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Abstract
Single-cell metabolomics is a powerful tool that can reveal cellular heterogeneity and can elucidate the mechanisms of biologic
al phenomena in detail. It is a promising approach in studying plants, especially when cellular heterogeneity has an impact on 
different biological processes. In addition, metabolomics, which can be regarded as a detailed phenotypic analysis, is expected 
to answer previously unrequited questions which will lead to expansion of crop production, increased understanding of resist
ance to diseases, and in other applications as well. In this review, we will introduce the flow of sample acquisition and single-cell 
techniques to facilitate the adoption of single-cell metabolomics. Furthermore, the applications of single-cell metabolomics will 
be summarized and reviewed.
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Introduction
Each cell is unique in its behavior and reacts distinctively to 
its environment. This heterogeneity impacts biological and 
pathological processes yet to be fully explored.

To address this, a myriad of single-cell analytical techni
ques has emerged that aims to gain deeper insights into 
cell characteristics and their response to perturbations by 
analyzing their genome, transcriptome, proteome, and meta
bolome (Altschuler and Wu 2010).

Similarly, plant science is also experiencing such impacts, 
and therefore, single-cell metabolomics (SCM) study encom
passes the analysis and measurement of the metabolic profile 
of individual plant cells. It has various applications involved in 
different areas such as plant development, stress response, and 
disease resistance. Such analysis allows a deeper understanding 
of cellular metabolism in plants and provides insights into 
metabolic heterogeneity and dynamic changes in response 
to various stimuli. This information will deliver metabolic 

differences between individual plant cells which aids a better 
understanding of the underlying mechanisms of plant growth 
and adaptation (Misra et al. 2014; Katam et al. 2022).

Recent studies have shown that even in populations that are 
relatively homogenous, differences in the metabolism on the 
single-cell level due to heterogeneity or changes in microenvir
onment have several biological implications (Katam et al. 
2022). Furthermore, SCM can measure the distribution of me
tabolites in 3D inside a single cell, which allows us to gain dee
per understanding of molecular processes inside the cellular 
division (Okubo-Kurihara et al. 2022). Metabolite production 
and accumulation may be different between various cell types 
such that a large portion of the current metabolic knowledge 
is misleading. Finally, since changes in the microenvironment 
or external stimuli causes rapid alterations in the metabolome 
on the single-cell level, SCM is the only technique that can cap
ture these dynamic changes over time, whereas bulk analysis 
provides only a snapshot of the average metabolite levels 
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across the whole population (Heinemann and Zenobi 2011; 
Jindal et al. 2018; Ali et al. 2022; Lanekoff et al. 2022).

Studying the metabolome, i.e. metabolomics, has become 
the field of choice for the comprehensive understanding of 
cell cycles, cell perturbations, and general cell functions 
due to its ability to translate current cell behavior into bio
chemical terms.

In specific, tracer-based approach using stable isotopes can 
reveal which part of metabolic network are being utilized, 
and analyzing the concentration flux in a biological pathway 
is helpful to determine directional changes in metabolism 
(Samarah et al. 2020).

However, SCM is challenging due to the small sample size 
(single cells) and the inability to amplify the signal like in 
genomics or transcriptomics. The major advantage of meta
bolomics is that it provides a snapshot of the current 
physiological state of the plant. Transcriptomics and pro
teomics can provide information about which genes or pro
teins are being expressed in a particular tissue or under a 
particular condition, but metabolomics can reveal how 
these changes are actually affecting the plant’s metabolism 
and physiology. Also, it can provide information about the 
downstream effects of changes in gene expression or pro
tein activity.

In addition, metabolomics can reveal metabolites that 
have been perturbed due to an intervention of the drug. 
Furthermore, the concentration flux in a biological pathway 
is important to determine directional changes in metabol
ism. Stable isotope tracers can relatively easily reveal which 
parts of the metabolic network are being utilized, which is 
difficult to predict with proteomics or transcriptomics (de 
Souza et al. 2020; Guo et al. 2021).

In recent years, MS (mass spectrometry), coupled with 
miniaturized sampling and processing techniques, has 
emerged as key technology that enables the study of the me
tabolome at the single-cell level. In this review, the workflow 
of SCM using MS will be critically examined and reviewed 
from cell isolation and sample preparation to measurement. 

Furthermore, the utility and application of SCM in the field of 
plant biology will be highlighted, with specific attention 
being given to several advanced technologies on single-cell 
sampling and various cell-cycle metabolism studies.

Single-cell sampling
Sampling is a crucial step for any SCM experiment. 
Challenges in single-cell sampling are often centered around 
the small cell size and volume available for analysis. This is ex
acerbated further in the case of metabolomics where the in
ability to amplify the metabolite signal, unlike DNA or RNA, 
and the sensitivity of the metabolome to changes in the 
microenvironment pose significant hurdles in single-cell sam
pling. These challenges and the method of sampling used im
pact downstream metabolic analysis and the resulting 
biological interpretation of said analysis. Therefore, careful 
consideration is needed when choosing the correct sampling 
method. Several techniques have been developed or adapted 
to sample and isolate single cells with these challenges in 
mind. They can be broadly classified into capillary sampling 
techniques and microfluidics-based methods. In the follow
ing section, both techniques, their uses, and limitations will 
be discussed and critically reviewed.

Capillary sampling methods
Microcapillary sampling methods, where a single cell is 
sampled using a fabricated micro glass capillary with a fine 
tip of inner diameter based on the cell size, are well estab
lished. These methods require a microscope and a manipula
tor to localize and aspirate a single cell. The prominent 
advantage of this method is that sampling will be achieved 
in the cell’s native environment. However, automation is a 
major problem resulting in low throughput sampling. 
Additional strategies have been applied to sample single cells 
for metabolic analysis as detailed below.

Single-cell sampling and analysis were performed by insert
ing a fine oil-filled glass microcapillary into the cell. The capil
lary was mounted on to a micromanipulator, and operations 
were viewed under a microscope. The cell sample was ex
pelled from the capillary by increasing the pressure in the 
oil using a full cell-pressure probe setup. This sampling setup 
was coupled with X-ray microanalysis to determine the sig
nificant inorganic vacuolar constituents in individual wheat 
cells (Malone et al. 1989). Plant-specific mesophyll cells 
were also sampled by inserting the microcapillary through 
a stomatal pore (Koroleva et al. 1997; Koroleva et al. 1998). 
These techniques have been applied not only to metabolic 
readout but also to multiple analyses.

Another live cell-sampling approach for MS using a video- 
microscopic method has been developed. In this method, the 
cells, or its contents, are sucked out by a glass capillary and 
directly sprayed into the MS using electrospray ionization 
(ESI). However, this method lacks sensitivity, and additional
ly, single-cell molecular detection was not achieved 
(Masujima 2009). After further development, a live single-cell 

ADVANCES

• Single-cell analysis is a technique that measures 
only the target cell itself and can extract infor
mation that would be buried in bulk-cell analysis 
with high-resolution.

• This is a powerful tool when dealing with phe
nomena where cellular heterogeneity plays an 
important part e.g. response to stress or drugs.

• Single-cell metabolomics is an analysis method 
that instantly captures the metabolic fingerprint 
corresponding to the exact state visible under a 
microscope, unlocking the potential for multi
modal analyses and leading to a deeper under
standing of biological phenomena.
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MS (LSC-MS) technique for untargeted metabolic analysis 
was extensively explained by Fujii et al. 2015 in which the 
sampled plant cell was sprayed directly on to the MS. The ini
tial procedure involved sampling a single cell with a 3D mi
cromanipulator fixed to a microscope. The sample dish was 
placed under the microscope to choose single cells for sam
pling. Whole cells or the cell contents were drawn out using a 
nano spray tip or a microcapillary tip (with a diameter based 
on the cell size) using a 3D manipulator attached to a syringe 
that was used to apply positive and negative pressure to pull 
out the samples. Ionization solvent was injected using a pip
ette into the other end of the microcapillary. Finally, this 
nano spray tip was placed against the MS inlet, and a high 
voltage was applied to introduce the contents into the MS. 
As a result, many metabolites signals were obtained for fur
ther analysis (Fujii et al. 2015). Using the same sampling tech
nique, the metabolic profile of plant cell mitosis was analyzed 
for its dynamicity (Okubo-Kurihara et al. 2022).

The major advantage of these capillary techniques on 
single-cell sampling is that sampling occurs with minimal dis
ruption to the cells’ microenvironment and therefore re
duces internal biochemical changes in the cell during 
sampling (Fujii et al. 2015). However, there are major draw
backs, including a longer sampling time and getting the cor
rect microcapillary diameter. The latter depends on the cell 
type and cannot be more than 6 microns or the spray to 
the MS will be ineffective when the voltage is applied. In add
ition, there is a chance that the cells will stick to the capillary 
edge if the capillary is not positioned correctly, and there 
may be sample evaporation within the capillary if there is a 
delay in measurement. A further major complication with 
this technique is that it is not possible to retrieve the sampled 
cells from the capillary for culture. To circumvent these low 
throughputs and cell integrity issues, microfluidics-based 
sampling procedures have been developed as described in 
the following methods.

Microfluidics-based single-cell sampling/sorting
Microfluidics-based approaches are uniquely suited to SCM 
due to their ability to handle small volume samples and 
have operations with limited dilution and high throughput. 
Microfluidics techniques used in single-cell analysis can be 
broadly classified into label-free and labeled methods. 
These include droplet-based microfluidics and acoustoflui
dics (label free) and fluorescence sorting (labeled) methods. 
In this section, these technologies will be discussed, along 
with some of their applications in SCM of plant cells.

Droplet microfluidics is a promising technique that is suit
able for single-cell sampling and sorting from a bulk cell 
population (Autebert et al. 2012; Mazutis et al. 2013; Wang 
et al. 2014). An advantage of it is the rapid mixing inside 
the droplets, which aids rapid reactions if cells are treated 
with a reagent (Teh et al. 2008). Single-cell sorting using 
droplet microfluidics has been performed mostly in eukary
otic (Gach et al. 2016; Terekhov et al. 2017) and bacterial cells 
(Martin et al. 2003; Huebner et al. 2007). Fewer single-cell 

experiments have been done in plant genomics and tran
scriptomics with the possibility of amplification and increase 
the protein concentrations (Klein et al. 2015; Macosko et al. 
2015; Yu et al. 2018). In a typical microfluidic setup, various 
parameters for droplet generation need to be kept in 
mind, such as chip material, size of the orifices, fluid viscosity 
and density, and capillary number. All these properties were 
considered in the study of Yu et al.’s group where they per
formed a droplet-based screening of single plant cells. In this 
work, they sorted plant protoplasts encapsulated individually 
in aqueous microdroplets based on the genetic expression of 
a fluorescent protein. On-chip encapsulation and analysis of 
protoplasts isolated from Marchantia polymarpha using a 
microfluidic system were carried out to quantify the stochas
tic properties of a promoter across a transgenic protoplast 
population and analyze the gene expression actively in re
sponse to environmental conditions. Droplet-based isolation 
of the protoplasts expressing the yellow fluorescent protein 
from mature thalli (wild type) was achieved by automatically 
sorting them using dielectrophoretic force (Yu et al. 2018). 
Droplets were sorted based on their fluorescence and cell 
specificity using microfluidic-based fluorescence-activated 
droplet sorting. Benefits of this technique include minimal 
reagent volumes (12 µL of aqueous phase generates 106 dro
plets), short setup time at below 10 min per sample, and high 
enrichment. Furthermore, additional development involving 
the integration of the sorting device with modules for drop
let splitting will generate high-speed manipulations (Baret 
et al. 2009; Utharala et al. 2018). Droplet sorting can not 
only be achieved based on fluorescent properties but also 
on droplet size (Huh et al. 2007; Tan et al. 2008; Li et al. 
2018), deformation (Chang et al. 2020), density 
(Deshpande et al. 2017) and directly using noninertial 
lift-induced forces (Hazra et al. 2019), sheath fluid properties 
with acoustics (Karthick et al. 2018), and mechanical proper
ties (Sajeesh et al. 2014). Fluorescent tags may change the 
metabolome, and hence sorting by a cell’s physiological 
and mechanical properties is highly efficient, especially for 
further downstream analysis (Jayaprakash and Sen 2019). 
As the technology has advanced further, droplets have 
been sorted using an automated system that performs real- 
time dual-camera imaging. The objective of this system is 
to replace manual cell handling techniques with automation 
via machine learning algorithms (Tan et al. 2008).

Major advantages of droplet-based single-cell sorting are 
sample handling with minimal dilution, low carry over, and 
high throughput. Major disadvantages are that the device fab
rication is complicated depending on the different sample 
treatment steps and the droplet varies with cell size. 
However, ESI produces charged ions directly from the charged 
liquid, so it is ideal for coupling with the microfluidic platform.

To achieve an oil-free sorting mechanism, acoustic-based 
sorting of cells and detection in MS is an ideal procedure. 
Acoustic-based single-cell sampling is an interesting pipeline 
for metabolic analysis due to its well-known advantages. 
Acoustic or sound energy is nothing but kinetic mechanical 
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energy, a result of when sound or pressure makes a substance 
or cells vibrate. This energy moves through the substance/ 
cells in waves. Through these vibrations, particles tend to 
move according to their mechanical and sound characteris
tics and at a different range of wavelengths. Acoustic energy 
distribution in microfluidics technology enables the use of 
minute volumes of fluid for analysis, and hence, it is ideally 
suitable for single-cell sorting from bulk cell numbers (Wu 
et al. 2019). This method also highlights that sorting can be 
achieved label free without destroying the cells which can 
then be grown on in culture after the isolation (Karthick 
et al. 2018; Zhou et al. 2019). An advanced acoustofluidics de
velopment is acoustofluidic fluorescence-activated cell sorting 
(FACS) that has high-throughput, high-resolution cell detec
tion, and sorting in a single chip. This device has sorted labeled 
cervical cancer cells and polystyrene beads from nonlabeled 
ones (Nawaz et al. 2015). Major advantages of acoustic-based 
cell sorting are high throughput, ease of incorporation into mi
crofluidics, high purity, biocompatibility, maintaining high in
tegrity of the cells, and label-free sorting. Major limitations 
include complicated device fabrication procedures and over
sensitivity to fluid properties. To overcome these, cells can be 
tagged with specific antibodies and sorted in a high-throughput 
manner. This fluorescence-activated cell sorting technique is 
highly effective and is discussed in the section below.

FACS/sampling
Flow cytometry or FACS is equipped with a fluid system 
where the sheath fluid sends the cell suspension solution 
in a uniform stream flow. The fluid flow in a microfluidic ap
proach is very much controlled by a tunable flow rate to focus 
the cell content into the MS (Li et al. 2021). In plants, cell- 
specific analysis of Arabidopsis leaves has been done using 
laser-capture microdissection (LCM) or GFP (green fluores
cent protein)-expressing plants used for protoplast generation 
and subsequent FACS, the biotinylated nuclei using BLRP (bio
tin ligase recognition peptide) for nuclear precipitation and 
immunoprecipitation of polysomes (Grønlund et al. 2012). 
In addition, maize protoplasts sorted using FACS were efficient 
at generating protoplasts from root and shoot inner layers, 
and FACS has also been applied to Arabidopsis thaliana at 
the single-cell level to isolate protoplasts for tissue-specific 
transcriptome profiling (Sheen 2001; Warnasooriya and 
Montgomery 2010; Sparks and Benfey 2017; Ortiz-Ramírez 
et al. 2018; Satterlee and Scanlon 2022).

Single-cell MS
Many methods have been developed to deal with the unique 
challenges in SCM (Pan et al. 2014; Nakashima et al. 2016; 
Zhu et al. 2017; Hansen and Lee 2018).

These methods have been used in different metabolic 
studies investigating organic acids (Gomez-Zepeda et al. 
2021), lipids (Harkewicz and Dennis 2011), and microbial me
tabolism on the single-cell level (Gao and Xu 2015). 
MS-based single-cell metabolomic techniques can be 

classified into microsampling, microfluidics, and MS imaging 
methods.

In this section, the advances in these techniques will be 
critically reviewed in terms of their advantages and limita
tions, as well as their compatibility with different single-cell 
experiments.

Single-cell microcapillary sampling and MS 
integration
Microsampling techniques aim to combine microscopy data 
with MS measurements with minimal disruption to the cell’s 
microenvironment. This is often achieved by means of a 
pulled glass capillary or probe that is manipulated using a 
3D micromanipulator attached to a microscope. The probe 
is then used to sample a whole cell, or in some cases, parts 
of the cell. Afterwards, the sample is then transferred to 
the MS instrument of choice for analysis.

LSC-MS is a microsampling technique that utilizes a metal- 
coated glass capillary to sample cells and then introduces 
them to the MS via nESI (nano-electro spray ionization) tech
nique. The method is already described in the previous sam
pling section. By using the same capillary for sampling and 
measurements, sub-attomolar sensitivities can be achieved 
(Fujii et al. 2015). LSC-MS method is unique as it links infor
mation from microscopy with MS data. This facilitates a cell- 
specific analysis in a label-free condition and unlocks more 
insights about the cell behavior. With this method, 
Okubo-Kurihara et al.’s group examined the metabolic pro
file of tobacco cell’s each mitotic subphase, prophase, meta
phase, anaphase, and telophase, with high sensitivity and 
selectivity. The study revealed the metabolic differences be
tween the 4 mitotic subphases and leads to a high molecular 
weight lipid accumulation at prometaphase by inhibiting mi
crotubules polymerization. This proved that there is no direct 
association of microtubule structure with cellular metabolism 
at single-cell level (Okubo-Kurihara et al. 2022).

To achieve more precision in sampling volume of single 
cells, electromigration can be used to sample and introduce 
cells to the MS. In this method, single yeast cells were 
sampled using a microcapillary and migrated to the capillary 
tip using controllable electro migration by a direct current of 
1.2 kV, lysed with a brief time pulses and then driven to 
nESI-MS. However, this technique requires optimization of 
electro migration and electroporation voltages for each cell 
type because the arrangement of the cell wall layers that 
comprise cellulose, microfibrils, hemicellulose, pectin, lignin, 
and soluble proteins varies between cells. Therefore, achiev
ing electrical lysis or to migrate a cell to the capillary tip dif
ferent potential is needed depending on the cell wall 
composition (Olefirowicz and Ewing 1991; Li et al. 2020). 
Some notable limitations of these methods are it cannot 
be used for on-line and dynamic monitoring of the metabo
lome of single cells since in both techniques, the sampling of 
the cells is done either offline (LSC-MS), or whole cells are 
sampled which prohibits repeated measurements.
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This limitation was addressed by Yang et al.’s group and 
the development of the T-probe. The T-probe can continu
ously sample the cell of interest through a glass pipette with 
simultaneous injection of an extraction and ionization solv
ent which introduces the sample to the MS using nESI-MS 
via a T-piece connection (Liu et al. 2018; Zhu et al. 2019). 
The T-probe was used for quantitative analysis of abscisic 
acid (ABA) and jasmonoyl-L-isoleucine (JA-Ile) plant hor
mones at single-cell level. This study examined the en
dogenous ABA level which was compared using Triple 
Quad 5500 and Orbitrap Velos Pro with nano-ESI tips. 
The results demonstrated that the accumulation of ABA 
in dehydrated leaves was much higher than the intact 
leaves, and JA-Ile level was higher in wounded leaves than 
the unwounded ones (Shimizu et al. 2015). However, this 
method requires computational simulations for individual 
probes due to the variance in volume mixing i.e. sample 
and solvent volumes. A limitation that is also shared with 
other microsampling methods is the lack of separation 
techniques such as capillary electrophoresis (CE), ion mobil
ity separations which can enhance the identification, and 
maximum coverage of metabolites.

Microsampling techniques are among the most sensitive 
single-cell metabolomic methods, especially when little 
to no dilution is applied to the sample prior to analysis. 
They also sample the cell with minimal perturbations to 
the microenvironment and therefore the metabolome. 
However, they also share the common limitation of having 
low throughput, due to the often manual and labor- 
intensive sampling process. Microfluidic-based MS methods 
attempt to address this limitation through high-throughput 
and automatable single-cell isolating and sorting followed by 
MS measurements.

Microfluidics-based sampling MS integration
To achieve high-throughput sampling, microfluidics plat
forms, such as droplet microfluidics, acoustofluidics, and 
microfluidic-based flow cytometry, can be coupled to MS 
for high throughput detection of plant cell metabolites. 
Kempa et al. group showed that the potential of segmented 
flow, droplet microfluidics, and integration with the MS in 
single-cell analysis.

In this method, droplets were generated using egg white 
solution and the segmented oil phase reached the outlet of 
the emitter as plugs of that phase and interdroplet spacing 
was maintained during MS measurement. The droplets gen
erated in a microfluidic chip were connected to a stainless- 
steel emitter which was inserted through the rear of Nano 
source tip holder and secured in place using a stainless-steel 
nut. This setup was coupled to multiple ion sources such as 
drift tube ion mobility spectrometry (DTIMS) quadrapole 
times of flight (Q-TOF), traveling wave ion mobility spec
trometry (TWIMS) Q-TOF, and Orbitrap coupling. The drop
let frequency and the diameter were calculated using optical 
analysis (Kempa et al. 2020). However, electrospray instabil
ities were identified with the increased salt concentrations 

at the emitter outlet in droplet mode but not in direct infu
sion. Like this study, yeast cell’s phytase enzyme was analyzed 
at single-cell level in nanoliter droplet volumes. This method 
works by transferring the droplets with yeast cells on a glass 
slide with custom-made hydrophilic/hydrophobic patterns 
to avoid the droplet spreading. With these techniques the 
method delivered the quantification of phytase secretion 
by a single cell and characterized the reaction of secreted en
zyme with MALDI-MS to monitor the enzymatic reactions 
and distinguish various inositol phosphates even in the 
medium. This study needs further developments on droplet 
volume by avoiding wetting issues to achieve a better accu
mulation of enzyme (Haidas et al. 2019). To standardize the 
generated droplet volume, Smith et al.’s group achieved 
droplet stabilization using surfactants and used it in the ana
lysis of cocktail droplets that contains cytochrome C, alpha- 
chymotrypsinogen A, carbonic anhydrase, and chicken lyso
zyme. However, cross-contamination was between residual 
proteins and the surfactant ions due to incomplete spraying 
of the sample before the arrival of the next droplet remains a 
challenge (Smith et al. 2013).

The aforementioned technologies can be used for single- 
cell plant metabolomics in principle (Fig.). The proof of 
that, Yu et al. 2018 analyzed sorting of plant protoplasts en
capsulated individually in aqueous microdroplets, based on 
the genetic expression of a fluorescent reporter protein 
(Fig. A). These sorted individual protoplasts could be direc
ted to the MS ion source to analyze its metabolites in a high- 
throughput manner with an idea of Kempa et al. 2020 model 
(Fig. B and C).

Evidently, the control on droplet size and stability can be 
easily managed due to broader range of plant cell sizes. 
However, considering the general limitations of droplet mi
crofluidics like droplet coalescence, break down, and chip 
surface wetting, furthermore developments should be 
achieved in designing a chip with controllable and consistent 
droplet generation, high throughput, and the possibility for 
automation. Furthermore, microfluidic techniques and mi
crosampling techniques cannot provide spatial information 
such as the distribution of a certain metabolite in the cellular 
space. One of the techniques that can provide such informa
tion on the single-cell level is MS imaging, which will be dis
cussed in the upcoming section.

Single-cell MS imaging
MS imaging methods were developed to provide biochemical 
information of biological models in 2D/3D. Furthermore, 
additional modalities such as dual microscopy/MS instru
ments can be incorporated to obtain both structural and 
chemical information of individual cells in 3D. Using this 
technique, Allium cepa epidermal cells were analyzed to iden
tify the species-specific cell wall component as trisaccharide 
from several of its types using optical microscopy and laser 
ablation ESI MS (LAESI MS), (Taylor et al. 2021). The notable 
advantage of LAESI MS method is it offers alternatives for 
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direct ionization of samples with minimal treatment than 
other traditional MS. However, this optical microscope is 
not suitable and efficient to analyze subcellular components 
microcompounds present in the sample due to lack of reso
lution. To achieve the highest sub cellular resolution, second
ary ion MS (SIMS) is often used. SIMS is the prevailing 
technique used to map the distribution of endogenous bio
molecules with sub-cellular resolution. It allows 2D and 3D 
localization of analytes in a variety of cells. SIMS is a label-free, 
matrix-free technique that utilizes a focused primary ion 
beam to desorb and ionize analyte molecules. The benefits 
of using SIMS are high spatial resolution and the ability to 
analyze molecules on the surface of biological cells like cell 
membrane components, and it is an ideal technique for 
single-cell analysis due to its high-resolution sensitivity in 
2D and 3D level and sub-micron resolution (Passarelli and 
Ewing 2013). Although, sample ionization under a high vac
uum may cause some fragmentation of some cellular compo
nents and affect structural analysis and detection sensitivity 
(Senoner and Unger 2012). Such limitations have been par
tially addressed by methods such as cryogenic orbiSIMS. 
This approach is operated under –100 °C to lower the vapor 
pressures of semi volatile organic compounds. This was used 
successfully to analyze semi-volatile organic compounds, and 
it limited vaporization prior to ionization (Newell et al. 2020).

One major limitation of SIMS technique is their low 
throughput. MALDI-MS is one of the main techniques used 
when higher throughput is needed in single-cell 
MS-imaging studies. MALDI is one of the main label-free 
techniques to visualize and study large molecules, e.g. drugs, 

lipids, and proteins, in single cells with minimal fragmenta
tion and multiple-compound analysis in 2D and 3D molecu
lar distributions (Xiong et al. 2016). It allows the samples to 
be mixed uniformly in a large quantity of matrix. The matrix 
absorbs ultraviolet light (nitrogen laser light −337 nm) and 
converts it to heat energy. Using MALDI-MS the rhizome 
of Glycyrrhiza glabra (licorice) where the localization of sec
ondary metabolites such as flavonoids, flavonoid glycosides, 
and saponins was detected with 10 µm spatial resolution 
and then correlated with the histological and metabolic fea
tures of licorice (Li et al. 2014). To achieve higher spatial reso
lution, modifications to the laser spot shape are often 
necessary. Takahashi et al. 2015 succeeded in mapping the 
2D distribution of small metabolites in A. thaliana with 
high spatial resolution. This was achieved by the modifica
tions of laser spot’s shape and position and the combination 
of the shorter pulse width laser. With this new design, non
targeted analysis of small metabolites in A. thaliana was 
achieved in high resolution and high mass accuracy in 2D 
(Takahashi et al. 2015). Another instrument modified 
technique was identified by Korte et al. in which high 
mass resolution (5 micron level) was achieved by modifying 
beam-delivery optics of a commercial MALDI-laser ion 
trap-Orbitrap instrument, incorporating an external Nd: 
YAG laser, beam-shaping optics, and an aspheric focusing 
lens to reduce minimum laser spot size. With these modifica
tions, maize leaf was sampled and distinct metabolites such 
as flavonoids (luteilin/kaempferol and rutin) from epidermal 
cells and chloroplast membrane lipids were measured in high 
resolution (Korte et al. 2015). Despite their utility, typical MS 
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methods often lack separation steps or structure elucidation 
mechanisms due to their inherent design limitations. 
Integrating and combining other MS-based platforms can al
leviate this issue. An example of this is an integrated experi
ment for comprehensive analysis of plant roots, where liquid 
chromatography MS (LC-MS) was used to elucidate the lipid 
profiles of 3 zones of seminal roots; inductively coupled plas
ma MS was used to study the elemental content of roots, and 
MALDI-MS was used to obtain spatial localization of the sam
ple. This integrated system succeeded in analyzing and map
ping ionic and metabolic response to salinity stress in plant 
roots and mechanisms to resist stress and stress responses 
were elucidated (Sarabia et al. 2018). Another drawback of 
MALDI-based methods is that the matrix used often interferes 
with measurements of low molecular weight ions. This drastic
ally reduces metabolic coverage since most metabolites have 
low molecular weight. One such effort to address this was led 
by Brown et al., where new matrix enhanced surfaces were de
veloped that were specifically optimized for low molecular 
weight compounds (Brown et al. 2015).

Desorption ionization electrospray MS (DESI MS) is another 
technique that can be analyzed in low molecular weight com
pounds with the added benefit of on-line coupling with HPLC 
for metabolite profiling. DESI-MS produces less fragmentation 
and is ideal for imaging low-quality regions with nondestructive 
and high throughput capacity (Costa and Graham Cooks 2008; 
Gao et al. 2022). Direct analysis of chlorophyll degradation pro
ducts and their concentration on senescent tree leaf surfaces 
were analyzed successfully in a high-throughput manner using 
DESI-MS. In addition, the sensitivity of this analysis was en
hanced by the introduction of an imprinting process using por
ous polymer material as substrate. This helped in evaluating 
more secondary metabolites present relatively in lower concen
trations in the leaf matrices (Müller et al. 2011).

Single-cell MS imaging methods are mainly used to visual
ize the spatial distribution of biomolecules in 3D space with 
varying resolution. However, it also introduces the most per
turbations to the cells’ microenvironment due to the 
often-extensive sample preparation involved prior 
to analysis. In addition, one of the major technical hurdles re
ported in SCM is the broad dynamic range of concentrations 
that can have a considerable impact on the observable meta
bolome, something that MSI methods are poorly equipped 
to handle, due to the lack of a separation or enrichment 
steps. Despite these challenges, MSI and the other techniques 
discussed before are already being used to uncover previously 
unknown insights about plant cell behavior on the single-cell 
level. Some of the applications of these technologies will be 
discussed in the following section. The summary of all avail
able methods on single-cell sampling, and their detection 
techniques are compiled below in Table 1.

SCM in plant biology
One of the most direct depictions of the phenotype would be 
to reveal the metabolomic information that makes up the 

observed object or the phenomenon itself (Schauer and 
Fernie 2006). In this manuscript, we described with a focus 
on common single-cell sampling and SCM methods regardless 
of the organism. In plants, technology has also progressed over 
the past decade, and detailed information is now available 
(Oikawa and Saito 2012; Katam et al. 2022). This section will 
show how these methods have been incorporated into plant 
research to reveal biological phenomena (Table 2).

Plant metabolites are estimated to number up to 200,000, 
and the structure of plant cells differs from animal cells in 
that they have vacuoles, chloroplasts, and cell walls, but a variety 
of insights can be gained through a successful combination of 
targeted sampling, metabolite detection equipment, and data
bases (Lisec et al. 2006; Misra et al. 2014; Patel et al. 2021).

Single-cell analysis in plants is now often performed by mi
croscopy and in situ imaging, which allows the isolation of 
cells that were mixed in large-scale analyses, by obtaining in
formation corresponding to the phenotype of the cell under 
the microscope. This is thought to have the advantage of ex
tracting buried metabolites and enabling more detailed ana
lysis of biological phenomena (Zenobi 2013). Conversely, 
there must be information that can only be revealed by 
single-cell analysis. It is also necessary to take a broader 
view, bearing in mind that SCM plays a significant role in link
ing omics information between the phenome, genome, and 
transcriptome and facilitating functional inference (Hall 
et al. 2002; Saito et al. 2008).

SCM in different plant tissues
Tissue-specific characteristics are revealed by differences in 
metabolite profiles.

One of the main analyses of SCM in plants is that of the me
tabolites in single cells from different tissues. The advantage of 
metabolomics (or proteomics) is the possibility to select fac
tors that may explain the phenotype of interest without 
known information. Metabolomics is powerful because it 
can simultaneously analyze the biomolecules of a single cell, 
where gene expression (transcriptome) information affects a 
complex network of biomolecules, resulting in the phenotype 
that we see as the result. The significance of the metabolome is 
that it can find small molecule factors and quantitate them 
simultaneously, and by using imaging MS, it is possible to visu
alize the molecular distribution of various biomolecules, which 
provides information on biomolecules at once. In addition, 
comparison of transcriptome and metabolome and other 
omics information at the single-cell level should be more com
patible. Metabolomics at the single-cell level has the potential 
to better define the boundaries that have distinguished differ
ent tissues that have been roughly divided as bulk.

A method has been developed for the rapid analysis of live 
single plant cells from different tissues, where the intact cells 
are observed by video microscopy, directly sampled on nano 
electrospray tips and analyzed using MS (nano-ESI-MS) 
(Lorenzo Tejedor et al. 2009; Masuda et al. 2018). MS analysis 
of metabolites in leaf cells and leaf stalk cells of living plants 
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Table 1. Summary of references on advanced single-cell sampling methods and metabolites detection using different MS

Topics Method Advantages Limitations References

Single-cell sample 
acquisition

Live single-cell MS 
using capillary 
microsampling

• Minimal disruptions to the cells 
microenvironment

• Lack of high-throughput
• No possibility of sample preparation

Lanekoff et al. 2022
Malone et al. 1989
Koroleva et al. 1997, 1998
Masujima 2009
Fujii et al. 2015
Okubo-Kurihara et al. 

2022
Microfluidics-based 

single-cell sampling 
techniques

Droplet microfluidics • High-throughput
• Automation
• Controlled volume
• Free of contamination

• Relatively low sensitivity and 
robustness

• Complicated device fabrication 
techniques

• Large disruption to the cell content 
due to extensive manipulation

Mazutis et al. 2013
Autebert et al. 2012
Wang et al. 2014
Teh et al. 2008
Gach et al. 2016
Terekhov et al. 2017
Huebner et al. 2007
Martin et al. 2003
Yu et al. 2018
Macosko et al. 2015
Klein et al. 2015
Baret et al. 2009
Utharala et al. 2018
Tan et al. 2008
Huh et al. 2007
Li et al. 2018
Chang et al. 2020
Deshpande et al. 2017
Hazra et al. 2019

Acoustic-based 
sorting 
and mechanical 
sorting

• Label-free isolation
• High-throughput

• Complicated device fabrication 
procedure

• No sample preparation
• Sensitive to fluid properties

Karthick et al. 2018
Sajeesh et al. 2014
Jayaprakash and Sen 2019
Wu et al. 2019
Zhou et al. 2019
Nawaz et al. 2015

FACS • Highly selective sorting and
• High throughput

• Labeled-sorting, chances of missing 
cells subpopulation due to lack of 
specific tags

• Large disruption to the cells 
metabolome due to extensive 
manipulation

Li et al. 2021
Grønlund et al. 2012
Ortiz-Ramírez et al. 2018
Satterlee and Scanlon 

2022
Sparks and Benfey 2017
Sheen 2001
Warnasooriya and 

Montgomery 2010
MS for single-cell analysis Ion-mobility triple/MS 

and nanospray ESI
• Increased selectivity • Complicated data analysis Fujii et al. 2015

Li et al. 2020
Olefirowicz and Ewing 

1991
Liu et al. 2018
Zhu et al. 2019
Shimizu et al. 2015
Okubo-Kurihara et al. 

2022
21T FTICR-MS • High resolution

• Can resolve fine isotopic 
structures

• Low throughput
• Complex instrumentation

Samarah et al. 2020

DTIMS Q-TOF, 
TWIMS Q-TOF and 
orbitrap

• High-quality spectra obtained 
from cell encapsulated droplets

• Cross-contamination with some 
residual proteins to the surfactant 
ions due to incomplete spraying.

Kempa et al. 2020
Haidas et al. 2019
Smith et al. 2013

LAESI-MS with ion 
mobility separation 
and LIAD

• Less disruptions to cells 
microenvironment

• Higher selectivity than direct 
infusion-based methods

• Cell media dependent
• Large spot size

Taylor et al. 2021

MS imaging SIMS • High spatial resolution Higher fragmentation ionization 
method

Passarelli and Ewing 2013
Senoner and Unger 2012

(continued) 
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was successfully used to identify specific target substances 
such as geranic acid, caffeine, and geraniol. It has shown that 
it is possible to compare metabolites in distinct types of cells 
from different tissues while obtaining phenotypic information.

Further expanding on the research, live single cells of 
Pelargonium zonale (L.) leaf, stem, and petal tissue were direct
ly inserted into a nano electrospray tip under the microscope, 
and metabolites in the m/z range of 100 to 1,000 were com
prehensively detected by nontargeted high-resolution 
ESI-MS analysis. More than 1,000 metabolite peaks were de
tected even in samples as small as 1 to 5 pL. PCA analysis of 
leaf, stem, and petal cells showed that cells were clustered 
close to each other; hence, the characteristics of each tissue 
were extracted (Lorenzo Tejedor et al. 2009). While geranic 
acid was specific to leaves, whereas methyl citronellate was 
mainly was found in both leaves and stems, but rarely in petals. 
This information can be valuable in comparing different cells. 
However, further analysis is needed to clarify the metabolites 
and metabolic pathways that contribute to this tissue-specific 
metabolic profile and how they vary from tissue to tissue.

Untargeted metabolomics is an effective method to com
prehensively collect information on all metabolites involved 
in biological phenomena and to find previously undiscov
ered ones and their key factors (De Vos et al. 2007). On 
the other hand, when using untargeted metabolomics in 
plants, we sometimes deal with unknown metabolites 
that would not have been detected if we were working 
with bulk samples.

SCM in different cell types in the same plant 
tissue
Explicit metabolite profiles for various phenotypic 
and functional differences in the same tissue
Single-cell metabolome analysis in different cell types within 
the same plant tissue can primarily reveal the presence of cel
lular heterogeneity. If metabolic phenotypic analysis can be 
performed at the cellular level as well as at the whole-plant 
phenotype level, it can be applied to detailed analysis of cel
lular phenotypes and gene function analysis. Using single-cell 
analysis to add metabolomic information to the analysis of 
well-known phenotypes and genes of specific cells is possible. 

Ebert et al. 2010 combined single-cell sampling techniques 
with gas chromatograph-time of flight MS (GC-TOF-MS) 
profiling analysis to obtain metabolome information from 
cell-specific pools of 200 cells of A. thaliana pavement, basal, 
or trilobular cells and demonstrated quantification of 117 
major metabolites along with differences in the metabolic 
profiles between cell types (Ebert et al. 2010). The paper high
lights not only the differences in metabolites between cell 
types but also the differences in the size of the respective 
pools by estimating the absolute amounts of metabolites be
tween cell types at single-cell level, which allows a deeper 
consideration of single cell-specific functions and shows 
the utility of metabolomics. In parallel, they estimate pool 
size by monitoring residual recovery losses by dosing internal 
standards after microsampling, but it has been described that 
injection of stably labeled internal standards and dyes does 
not work well, and problems such as incomplete exploitation 
of intracellular volume make accurate cell volume estimation 
one of the issues to be carefully considered when conducting 
SCM. The contents of A. thaliana leaf trichomes, basal cells, 
and pavement cells were aspirated into a microcapillary un
der a microscope and characterized by ESI-IMS (ion mobility 
separation)-MS for metabolites (Zhang et al. 2014). In situ 
metabolic analysis of these A. thaliana epidermal cells re
vealed metabolic differences among the 3 cell types and iden
tified specific metabolites. IMS allowed identification of 
isobaric ions or ions close to isobaric, e.g. structural isomers, 
at the single-cell level. In addition, there are examples of high- 
resolution separation of tomato trichome units by internal 
electrode capillary pressure probe ESI MS (IEC-PPESI-MS) 
with much smaller sample volumes, less than 1 pL 
(Nakashima et al. 2016). In situ single-cell metabolite profil
ing of stromal and glandular cells, 2 neighboring cell types 
that make up the tomato trichome unit, has shown signifi
cant differences in metabolite composition between the 2 
cell types and between different types of trichomes. The ana
lysis between the different trichome types also revealed sig
nificant differences in metabolite profiles, especially 
flavonoids, but it was their capillary-based SCM that allowed 
them to identify these cell-specific differences.

In one case, different cell types of Arabidopsis root tissue 
were collected by FACS separation of GFP-labeled cells, and 
metabolomics analysis of 5 cell types, endodermis, epidermis, 

Table 1. (continued)  

Topics Method Advantages Limitations References

MALDI-MS 
DESI-MS

• Label-free technique
• Minimal fragmentation, 

multiple compound analysis in 
2D and 3D molecular 
distributions

• Lack of sensitivity
• Require additional derivatization 

reactions

Hansen and Lee 2018
Xiong et al. 2016
Li et al. 2014
Takahashi et al. 2015
Korte et al. 2015
Sarabia et al. 2018
Brown et al. 2015
Gao et al. 2022
Costa and Graham 2008
Müller et al. 2011
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columella, cortex, and stele, was carried out (Moussaieff et al. 
2013). The cells were analyzed by UPLC-qTOF-MS (ultra-high 
performance liquid chromatorgraphy-quadruople time-of- 
flight mass spectrometry) total ion current chromatograms 
with nontargeted measurement to create a metabolomic 
profile. PCA analysis revealed that each type was isolated 
and that the stele cells were particularly well character
ized. Thirteen GSLs were identified in this study, but the 
pattern of accumulation differed among root cells. 
Although single-cell studies like this one cannot be done 
on bulk cells, there are also metabolomic analyses that 
can be done on bulk cells of the whole root, which is 
also essential information. Correlation with other omics 
analyses, such as transcriptome analysis, would also sup
port the data. It would be possible to further validate the 
comparison of metabolome data and omics data, such as 
transcriptome data at the single-cell level, but the compari
son does not seem to be that simple. When sorting cells by 
FACS or other methods, it must be kept in mind that the 
cell wall is removed during protoplasting, and this will have 
an effect, such as on the level of processing, loss of cell wall, 
and other component information. Acquiring single cells 
under conditions close to their original location is 
difficult, but the combination of imaging MS, such as in 
situ and spectral imaging with Raman microscopy, may 
break through this problem.

Estimation of metabolite biosynthesis and flow using 
SCM and in situ location-based information
Imaging MS (IMS) for one cell in different tissues is useful not 
only for the transient localization of metabolites but also for 
estimating their complex biosynthesis, metabolism, and en
zyme and transporter functions. The method used to deter
mine the localization of the secondary metabolites, alkaloids, 
in stem and leaf tissue of the medicinal plant Catharanthus ro
seus is described (Yamamoto et al. 2022). Combining IMS and 
single-cell MS in C. roseus stems involved acquiring and meas
uring 4 different cell types and revealed that TIAs (terpernoid 
indole alkaloids) accumulate in idioblast cells and laticifer cells 
in the stem (Yamamoto et al. 2016). In leaf tissue, the mech
anism by which TIAs are biosynthesized from their central pre
cursor, strictosidine, to the various other TIAs in the plant was 
investigated by imaging MS and live single-cell MS (Yamamoto 
et al. 2019). Most TIA precursors (iridoid) were found to local
ize to epidermal cells in leaf tissue, while major TIAs such as 
serpentine and vindoline were found to localize to idioblast 
cells instead. They accumulate in both. Bindrin accumulation 
was also found to be increased in idioblast cells of elongated 
leaves by analyzing different leaf growth stages. It is possible 
to know that the accumulation of secondary metabolites in 
a particular plant is site specific or varies with the growth stage 
and other factors. In addition, when the target metabolite and 
its metabolic intermediates are known, the analysis will pro
vide insights into how the metabolism is catalyzed, and it 
will be possible to investigate the biosynthesis mechanism 
from there.

Other studies have investigated how specific metabolites 
are produced and stored. The main constituents of cannabis 
are cannabinoids, which are produced from stem-like glandu
lar clusters (trichomes) in the female flower. Although it was 
already known that these trichomes produce resins containing 
cannabinoids, such as tetrahydrocannabinolic acid and canna
bidiolic acid as well as distinct types of secondary metabolites 
(Tanney et al. 2021), analysis of the single-cell intracellular 
components of the trichomes using microcapillaries has re
vealed in detail that the metabolic components vary with 
flower development and trichome type (Livingston et al. 
2020). They have combined analysis of metabolic components 
and transcriptomes to characterize differences in lipid com
position inside the glandular trichomes of cannabis, along 
with specific fluorescence. They have analyzed microcapillary 
samples of stem trichomes and sessile early maturing tri
chomes to determine whether metabolic specialization oc
curs in cannabis stem trichomes and to explore the gene 
coexpression network of cannabidiolic acid synthase in 
cannabinoid biosynthesis and storage. The changes in the 
components of these trichomes have been analyzed by mi
crocapillary and discussed together with the results of tran
scriptome analysis. Combined with transcriptome analysis, 
the identification and characterization of 2 previously un
known, highly expressed monoterpene synthases highlights 
the metabolic specialization of stem trichomes for monoter
pene production.

SCM in same cell types in the same plant tissue
Proving the heterogeneity of identical cells in the 
same tissue
Molecular components of petal pigments of the torenia 
plant (Torenia hybrida) were analyzed on a single-cell basis 
using a combination of laser microsampling and nanoflow 
liquid chromatography-electron spray ionization MS 
(LC-ESIMS). This has been successful in determining the dif
ferences in the proportion of anthocyanin molecular compo
nents in 3 regions of distinct parts of the petal of the torenia 
at the single-cell level, as well as measuring the number of an
thocyanins in detail (Kajiyama et al. 2006). Although single- 
cell analysis by capillary can preserve location information, 
it is difficult to handle many cells, and given the heterogen
eity of reactions in the same tissue, a bird’s-eye view of the 
entire space by in situ imaging MS in addition to single-cell 
metabolite measurements is likely to be necessary. The re
sults of Sugahara et al. 2019 show that the resolution of im
aging MS is becoming higher and more quantitative. They 
have identified novel flavonol 3-O-glycosides other than vio
lanine, flavonol 3-O-glycosides, and violanthin expressed in 
viola petals, and have investigated whether the flavonoids 
act as co-pigments of the blue coloration of the petals. To 
clarify the spatial distribution of the flavonoids, they made 
a detailed map at the pixel level based on the structure 
and amount of flavonoid from MALDI TOF-MS imaging mea
surements. Slight differences in coloration and the amounts 
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of flavonoids comprising them revealed flavonoids that affect 
the coloration mechanism of viola. They also revealed that 
excess flavonol 3-O-glycoside molecules surround the viola
nin quinonoidal form, and it is this which inhibits coloration 
rather than the pH in the vacuole (Sugahara et al. 2019).

Shrestha et al. demonstrated that cell-by-cell imaging is 
possible using LAESI in situ without disrupting onion 
(Allium cepa) epidermal cells (Shrestha and Vertes 2009; 
Shrestha et al. 2011).

Cell-specific quantification of the metabolite cyanidin, 
the ion responsible for the purple pigment in onion epider
mal cells, was performed and found to correlate well with 
cell color in the tissue. Chemical imaging using single cells 
as voxels can reflect the spatial distribution of biochemical 
differences within a tissue without the distortion that re
sults from sampling multiple cells within the laser focus 
spot. This technique can show that cell populations of the 
same type of cells in the same tissue are chemically 
heterogeneous.

In situ metabolite analysis in cells and intracellular orga
nelles can be performed nondestructively using Raman mi
croscopy for component analysis imaging and MALDI MS. 
We also use Raman laser microscopy for single-cell imaging 
metabolomics. In addition to being at the single-cell level, 
it has the advantage of being able to acquire spatial informa
tion within the cell. Although it is not as widely used in plants 
because it is not suitable for autofluorescent or black-colored 
objects such as chloroplasts, it can be used for highly effective 
metabolite analysis imaging at the single-cell level by using 
different experimental materials.

Knowing the change in the proportion of mixed 
components that retain the spatial information of the 
cell
Single-cell metabolite analytical imaging is also useful in stud
ies on the utilization of cell walls formed by multiple compo
nents and heterogeneity of the same type of cell. For 
example, it is well known that the cell walls of lignocellulose 
materials (LCMs) of herbaceous plants, such as switch grass, 
are heterogeneous complexes with complex cell walls com
posed of cellulose, hemicellulose, and lignin and that they 
are used as biofuels. To utilize them as biofuels, a few steps 
are necessary, such as disrupting the cell wall structure, redu
cing the crystallinity of the cellulose, increasing the accessible 
area, and so on. While these steps have been evaluated in 
terms of cellulose yield, it would be useful to visualize the 
molecular properties of LCMs directly, so that it is possible 
to determine quickly which components and steps of the 
cell wall have been acted upon. To simultaneously know 
the location and components that are changing in the cell 
wall, a combination of spatial correlation Raman scattering 
and SIMS imaging was used to allow evaluation from the 
same location and the same sample (Li et al. 2010), and ana
lysis in Miscanthus (Miscanthus × giganteus) which made in
creased resolution possible (Leng et al. 2022).

SCM in plant cultured cells in time resolution
SCM corresponding to the progression of life phenomena in 
the same cell is now also possible, allowing life phenomena to 
be traced with greater precision. Unlike animal cells, which 
complete division by centrifugally contracting from the out
side to the inside, plant cells complete cell division by centri
fugally forming a cell plate as a new cell wall from the center. 
This phenomenon from the appearance of the cell plate to 
the completion of insertion is an important structure for 
plant cells, not only for the distribution of genetic informa
tion but also for the subsequent morphogenesis of the cell. 
Microscopic imaging analysis of this process has revealed 
that the process of cell plate formation, cytoskeletal dynam
ics, and cell-to-cell movement of organelles are tightly regu
lated in parallel with the progress of mitosis (Gunning and 
Wick 1985; Kutsuna and Hasezawa 2002).

From G2 late metaphase to prophase, a transient band 
structure of microtubules, the prophase band (PPB), appears 
(Mineyuki et al. 1988) and leaves several molecular traces; 
the PPB disappears after prophase but is involved in establish
ing future mitotic regions (Palevitz and Hepler 1974; Dixit and 
Cyr 2002; Yoneda et al. 2005; Takeuchi et al. 2016). From PPB 
degradation in prometaphase to metaphase, microtubules are 
arranged as mitotic main axes that separate chromosomes be
tween daughter cells (Wick et al. 1981). In anaphase, the cyto
kinetic apparatus phragmoplast, a complex of cytoskeleton 
and membrane, assembles at the center of the cell (Liu et al. 
2011). Cell plate material is synthesized in the Golgi, packed 
as vesicles, and transported to the location of the pragmoplast 
(Otegui and Staehelin 2004). From anaphase to telophase, the 
phragmoplast spreads toward the cell cortex by centrifugal 
force and fuses with nearby vesicles. Using the phragmoplast 
as a scaffold, the cell plate expands and adheres to the cell 
wall, and the plant cell completes cytokinesis (Smith 2001; 
Van Damme et al. 2007). The sequence of chromosomes, cyto
skeleton, and vesicles moves in a coordinated and undisturbed 
manner. In order to understand the basic mechanism of this 
movement, we thought that observing the molecular changes 
and behavior during cell division would provide important in
sights. Tobacco cell cultures have been used to profile meta
bolic components for different periods of intracellular 
events. Since the M phase of the cell cycle cannot be perfectly 
synchronized, only single cells of interest were obtained with a 
nano spray tip. The chromosomes of the visualized cells were 
monitored under a microscope, and nontargeted measure
ments were made with Orbitrap LC-MS (Okubo-Kurihara 
et al. 2022). Changes in metabolic components throughout 
M phase were previously unknown. However, we determined 
that the metabolic profile captured significant changes in lipid 
metabolism during the mitotic subphase, reflecting the ap
pearance and degradation of membrane vesicles involved in 
cell plate insertion, which had previously been captured by mi
croscopy. Future studies will focus on the involvement of lipids 
in the cell cycle, such as changes in the progression of cell cycle 
progression when specific lipids are altered.
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SCM of subcellular compartments in single cell
Infer movement of substances in and out of the 
vacuole via transporters
While some metabolomics has been done with vacuoles iso
lated from bulk-cell protoplasts, there are examples of single-cell 
organelle metabolomics achieved by utilizing giant internodal 
cells that are about 20 cm in length. By comparing metabolites 

between cytoplasm and vacuoles, they have identified vacuole- 
specific metabolites, providing information on vacuolar trans
port and metabolic systems. Organelle metabolomics based 
on single-cell analysis must give more accurate information be
cause the cells from which the isolate is derived and the source 
of the organelle match. Using Celtis australis (C. australis) inter
nodes, a single vacuole was obtained and separated into 2 frac
tions of cytoplasm (Oikawa et al. 2011). Metabolomics of single 

Table 2. Summary of references on plant single-cell metabolome studies

Materials Cell type Sampling MS Metabolites References

Pelargonium 
zonale

Leaf, stem, petal cell Micromanipulator 
Nano spray tip

Nano-ESI-MS Targeted 
(geranic acid, caffeine, and 
geraniol)

Lorenzo Tejedor 
et al. 2009
Masuda et al. 
2018

P. zonale Leaf, stem, petal cell Micromanipulator 
Gold-coated glass 
capillary

Nano-ESI-MS Nontargeted 
(m/z 100 to 1,000, 
teropenoids, isoprenoids)

Lorenzo Tejedor 
et al. 2012

A. thaliana Epidermal cell 
(pavement, 
trichome, vasal cells)

Leaf hair depilation GC-TOF-MS 117 primary metabolites Ebert et al. 2010

A. thaliana Epidermal cell 
(pavement, 
trichome, vasal cells)

Micromanipulator 
microcapillary

ESI-MS and IMS Nontargeted 
(23 metabolites and lipids)

Zhang et al. 2014

A. thaliana Root (Endodermis, 
epidermis, columella, 
cortex, and stele)

FACS UPLC-qTOF-MS Nontargeted 
(50 metabolites, 
glucosinolates, 
phenylpropanoids, 
dipeptides)

Moussaieff et al. 
2013

Solanum 
lycopersicum

Trichome 
(stromal and 
glandular cells)

Micromanipulator 
Microcapillary

IEC-PPESI-MS Nontargeted 
(flavonoids, acyl sugars)

Nakashima et al. 
2016

Catharanthus 
roseus

Stem (idioblast and 
laticifer cells) 
Leaf (epidermal cells)

Cross section with 
microtome 
Syringe and 
nano-electrospray tip

Imaging MS 
Single-cell MS

Targeted 
(TIA precursors and TIAs)

Yamamoto et al. 
2022
Yamamoto et al. 
2019

Cannabis sativa Trichome 
(stalked, sessile and 
bulbous)

Microcapillary LC-MS Targeted 
(cannabinoids)

Livingston et al. 
2020

Torenia hybrida Petal cell Laser microsampling LC-ESIMS Targeted 
(anthocyanin)

Kajiyama et al. 2006

Viola cornuta Petal cell Directly placed and 
measured

MALDI TOF-MS Targeted 
(flavonol 3-O-glycosides, 
violanin)

Sugahara et al. 2019

Allium cepa Epidermal cell Directly placed and 
measured

LAESI-MS Targeted 
(cyanidin)

Shrestha et al. 2011

Miscanthus 
(Miscanthus x 
giganteus)

Dried and frozen 
sections

Raman microscopy and 
SIMS

Raman microscopy 
and SIMS, LDI-MS

Targeted 
(lignin, cellulose)

Li et al. 2010
Leng et al. 2022

BY-2 cultured cells Mitotic phase cell Micromanipulator 
Nano spray tip

Orbitrap LC-MS Nontargeted 
(high molecular weight 
metabolites)

Okubo-Kurihara 
et al. 2022

Celtis australis Giant internodal cell 
(cytoplasm and 
vacuole)

Cutting and content 
extraction

CE-MS Nontargeted 
125 metabolites

Oikawa et al. 2011

Gossypium 
hirsutum 
A. thaliana

Embryo, root 
seed, leaves 
<Lipid droplet>

Nanomanipulator 
Platinum-coated tip

Direct organelle MS 
(DOMS)

Targeted 
TAG

Horn et al. 2011
Horn and 
Chapman 2011

Vicia fava Leaf cell Micromanipulator 
Nano electrophoresis 
tip

LC-MS/MS Targeted 
ABA, JA-Ile

Shimizu et al. 2015

Oryza sativa Pollen Piezo-manipulator 
Quartz capillary

picoPPESI-MS Targeted 
Phosphatidylinositol

Wada et al. 2020
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organelles for these fractions was performed using a metabolo
mic method combining CE-MS. CE-MS is a useful analytical 
method for detecting ionic metabolites, such as amino acids, or
ganic acids, and nucleotides, and in this report 125 known me
tabolites were detected under changing light conditions. The 
transport of metabolites in and out of the vacuole could be ana
lyzed promptly, providing insight into the function of the 
vacuole.

Metabolome profile of lipid droplet
Although lipid metabolites have been analyzed in bulk cells 
by extracting total lipids from conventional tissues, direct or
ganelle MS (DOMS) is a high-resolution MS profiling method 
that directly visualizes and extracts lipid droplets (LDs) from 
plant tissues when the cells are more in their original state 
and analyzes their lipid composition (Horn et al. 2011; 
Horn and Chapman 2011, Oikawa et al. 2011). DOMS was 
performed on LDs isolated from mature cotton embryos 
and profiled. Variations in triacylglycerol (TAG) composition 
were verified.

Metabolome profile of granule
In animal cells, Masujima used a method called LSC-MS to 
detect 66 granule-specific peaks and 6 cytosol-specific peaks 
in living cells with great sensitivity by extracting only intracel
lular granules with a nano spray tip and comparing them 
with cytosol components (Masujima 2009). This data shows 
that granules have special components stored in them. By 
changing the diameter of the spray tip, it will be possible 
to measure a single lipid body of a plant cell.

Although a single organelle metabolome provides interest
ing insights, it should not be considered to be the entire in
formation of a single cell, since it may not acquire all that is 
contained in that cell. In many cases, cells are separated by 
protoplast treatment or other methods to obtain a single 
cell, but care must be taken when analyzing the data because 
the original cellular data may be lost as a result of enzymatic 
treatment of the cell wall.

SCM in changes in environment conditions
Metabolites in plants under various biotic and abiotic stres
ses have been identified and quantified at the single-cell level 
(Katam et al. 2022). This information provides various clues 
for understanding plant phenomena and responses against 
stress. In addition, the identification of biomarkers that 
have been buried in the bulk of plant metabolome data 
will be useful for diagnosis of appropriate environmental 
stresses and for agricultural applications.

Initially, it is necessary to know the relationship between 
bulk and single-cell samples. In a study in Vicia fava, single 
leaf cells were separated on a nanoelectrophoresis chip under 
a microscope under various humidity and wound conditions. 
ABA or JA-Ile was measured by single-cell MS/MS and com
pared to standard LC-MS/MS for bulk analysis (Shimizu et al. 
2015).

Single-cell analysis is also useful in crops. Wada et al. 2020
examined pollen contents and gave deep insights into differ
ences in resistance to heat. Rice seeds from 2 cultivars, a heat- 
susceptible cultivar and heat-tolerant cultivar, were tested 
for on-site metabolomics of single pollen grains (Wada 
et al. 2020). They measured metabolites directly using pico
liter pressure-probe-ESI MS. In mature pollen, differences be
tween the 2 cultivars were detected for several metabolites, 
including phosphatidylinositol (PI) (34:3); more PI content 
was detected in heat-tolerant pollen, regardless of treatment, 
than in the heat-susceptible cultivar pollen. PI is a precursor 
of phosphoinositide, which induces multiple signals involved 
in pollen germination and tube elongation, suggesting that 
active synthesis of PI (34:3) prior to germination may be 
closely related to the maintenance of ear fertilization under 
elevated temperature. It also shows that metabolites like 
fatty acids and amino acids can be detected in small sample 
volumes of about 5 pL.

As previously mentioned, the number of secondary metabo
lites in plants is estimated to be as high as 200,000 molecular 
species, and further development of methods for SCM in plants 
is expected to yield much knowledge about components and 
their metabolism that have not yet been clarified, such as the 
production of metabolites in specific cells under different envir
onmental stresses and other conditions.

Conclusion and future perspectives
Molecules that are present in a small number of cell types, 
such as metabolites that have been newly identified by 
single-cell analysis, may be diluted when the entire tissue is 
assayed, but single-cell analysis can reliably extract these im
portant metabolites. It is also a powerful tool that can pre
cisely predict phenotypic and other information and can 
be combined with imaging MS to draw out spatial informa
tion. The analysis of data will sometimes be difficult, whether 
the data obtained is the essence of the cell or a fluctuation, 
but it can be solved by sheer numbers. Combining the meth
ods described here will enable efficient single-cell analysis ra
ther than just gut single-cell isolation. The hierarchy between 
imaging and metabolomics is close, and the combined im
aging mass gives a lot of information about the organism 
in its native state.

Advances in technology and analytical methods have al
lowed the comprehensive analysis of cellular metabolism, en
abling the discovery of novel metabolic pathways and 
metabolic diseases. Furthermore, developments in auto
mated high throughput microfluid-based technologies 
must be combined to the MS aiming for quantitative study 
to access large cell population in a shorter time without los
ing cells native environment.

SCM in plants is still in an early stage of development; how
ever, as we establish experimental systems and solve the mys
teries of our target biological phenomena, the advantage of 
being able to analyze what is in individual cells is a motivating 
factor to overcome any difficulties that arise.
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