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In recent years an increasing number of methods have been
exploited for the proteomic[1–4] and metabolomic[5–8] analysis
of single cells and have provided new insight into cellular
subtypes. Local analysis on a subcellular level, however,
requires new approaches. Heterogeneity of metabolite dis-
tributions within a cell is attributed to functional organiza-
tion, compartmentalization into organelles, macromolecular
crowding, and metabolite channeling as a result of the
colocalization of enzymes.[9, 10] This heterogeneity results in
metabolite gradients within a cell and compartmentalization
of metabolites in particular organelles.[11] The intracellular
production, reaction, and redistribution of metabolites do not
always follow the kinetics established in vitro at low concen-
trations.[12] Subcellular trafficking between compartments
often relies on active transport facilitated by transporter
proteins.[13, 14] For example, secondary metabolites can accu-
mulate in the vacuole by the help of ABC transporters.[15–17]

Determining the subcellular distributions of metabolites is
challenging because of their high diffusion rates and rapid
turnover.

Most techniques for the subcellular analysis of eukaryotic
cells rely on the isolation of organelles by nonaqueous
fractionation and require extensive sample preparation
prior to chemical analysis.[18] By using tagging or labeling
techniques, the distribution of some preselected metabolites
can be followed by fluorescence resonance energy transfer.[19]

More recently, cell-membrane lipid distributions have been
analyzed by secondary ion mass spectrometry (SIMS)[20,21]

and selected metabolite levels have been determined in the
cytoplasm, cytosolic lipid droplets, vacuole, granule, and
nucleus by nano-electrospray ionization mass spectrome-
try.[22–25] There are, however, few label-free multispecies
methods that capture the spatial localization of diverse
metabolites within a cell.

Femtosecond laser pulses have been used for disrupting
and dissecting subcellular organelles, such as mitochondria
and nuclei, in living mammalian cells.[26–28] This nanosurgery
technique, however, is typically performed without opening

the cell, therefore the resulting ablation products are not
available for analysis.[29–31] In laser ablation electrospray
ionization (LAESI) of biological samples, a mid-infrared
laser generates a plume in the surrounding environment by
bursting the cells open. The ejected material is ionized by an
electrospray and analyzed by a mass spectrometer.[32–35] The
ablation and analysis of metabolites in single cells has been
achieved by delivering the mid-IR laser pulses with an etched
optical fiber for LAESI analysis.[8, 36, 37] Herein, we report the
in situ chemical analysis of metabolites localized in subcel-
lular compartments by the combination of microdissection
and LAESI–MS. We demonstrate the direct multispecies
molecular analysis of subcellular compartments by this
ambient ionization method. Large metabolite gradients
between the cytoplasm and nucleus of Allium cepa epidermal
cells are observed using this novel technique.

The schematic in Figure 1 shows the essential features of
the experimental setup labeled with the critical dimensions.
Epidermal cells from the A. cepa bulb were used as a model
system in the form of an intact monolayer. The cell nuclei
were visible without histological staining (see Figure 2 a). A
cellular monolayer of epidermal tissue was mounted onto
a glass slide, and a micromanipulator equipped with a micro-
dissection needle with a tip diameter of approximately 1 mm
was used for the microdissection. The tip was lowered to the
cell wall to pierce and cut it along the inner edge, and peel it
back to expose the cytoplasm and the organelles. The

Figure 1. Schematic of the subcellular LAESI and microdissection
setup. The sample is mounted on an x-y-z translation stage. Micro-
dissection is performed by a sharp tungsten needle (m tip) followed by
mid-IR laser ablation of the subcellular compartment using an etched
optical fiber. The mass spectrometer inlet and electrospray emitter
(ES) are on the same axis at a distance of d2 = 12 mm. The sample is
positioned at h = 15 mm below this axis. The projection of the point of
dissection to this axis is at d1 = 7 mm away from the inlet. The polar
angles of the microdissection tip and the fiber are qT = 45–608 and
qF = 45–608, respectively. The corresponding azimuthal angles are
qTxz = 120–1358 and qFxz = 45–608, respectively.
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neighboring cells were not disrupted during the microdissec-
tion, and the nucleus remained intact (see Figure 2b).
Immediately after the microdissection, a germanium oxide
based optical fiber with a tip diameter of approximately
15 mm was brought adjacent to the nucleus to deliver mid-IR
laser pulses at a wavelength of 2940 nm (Figure 2c). The laser
energy emitted at the fiber tip decayed within a distance
comparable to the tip diameter. In aqueous environment this
energy is reduced by the strong absorption of the 2940 nm
radiation. The microdissection and ablation were visualized
from the top with a long-distance microscope to pinpoint the
targeted cellular component. A side-view microscope was
used to monitor the distance between the cell surface and the
needle or the fiber. The ablation products were ionized by
charged droplets from an electrospray emitter that was on the
same axis as the inlet of a mass spectrometer.

To obtain the spectra corresponding to the entire cell,
initially intact epidermal cells were ablated and analyzed (see
Figure 3a). Subsequently, microdissection was performed on
an epidermal cell to expose the subcellular components.
When the cytoplasm away from the nucleus was targeted with
the fiber tip, LAESI–MS yielded a feature-rich spectrum (see
Figure 3b), with many of the same peaks that were detected
for the intact single cell. Mass spectra from the cell cytoplasm
contained peaks primarily corresponding to singly protonated
molecules, quasimolecular (sodium or potassium adducts)
ions, and a few dimers. Tentative peak assignments were
based on accurate mass measurements, information found in
databases, such as the Plant Metabolic Network database
(http://plantcyc.org/), and the related literature, as well as
previous experimental results, including tandem MS measure-
ments, from LAESI analysis of A. cepa cells.[36] See Table S1
in the Supporting Information for the tentative identification
of selected peaks. For example, highly abundant hexose, alliin,

and oligosaccharides were among the putatively assigned
metabolites detected in the cell cytoplasm.

Selective ablation of the nuclear region was possible
because the sharpened tip of the optical fiber was comparable
in size to the approximately 20 mm diameter of the cell
nucleus. A significant number of peaks, corresponding to over
thirty metabolites, were observed in the spectrum obtained
from the nucleus (Figure 3c). As a result of the lower volume
of material in a nucleus than that of the cytoplasm or a single
cell, the mass spectra obtained from it exhibited lower signal
intensities. As expected, some common metabolites between
the nucleus and cytoplasm were detected because some cross-
contamination by the cytoplasm surrounding the nucleus is
inevitable. However, the relative intensities of metabolites
varied. For example, the peak at m/z 219 (potassium adduct of
hexose) was one of the strongest peaks in the spectra obtained
from the cytoplasm and, in most cases, had a relative intensity
of less than 40% in spectra from the nucleus. Comparisons
between the normalized intensities of ions in the nucleus and
cytoplasm spectra can be found in Figure S1 in the Supporting
Information. The ratios of the peak intensities between the
nucleus and cytoplasm spectra are also noted in Table S1.

To identify metabolites with strong variance between the
nucleus and the cytoplasm, multivariate statistical analysis, in
particular orthogonal projections to latent structures discrim-
inant analysis (OPLS-DA), was performed on the mass
spectra. This method enabled us to separate predictive
components, that is, those responsible for the differences
between the two organelles, from nonpredictive variations,
that is, those describing the differences between one nucleus

Figure 2. Microscope images of A. cepa epidermal cells show: a) the
intact cells and the targeted nucleus prior to microdissection in the
dotted white circle; b) the microdissection tip as it peels back the cell
wall exposing the nucleus; and c) the etched optical fiber tip as it is
brought adjacent to the nucleus prior to ablation.

Figure 3. Mass spectra obtained from: a) a single intact A. cepa
epidermal cell; b) the cytoplasm of a microdissected cell; and c) the
nucleus of a microdissected cell. Distinct differences can be observed
between the spectra of the cytoplasm and the nucleus samples.
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and another. The resulting S plot, shown in Figure 4, high-
lights the metabolites with high correlation and covariance.
For example, metabolites that are more specific to the
cytoplasm, such as hexose (m/z 203 and 219) and alliin (m/z
178), are in upper right corner, whereas those that are more
characteristic of the nucleus, such as arginine (m/z 175) and
glutamine (m/z 147) are in the lower left corner. The points
located near the center represent metabolites that are not
statistically different in the two regions. The putative assign-
ments of the statistically different metabolites (labeled with
their m/z values) are listed in Table S2 in the Supporting
Information.

These results demonstrate that hexose and some of the
secondary metabolites, for example, alliin, primarily accumu-
late in the cytoplasm. Indeed, hexose is known to be more
abundant in the vacuoles, and it has been suggested that this is
the result of an active uptake mechanism.[38, 39] In contrast,
some amino acids were more readily detected in the nuclei.
Although there have been very few studies on the localization
of metabolites in plant nuclei, other small metabolites, such as
flavonoids, have been found to be localized in them.[40, 41]

Furthermore, the enzyme involved in the metabolism of
arginine, that is, arginine decarboxylase, has been found to be
localized to the nuclei of nonphotosynthetic tissues; this
finding may suggest the presence of arginine in the studied
nuclei.[42] As the compartmentalization of metabolites in the
nucleus is relatively unexplored, questions remain as to
whether these metabolites are locally produced, consumed, or
actively transported to them.

To validate our findings on the large metabolite gradients
between the nucleus and the cytoplasm with independent
methods, additional experiments were performed. A cationic
dye, toluidine blue, with an affinity to the nucleus was
introduced to stain the sample. Optical microscope images
confirmed that the dye molecules preferentially localized in
the nuclei. In situ analysis of dissected stained cells by LAESI
also identified significantly higher abundance of the dye

molecules in the nucleus than in the cytoplasm, resulting in an
intensity ratio of Inuc/cyt = 3.0. Further confirmation was
obtained by separately extracting the nucleus and the
cytoplasm from the cells stained by methylene blue using
a nanoelectrospray emitter.[43] Images of a cell before and
after the extraction of the nucleus confirm its successful
removal with minimal damage to the cell (see Figure S2a and
S2b in the Supporting Information). The captured nucleus is
clearly visible at the tip of the emitter (see the inset in
Figure S2c in the Supporting Information). The mass spectra
of the nucleus and cytoplasm samples were obtained by using
direct electrospray ionization; in the spectrum of the nucleus
sample significantly stronger peaks corresponding to the
methylene blue molecular ion are seen (see Figure S2c and
the experimental details in the Supporting Information).
Indeed, multiple experiments show an intensity ratio of Inuc/

cyt = 2.5. Thus both microdissection combined with LAESI
and organelle extraction followed by electrospray ionization
indicate that for staining agents our results are consistent with
the optically discernible gradient. It is therefore expected that
the abundance differences observed for metabolites also
reflect existing gradients.

In summary, we have demonstrated in situ ambient
analysis of a large number of metabolites from subcellular
regions by performing cell microdissection, selective ablation,
and LAESI mass spectrometry. This method provides insight
into the distribution of metabolites on a subcellular level with
minimal change to the integrity of the compartments. The
results show that the metabolic makeup of the nucleus and
cytoplasm are significantly different. The often large concen-
tration gradients may result from the compartmentalization
of metabolites, metabolic channeling, and the active uptake of
metabolites for, for example, energy storage or detoxification.
Furthermore, local production or consumption of metabolites
may also contribute to the differences in the metabolite
composition. Additional studies may shed light on the
different mechanisms that result in these metabolite gradi-
ents.

Although we used relatively large cells, this technique can
be extended to explore subcellular heterogeneity in smaller
cells. The current analytical challenge lies in the sensitivity of
the mass spectrometer. As single cell technologies advance,
we expect fast developments in subcellular analysis. Micro-
dissection combined with LAESI mass spectrometry has the
potential to address important biological questions arising
from subcellular heterogeneity and give insight into the
subcellular variations of metabolic pathways affected by
diseases and drug delivery.
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