. However, to reduce the unexpected
partitioning of hydrophilic molecules within the aqueous
phase, the MALDI spotting method needs optimization. Fur-
thermore, due to limitations of our instrument, fast polarity
switching was not available and therefore analysis was not
performed in the negative mode. However, to fully examine
the method described here, the analysis of both positive and
negative ions should be considered, along with performance
evaluations of other multiphasic solvent systems for enriched
lipid extraction and enhanced biomarker discovery.
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