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Abstract Single-cell metabolomics is an emerging field that
addresses fundamental biological questions and allows one to
observe metabolic phenomena in heterogeneous populations
of single cells. In this review, we assess the suitability of
different detection techniques and present considerations on
sample preparation for single-cell metabolomics. Although
targeted analysis of single cells can readily be conducted using
fluorescent probes and optical instruments (microscopes,
fluorescence detectors), a comprehensive metabolomic
approach requires a powerful label-free method, such as mass
spectrometry (MS). Mass-spectrometric techniques applied to
study small molecules in single cells include electrospray MS,
matrix-assisted laser desorption/ionization MS, and secondary
ion MS. Sample preparation is an important aspect to be taken
into account during further development of methods for
single-cell metabolomics.

Keywords Cell individuality - Cell-to-cell variability -
Single-cell analysis - Small-molecule analysis -
Ultrasensitive analysis

Introduction

One of the biggest challenges in bioanalysis is to detect and
quantify molecules in single biological cells. Although the
invention of optical microscopy provided the initial tool for
observing single cells, analysis of chemical components of
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cells requires implementation of much more sophisticated
techniques and methods. Metabolomics is a rapidly growing
field of biochemistry, targeting the analysis of low molecular
weight species (molecular weight typically below 3,000),
referred to as metabolites. The cell metabolome can be defined
as the set of all the metabolites present in cells [1, 2] and it can
be considered the best indicator of an organism’s phenotype
[3]. Changes in the metabolome represent the final response
of an organism to genetic modification, disease, or environ-
mental influences. In comparison with the proteome or
transcriptome, the metabolome is much more chemically and
physically diverse [4] and more dynamic. The range of
metabolite concentrations can vary over several orders of
magnitude [4, 5]. The Human Metabolome Database (http://
www.metabolomics.ca) contains hundreds of entries, and this
covers only a small fraction of the metabolites present in
eukaryotic cells. Accumulation of metabolomic data is
generally constrained by the moderate throughput of the
existing technology and sometimes by a limited availability
of biological samples (e.g., blood and other tissues). Most
current technologies only collect metabolomic data averaged
over many cells. Although cell populations often exhibit
phenotypic heterogeneity, one can hypothesize that individ-
ual cells may also differ with respect to the content of
various metabolites. In particular, phenotypic heterogeneity
of cell populations is known to be related to the occurrence
of pathological events, such as cancerogenesis [6], as well as
important physiological processes, such as bistability in gene
expression [7]. Since the metabolome provides an impres-
sion of various processes occurring in the cells, one can
expect that the information contained in the cellular
metabolomes would allow important insights into biochem-
ical heterogeneity of cell populations. Therefore, it is
imperative to establish a reliable method for single-cell
metabolomic studies.
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Several approaches have already been established that
permit single-cell studies of the genome [8-12] and the
proteome [13-21]; however, numerous technical difficulties
hinder developments in single-cell metabolomics. A num-
ber of initial studies, reviewed in this article, attempted to
address this gap and it is expected that, in the future,
gathering information on the metabolomes of individual
cells will be as straightforward as obtaining genetic
information is nowadays. Although the introduction of
polymerase chain reaction in molecular biology enabled
amplification and genetic analysis of DNA isolated from
single cells and dramatically accelerated the development
of genomics, we believe that the availability of high-
throughput methods for analysis of metabolites in single
cells will substantially enhance our abilities to gain insight
into biochemical reaction networks.

The aim of this article is to provide a critical account of
different strategies to study metabolism in single cells. For a
general overview of single-cell studies, the reader is referred
to the article by Borland et al. [22] and the books edited by
Anselmetti [23] and Lu [24]. Presently, only a limited
number of analytical techniques can cope with the stringent
requirements of metabolomic analysis of single cells, which
include a need for very high sensitivity, high throughput, and
the capability to detect a wide range of analytes. We focus
our discussion on the methods that fulfill at least some of
these requirements; giving highest priority to mass spec-
trometry (MS), which we consider a particularly promising
platform for single-cell metabolomics.

Detection techniques for single-cell metabolomics
Fluorescence detection

Fluorometric assays are generally based on the presence of
fluorescent tags or probes. Only very few metabolites can
be analyzed directly in single cells by autofluorescence; for
example, An et al. [25] developed a protocol for label-free
quantitative analysis of intracellular carotenoids in cells of
red yeast (Phaffia rhodozyma), which is based on the
intrinsic fluorescence of these compounds. In many cases,
fluorometric assays can be applied in targeted analysis of
small-molecule compounds in cells and cell extracts [15,
26-32]. The key advantages of fluorescence detection of
intracellular metabolites include high sensitivity, capabili-
ties for performing studies on concentration dynamics, its
nondestructive nature, and high-throughput capabilities.

In general, following the introduction of a fluorescent
probe into the cell, the readout can be done with an
established technique, i.e., fluorescence microscopy. For
example, the group of Frommer [28] developed a protein-
based nanosensor for detection of maltose uptake by living
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yeast cells. The nanosensor was expressed in yeast cells,
allowing direct monitoring of changes in cytosolic maltose
concentrations in response to the external supply of the
nutrient. This strategy makes use of bacterial periplasmic
binding proteins: on binding the substrate, the probe
proteins transform their hinge-bend movement into in-
creased fluorescence resonance energy transfer between
two coupled green fluorescent proteins (Fig. 1a). With use
of fluorescence microscopy, relative concentrations of
maltose can be monitored in individual cells (Fig. 1b).
The method has been further adapted for detection of
glutamate release from neurons [33]: in this case, the
fluorescent indicator protein for glutamate consists of the
glutamate/aspartate binding protein (ybel]) from Escher-
ichia coli, expressed on the surface of rat hippocampal
neurons or PC12 cells.

In another study, a genetically encoded fluorescent
sensor of adenylate nucleotides was developed [26]. This
combines a circularly permuted variant of green fluorescent
protein with a bacterial regulatory protein, GInK1. Confor-
mational changes in such a fusion protein, caused by the
binding of the analyte to the adenosine 5'-triphosphate
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Fig. 1 (a) Substrate-induced conformational changes. The enhanced
cyan fluorescent protein donor chromophore was fused to the N
terminus of maltose-binding protein; the enhanced yellow fluorescent
protein acceptor chromophore was attached to the C terminus. Binding
of maltose brings the N and C termini, which are located at the distal
ends of the two lobes, respectively, closer together, thereby increasing
fluorescence resonance energy transfer (FRET). (b) Visualization of
dynamic maltose concentration change in the cytosol of yeast.
(Adapted from [28]. Copyright 2002 National Academy of Sciences,
USA)
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(ATP)-binding domain lead to changes in fluorescence
intensity. According to the authors, at physiological ATP
and adenosine 5'-diphosphate (ADP) concentrations, the
binding site is saturated, but competition between the two
substrates causes the sensor to behave as a reporter of the
ATP to ADP concentration ratio [26].

The fluorescent probes described above are expressed in
living cells. One can expect that production of these foreign
complexes by the cells may lead to alteration of the native
physiological status of the cells on the proteome level as
well as the metabolome level; therefore, the applicability of
this strategy in single-cell metabolomic studies may be
limited. Although nanosensor probes can, in principle, be
developed for different analytes, fluorescence detection
poses a limit on the number of compounds detectable
simultaneously. Although current studies involving the
application of fluorescent probes to metabolites make use
of fluorescence microscopy, implementation of such assays
in combination with flow cytometry or fluorescence-
activated cell sorting [34] could enable studies of intracel-
lular metabolites in large populations of cells. Since
cytometry can already be realized in microchip format
[35], such microscale cell handling and signal readout
could be applied to record signals from metabolite probes in
cell populations. In fact, a number of cytometric assays
probing cell viability, metabolic functions, and redox states
or determining the content of lipids and certain secondary
metabolites (e.g., photosynthetic dyes) in single cells, with
(or, in some cases, without) staining, are available (for more
information, see the review by Davey and Kell [34]).

Fluorescence detection is often used in combination with
sample preparation steps. These can include single-cell lysis
and separation of analytes by capillary electrophoresis (CE)
(see also “Sample preparation: a key challenge”). In an
early study by Kennedy et al. [36], amino acids could
readily be analyzed in extracts from individual neuron cells
obtained from snails. Naphthalene-2,3-dicarboxyaldehyde
was used to label amino acids in the cell extract to enable
analysis by CE with laser-induced-fluorescence (LIF)
detection. Several studies using CE-LIF analysis, focusing
among others on analysis of neurotransmitters in single
cells, were conducted by the group of Sweedler [29, 37].
Chang and Yeung [27] analyzed catecholamines, such as
epinephrine and norepinephrine, in single adrenal medul-
lary cells by CE-LIF, taking advantage of the native
fluorescence of these compounds. Very recently the same
group demonstrated an interesting CE-LIF-based assay for
ultrasensitive detection of cellular NAD™ and NADH,
which incorporates in-capillary enzymatic amplification
[38].

The group of Dovichi [15] introduced the concept of
chemical cytometry and developed a range of methods for
chemical analysis of single cells, normally using CE with

LIF detection. The same group also pioneered the develop-
ments in single-cell proteomics. Moreover, an attempt has
recently been made to adapt chemical cytometry to study
large metabolite molecules extracted from single cells [39].
In this study, the ganglioside GMI1, tagged with a
fluorescent dye, tetramethylrhodamine, was taken up and
metabolized by pituitary tumor cells. Following in-capillary
lysis, the glycosphingolipids released were separated by CE
and detected by LIF. Nonetheless, it should be pointed out
that glycosphingolipids are relatively large metabolites
(molecular weight above 1,200); therefore, it can be
assumed that the labeled ganglioside GM1 has the same
physiological behavior as the nonlabeled molecules. How-
ever, since fluorescent tags are usually large compared with
the vast majority of metabolites, this approach generally
cannot be applied in single-cell metabolomics. In another
example, tags were introduced into analyte molecules after
cell lysis to enable detection by LIF. This strategy was
implemented in the work of Wu et al. [40] using a
multifunction microchip (Fig. 2). In fact, the notion of
LIF detection on a microchip has gained popularity. For
instance, Chen et al. [41] recently used microchip CE-LIF
to determine glutathione and hydrogen peroxide in mito-
chondrial compartments of apoptotic cells.

Electrochemical detection

The high sensitivity of electrochemical detectors makes
them suitable for applications in single-cell analysis. In fact,
they can be used as intra—or extracellular probes for label-
free detection of metabolites present in the cell and those
released to the extracellular microenvironment. However,
only electroactive species can be analyzed, which makes
the electrochemical methods applicable only to targeted
studies of metabolites in single cells. A range of microscale
electrochemical methods were introduced to monitor
various physiological processes [42]; for example, release
of metabolites, such as catecholamines and oxygen, can be
readily measured electrochemically [43]. Several other
articles focus on the monitoring of exocytosis using various
types of microelectrodes [44, 45].

Electrochemical sensors can also be used as detectors
after electrophoretic separations. CE in conjunction with
less selective electrochemical probes can provide a platform
for analysis of a larger number of metabolites than
electrochemical sensors used directly without a separation
step. In the aforementioned early work of Kennedy et al.
[36], neurotransmitters were detected in snail neuron cells
by CE with voltammetric detection. Another outstanding
example is the study by Olefirowicz and Ewing [46]. They
used very thin capillaries to sample the cytoplasm contents
from single nerve cells of a snail. This was followed by CE
separation and amperometric detection with a two-electrode
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Fig. 2 Single-cell lysis and derivatization. (a) The process of single-
cell analysis on an integrated microchip. (b) Frames of a video of
single-cell analysis corresponding to a. The first picture shows the
overview of the system with all inlets; the dashed box denotes the area
of the video that has been taken. The numbered video frames are in
order of appearance. The last frame shows the fluorescence of the
naphthalene-2,3-dicarboxyaldehyde (NDA)-derivatized contents of a

configuration. Excellent selectivity of this method was
demonstrated for catecholamine and indolamine neuro-
transmitters and their metabolites. Cells can also be lysed
in capillary prior to analysis [47]. Recently, Weng and Jin
[48] presented a simple assay for detection of amino acids
in individual lymphocytes by CE with electrochemical
detection. Femtomole to attomole levels of four amino
acids could be detected with this method. In other work,
tryptophan and glutathione were simultaneously analyzed
in individual rat hepatocytes by CE [49]. A dual electrode
consisting of two different materials (carbon fiber and Au/
Hg) was used. Ai et al. [50] fabricated an amperometric
sensor based on electrochemical deposition of platinum
nanoparticles on the surface of carbon fiber microdisk
electrodes via nanopores containing a polymer matrix, and
subsequently used it for real-time monitoring of oxidative
bursts from single plant protoplasts. Amperometric detec-
tion has also been used in combination with microfluidics
[51]: cell injection, loading, cell lysis, electrokinetic
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single cell in the reaction chamber when illuminated with a focused
405-nm diode laser. Arrows point to the positions of individual cells.
(¢) On-chip reaction and separation. Electropherograms of micellar
electrokinetic chromatography separations of five NDA-derivatized
amino acids on the chip. PBS phosphate-buffered saline, SDS sodium
dodecyl sulfate (Adapted from [40]. Copyright 2004 National
Academy of Sciences, USA)

transportation, and detection were all integrated in the
microchip with a double-T injector coupled with an end-
channel amperometric detector. In this fashion, ascorbic
acid could be quantified in single plant cells [S1].

Mass-spectrometric detection

MS is a label-free analytical technique which permits
identification of virtually any analyte, and moreover provides
structural information. During the past few years, the
popularity of mass-spectrometric analysis of small molecules
has increased dramatically, and MS has become a key
enabling tool in the field of metabolomics [3, 52, 53].
Methodological progress has also been made to adapt MS for
single-cell analysis. Single-cell MS has been demonstrated
by a number of examples, using various types of cells [54—
57], however, relatively few studies have presented mass-
spectrometric analysis of metabolites in single cells; repre-
sentative examples are listed in Table 1.
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Laser desorption/ionization and matrix-assisted laser
desorption/ionization (MALDI) [58, 59] are versatile soft
ionization techniques, widely utilized in bioanalysis. Al-
though most applications of MALDI-MS are in proteomics,
its potential in metabolomics has recently been shown in
cases where selected MALDI matrices do not blanket the
low mass range with background peaks [60, 61]. MALDI is
a straightforward, direct analytical technique, which in
many cases does not require extensive sample preparation.
The measurements are normally not strongly dependent on
the sample matrix, compared with other techniques such
electrospray ionization (ESI). A large number of single-cell
studies employing MALDI-MS were conducted in the
group of Sweedler. Methods for analysis of peptides and
proteins in single neurons of animals, such as Aplysia
californica, have been developed [55, 56, 62—-64]. MALDI-
MS has also been shown to have outstanding sensitivity for
primary metabolites, such as nucleotides [65]: the sensitiv-
ity is sufficient to detect nucleotides in single yeast cells.
Moreover, extensive sample treatment, including enzymatic
amplification [66], can be carried out directly on a MALDI
plate to increase the sensitivity of the measurements.
MALDI-MS imaging (for a review, see [67]) can provide
information on the spatial distribution of metabolites in
biological specimens [68], including single cells [69, 70].
Overall, it can be considered a powerful platform for
ultrastructural chemical analysis of microscale samples.
Recently, a new MS approach, called nanostructure initiator
MS, has also been shown to be capable of detecting small
molecules in single cells [71] (Fig. 3).

Several articles on MS-based single-cell metabolomics
originated from the group of Masujima. These researchers
presented an early study in which histamine was detected in
single bone-marrow-derived mast cells [72]. The single
cells were initially sucked into a microcapillary and
released onto a hydrophobic MALDI plate where co-
crystallization with a MALDI matrix took place. More
recently, they presented a similar micromanipulator-based
method for cell selection [73]; however, this time the
contents of the cell were aspirated into a nanoESI tip. This
was followed by electrospraying and ionization of the
sample in front of the orifice of a mass spectrometer. The
strong point of this study is that the mass spectra appear to
be full of interesting features, some of which are metabo-
lites with biological relevance. In fact, metabolites such as
histamine, serotonin, and leukotriene B4 could be detected
and identified by MS/MS in samples containing larger
numbers of mammalian cells. Interestingly, even the
subcellular distribution of the target metabolites could be
studied.

Another innovative method for metabolic profiling of
single plant cells is based on laser-ablation ESI (LAESI)
[74]. LAESI uses a focused mid-IR laser beam with a
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wavelength of 2.94 pum, which is absorbed by water, to
sample material directly from live tissue. The resulting
ablation plume undergoes postionization by an electrospray
(Fig. 4a). Ablation is conducted using an etched optical
fiber tip, which approaches to within approximately 30 pm
of the cell surface (Fig. 4b). The spatial resolution was also
in the 30-um range, limiting LAESI to the analysis of fairly
large plant cells and small cell populations, e.g., of onion
and daffodil bulb epidermal cells. Figure 4c shows a
spectrum with a number of peaks with high signal-to-
noise ratios. One of the advantages of LAESI, compared
with other laser-ablation-based techniques, such as
MALDI-MS, is that there is virtually no chemical back-
ground. Another advantage of this method, compared with
the nanoESI approach outlined above, is that the single-cell
sampling appears to be straightforward; cells of a tissue can
be analyzed directly in situ. Although LAESI uses laser
light to sample intracellular metabolites, other ambient
ionization techniques could potentially be applied in single-
cell analysis, including extractive ESI and desorption ESIL
However, presently, restrictions in the spatial resolution of
these techniques pose limits on their applicability in this
field.

Similarly to fluorescence and electrochemical methods,
MS can greatly benefit from coupling with CE. Along these
lines, an interesting approach to single-cell metabolomics
was demonstrated by the group of Sweedler [75]. Low
molecular weight compounds were analyzed in single
neurons of Aplysia californica by CE coupled with
nanoESI-MS (Fig. 5). The inherent advantage of the CE-
MS approach is the ability to analyze metabolites in
complex samples, such as single-cell extracts. The limits
of detection obtained with this CE-nanoESI-MS method
were in the low nanomolar range. In addition, MS/MS was
used to identify unknown metabolites.

Secondary ion MS (SIMS) is a less common mass-
spectrometric method in the field of single-cell metabolo-
mics, but its application to analysis of small molecules in
single cells has been successfully demonstrated [76, 77].
On the other hand, bioaerosol MS (BAMS) [78] is a real-
time analytical technique that has been used to follow
biochemical and morphological changes within populations
of single bacterial cells [79]. Both techniques provide
outstanding sensitivity. However, the amount of chemical
information obtained from SIMS and BAMS spectra is
relatively low; therefore, we think that these two techniques
will find some specific applications in which accurate
chemical information on the identities of many intracellular
metabolites is not required. For example, nanoSIMS [80,
81] could potentially be applied to resolve isotopic
variations in metabolites of microbial cells [82, 83].

An exceptional approach was recently presented by
Koek et al. [84]. These researchers demonstrated the
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Fig. 3 Laser nanostructure initiator mass spectrometry (NIMS) and
fluorescent analysis of a single cancer cell. (a) Fluorescent image of
an MDA-MB-231 cancer cell after laser NIMS analysis, fixing with
paraformaldehyde, permeabilization with methanol, and staining with
both 4,6-diamidino-2-phenylindole (blue) and Alexa 555-cytokeratin
antibodies (red). The cell’s location is indicated by being surrounded
by a green fluorescent box formed with the same laser as that used for
mass analysis at high intensity. (b) Higher-resolution fluorescent
image of the cell. (¢) Mass spectra from the cell with the use of laser

feasibility of gas chromatography (GC)-MS for metabolic
profiling of extremely large cells (frog oocytes). Although
comprehensive single-cell metabolomics of smaller cells by
GC-MS is not feasible at the moment, miniaturization of
this technique could potentially lead to further applications.

Other techniques

Specific methods targeting particular metabolic pathways in
single cells have been in use for a long time. These include
autoradiography of cells preincubated with a radioisotopi-
cally labeled compound [85]. In the case of certain
metabolites of particular biological interest, for example,
cyclic adenosine 3',5’-monophosphate, assays can be con-
ducted routinely by standard methods described in the
literature [32], some of which might also be applicable to
single cells.

Spectroscopic methods other than those outlined above
are also applicable to analysis of metabolites in single cells.
For instance, glycogen metabolism was studied in yeast
cells by single-cell spectroscopy in conjunction with image
analysis [86]. In other work, Shinohara and Wang [87]
studied dopamine release from a mammalian nerve cell,
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NIMS (blue) compared with 100 cells measured with ion NIMS
(green), matrix-assisted laser desorption/ionization analysis of 400
cells (red), and 500 cells measured with nanoelectrospray ionization
(black). Laser NIMS spectra were performed with bis(tridecafluoro-
1,1,2,2-tetrahydrooctyl)tetramethyl disiloxane initiator calibrated with
Na®, K, phosphocholine, and I-palmitoyllysophosphatidylcholine.
Scale bar 28 um, asterisk matrix background ion. (Reprinted from
[71] with permission from Macmillan Publishers Ltd, copyright 2007)

after incubation with a drug, by using an enzyme-catalyzed
luminescence method. The method provided high sensitiv-
ity, rapid measurement, and did not require any pretreat-
ment of the single-cell sample. Goff et al. [88]
demonstrated a method for measurement of ethanol
formation in single living cells of unicellular algae, using
synchrotron Fourier transform infrared spectromicroscopy.
Both methods [87, 88] are label-free and can be used to
observe intracellular dynamics of metabolite concentra-
tions. However, the above-mentioned approaches are
mainly applicable to targeted metabolomic studies in cells.

Several studies have also been done using Raman
spectroscopy [89-92]; they demonstrated detection of
nucleic bases and amino acids in single cells. Very recently,
Moritz et al. [93] studied the effect of a drug on metabolic
states of individual Escherichia coli cells by following their
Raman signatures. However, using Raman spectroscopy, it
is not possible to distinguish the free species from the
corresponding molecules incorporated into large biomole-
cules. Nuclear magnetic resonance (NMR) is yet another
powerful tool for structural characterization of organic
compounds, including metabolites [94, 95]. Nevertheless,
owing to relatively low sensitivity, NMR has found only
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Fig. 4 (a) Instrumental setup for single-cell analysis by laser-ablation
electrospray ionization (LAESI) mass spectrometry. The mid-IR
ablation products (red dots) generated by the etched optical fiber tip
(F) are intercepted by the electrospray plume (black dots) and
postionized to form ions (green dots) sampled by the mass
spectrometer (MS). A long-distance video microscope (fiber monitor,
FMM) is utilized to maintain a constant distance between the fiber tip
and the sample surface (S). The sample is placed on a three-axis
translation stage (7S), and a second video microscope (cell spotting
microscope, CSM) is used to target the cells. The electrospray is
produced by applying a high voltage (HV) to the capillary emitter (£)
and by maintaining a constant solution flow rate with a syringe pump
(SP). Pulses from the mid-IR optical parametric oscillator (OPO) are
coupled to the optical fiber, adjusted by a fiber chuck (C) and a five-
axis fiber mount (FM), using two Au-coated mirrors (M) and a CaF,
lens (L). (b) The Etched optical fiber tip and the raised surface of
turgid epidermal cells of Allium cepa were approximately 30 um
apart. For optimum coupling of the laser energy, this distance was
similar to the diameter of the tip. Further removal of the fiber tip from
the cell surface resulted in no ablation, whereas closer approach often
led to damage to the cell or the fiber tip. (¢) LAESI mass spectrum
produced by 100 laser pulses for 4. cepa. The inset depicts the eight
fragments in the tandem mass spectrum of the nominal m/z 175 ion
produced by collision-activated dissociation. (Adapted with permis-
sion from [74]. Copyright 2009 American Chemical Society)

scarce applications in chemical analysis of high abundance
metabolites in large neurons Grant et al. [96]. An
interesting report was presented by Krojanski et al. [97].

@ Springer

These authors designed a microslot NMR probe for
metabolomic studies. The sensitivity was in the 100-pmol
range. Therefore, further efforts need to be made to render
NMR applicable to metabolomic analysis of single biolog-
ical cells.

Sample preparation: a key challenge

Apart from the development of sensitive and comprehen-
sive detection systems, a big challenge in single-cell
metabolomics is to cope with the fast changes of intracel-
lular concentrations of metabolites. This imposes stringent
requirements on the sample preparation [98, 99]. In our
opinion, not enough attention has been paid to this aspect
so far, and the choice of a particular single-cell sample
preparation protocol has often been dictated by the
detection technique used. Standard methods used in
metabolomic studies performed on bulky samples are not
directly applicable to single-cell metabolomics. We also
believe that microdissection of single cells from tissues,
which has gained popularity in genetic analysis of excised
cells, has limited applicability in single-cell metabolomics;
the content of more labile metabolites might be altered
when performing this invasive procedure. Therefore, in
addition to the main challenges imposed by single-cell
analysis (cell selection and handling, minute amounts of
analytes, etc.), sample preparation protocols that do not
alter the metabolic status of the cells analyzed must be
developed. Obviously, they must include an efficient
quenching step of the cellular metabolism. Moreover, slow
lysis methods, such as chemical lysis of cells with a thick
cell wall layer using surfactants, might induce an undesired
physiological reaction of cells, and consequently hinder the
detection of relevant metabolic phenomena. Hence, it is
imperative to develop fast lysis methods that do not affect
the natural metabolic status of the cells studied. One should
also take the necessary precautions to prevent decomposi-
tion of the analytes following their release from the cells;
this can be achieved, for example, by lowering the
temperature or by application of organic solvents.

Frequently, additional sample treatment steps need to be
incorporated into the single-cell analytical platform to
ensure efficient detection of the target molecules. These
may include purification and separation. In-capillary sepa-
rations have frequently been incorporated into platforms for
single-cell proteomics [15]. CE can be considered a
general-purpose sample preparation technique for the
analysis of cells [100, 101]. However, the disadvantage of
using CE is the difficult introduction of single cells to
microcapillaries.

Although many of the issues related to the preparation of
single cells for metabolomic studies have been addressed in
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Fig. 5 Different subcellular regions of the R2 neuron (neurite versus
soma) yield different metabolite profiles. In this case, compounds with
m/z 146£0.5 Da are compared in the extracted ion electropherograms

the literature, there are not many examples of platforms
integrating various sample preparation steps. Many of the
problems related to single-cell sample preparation, offering
advantages in terms of integration of multiple steps as well
as miniaturization, can be solved by employing micro-
fluidics [102-106]. An example of this direction is the
study carried out by Wu et al. [40]: the authors used a
microfluidic chip to address different sample preparation
steps, including cell handling, lysis, chemical derivatiza-
tion, separation, and detection of several amino acids

(Fig. 2).

Conclusions and future trends

Table 2 presents a critical evaluation of the suitability of
different detection techniques for single-cell metabolomic
studies. The reports cited in this review presented
analyses of only a handful of metabolites in single cells.
Although electrochemical, fluorescence, and Raman-
based methods limit the number of compounds that can

shown. The inset shows an image of an isolated Aplysia R2 neuron
and neurite. (Reprinted with permission from [75]. Copyright 2009
American Chemical Society)

be analyzed simultaneously, mass-spectrometric methods
can potentially provide information on a large number of
chemical species. In fact, since MS has already proven to
be a very powerful option for metabolomic studies on
macroscopic samples, we expect that MS will become
the main analytical platform for single-cell metabolo-
mics. Various modes of MS provide sensitive and
versatile platforms for analysis of a wide range of
chemically diverse metabolites in numerous types of
cells (Table 1). However, further development is needed
in the areas of sample preparation and interfacing.
Implementation of new interfaces which could provide
efficient transfer of single-cell lysates to a mass spectrom-
eter, and high-throughput analysis will open up the
possibility to perform single-cell metabolomics on large
populations of cells. This can be accomplished by the
introduction of discrete plugs of samples delivered within
microscale capillaries [107] or channels in microchips
[108]. Such miniature interfaces are also highly compat-
ible with microscale sample handling and the preparation
steps imposed by the small size of the samples involved.

Table 2 Features characteristic of the main techniques considered for application in single-cell metabolomics

Technique Advantages Disadvantages

Fluorescence High sensitivity, imaging capabilities, possibility to No structural information, targeted analysis only,
microscopy follow intracellular dynamics difficult labeling

Raman Label-free Low selectivity, poor structural information

Electrochemical High sensitivity, quantification, label-free Not comprehensive, no structural information,

CE—=¢lectrochemical

CE-LIF High sensitivity, quantification

ESI-MS High sensitivity, detection of a wide range of
molecules, label-free

CE-ESI-MS High sensitivity, label-free, wide range of analytes

(MA)LDI-MS High sensitivity, detection of a wide range of

molecules, label-free

High sensitivity, quantification, label-free

vulnerable to interferences

Technical difficulties, no structural information,
not comprehensive, destructive

Not comprehensive, no structural information,
difficult labeling, destructive

Vulnerable to interferences, destructive

Not robust, destructive

Problems with quantification, destructive

LIF laser-induced fluorescence
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New sample handling tools are also emerging in the field
of nanotechnology, and could potentially support some of
the steps required in single-cell metabolomics, including
sampling of metabolites from individual cells [109]. The
development of such enabling technologies could also
give rise to new discoveries in the new fields of scientific
inquiry, such as micrometabolomics [110, 111] and single-
cell microbiology [112, 113] .

The majority of studies on metabolites in single cells are
related to the analysis of neurotransmitters in neurons
(Table 1). This parallels the rapid developments in
neuroscience. In fact, many studies focused on large
neuronal cells, which proved to be convenient test samples
for demonstrating various analytical methods targeting
single cells. On the other hand, the analysis of small
unicellular microorganisms is especially appealing owing to
the potential for addressing fundamental questions in
bioscience. Individual unicellular microorganisms can
preserve their physiological function when studied sepa-
rately, whereas the cells obtained from a tissue are expected
to have altered metabolism. Another problem is that
presently it is only possible to analyze a handful of target
metabolites in single cells. On top of that, reference
materials for single-cell analysis are still missing; therefore,
attention should also be paid to this aspect. Without
analytical standards and quality control rules, quantification
of individual metabolites and validation of the new single-
cell metabolomic methods will not be possible.

Soon, it may be feasible to link the developmental and/or
physiological state of a cell with its metabolome. It should
also become possible to apply single-cell metabolomic tools
to distinguish subsets of cells with different metabolomes
within individual cancers, which would complement standard
methods used for evaluation of phenotypic heterogeneity of
cancer cells [6], and possibly lead to further developments in
fundamental cancer research.

In conclusion, the studies reviewed here point to the fact
that single-cell metabolomics is still in the early stage of
development. With numerous limitations of present analyt-
ical approaches, it is not possible to conduct routine
analyses of many metabolites in single cells, as it is in the
case of conventional metabolomics involving macroscopic
samples. Hence, the next challenge in bioanalytics is to
develop even more sensitive and comprehensive assays for
detection and quantification of various metabolites of
biological interest in single cells, including smaller unicel-
lular organisms, such as yeast and bacteria. These methods
will certainly become a key enabling technology for
research in systems biology. The data obtained from
single-cell metabolomic studies will result in the creation
of models of cellular metabolism that will not be biased by
averaging the metabolite concentrations over multiple cells.
Such models should find applications in fundamental

@ Springer

studies but could also be extrapolated to applied research,
for example, when considering the cellular responses to
chemotherapeutics.
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