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In this work we describe the use of a combination of a cell pressure probe and a UV-matrix-assisted laser desorption/
ionization time of flight (UV-MALDI-TOF) mass spectrometer for the in situ picoliter sampling and shotgun metabolite pro-
filing of living single cells of plants. In addition to quantifiable sampling, the pressure probe has some unique features which
differentiate it from other single-cell analytical tools. Cell wall and plasma membrane properties and water relations of in situ
living single cells can be analyzed before sampling the cell sap. In addition, the fully-controlled sampling of cells located at dif-
ferent depths in plant tissues, measurement of the sample volume, and the addition of internal standards are facilitated by the
pressure probe. Using a variety of organic compounds and nanoparticles as UV-MALDI matrices, metabolites from neutral
carbohydrates to amino acids and other metabolites can be detected through UV-MALDI-TOF mass spectrometry analyses of

picoliter-sized, single-cell samples.
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INTRODUCTION

Life is most properly addressed and viewed as a complex
system. The emerging field of systems biology seeks to ex-
amine this complexity based on a holistic approach. Holistic
insights are provided by omics analyses of the composition
of biosystems. On the other hand, the focus of modern bio-
logical research is moving from classical organ and tissue-
level analyses to single cells, where the most fundamental
events of life occur. Therefore, omics analyses with a single-
cell resolution can explore the basic aspects of life, cell to cell
variations, primary responses to abiotic stresses or various
types of biotic attack, and the processes of growth or death.
For such a molecular analysis of single cells, a reliable access
to the cell sap, the ability to sampling in real time, and sensi-
tive detection are critical. In this context, methodologies for
single-cell omics analyses are being developed for the high-
throughput exploration of biomolecules. Instrumentation
and data processing for genomics and proteomics analyses
of cells seem to be well-established.” Metabolomics based
on soft ionization mass spectrometry methods as the fron-
tier of omics sciences, however, is emerging and it demands
both methods and detection power.? Different classical
techniques such as NMR and mass spectrometry have been
applied to metabolome analyses. Currently, for higher reso-
lution, versatility, wide detection, structural elucidation and
higher sensitivity, mass spectrometry is the top candidate.

Classically, biomolecules are extracted from biologi-
cal tissues, separated, purified and finally analyzed by gas
chromatography-mass spectrometry (GC-MS) or liquid
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chromatography-mass spectrometry (LC-MS). A modern
high-throughput screening method, the shotgun analysis,
has attracted considerable attention. Proteins, lipids or me-
tabolites obtained from biological tissues or cells are infused
directly into the ion source with minimal preparation be-
forehand.>¥ In the shotgun proteomic strategy, mixtures of
proteins are digested into peptides and are then sequenced
followed by an automated database searching.>® Both hard-
ware and software for shotgun analyses of proteins have
been developed.®™® Corresponding to tissue analyses, single-
cell metabolome analyses can follow one of above-men-
tioned strategies. In vitro cell solution analysis involves some
single-cell omics analyses, which include cell lysis, homog-
enization, centrifugation and some purification steps. In this
approach a number of cells are included for each analysis
which provides analyte solutions in the sub-nanoliter range.
The result is data that reflect average metabolite profiles,
based on a few cells.”"” The second approach, in situ single-
cell analysis, is based on the direct, real time sampling of
intact cells followed by metabolite profiling of the cell solu-
tion sample. In the case of plant cells, femtoliter to nanoliter
sample volumes can be obtained. This shotgun approach can
include the limited purification, as well. A number of re-
ports describing successful in situ cell sampling and shotgun
metabolite profiling are available (Table 1). In probe electro-
spray MS (PESI MS) in situ tissues are sampled by inserting
a micrometer-order metal needle.!? The technique has been
successfully applied to plant tissues.'” The needle can be
inserted to a desired depth of the tissue to obtain deeper
samples. The penetration of a nanoESI capillary tip, followed
by direct electrospray of the cell solution with the aid of a
solvent has been also reported'*'® and applied for the sam-
pling of plant cells.'” The advantage of the latter technique is
that the tip can be manipulated in the target cell under a mi-
croscope. In laser ablation electrospray ionization (LAESI)
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Table 2.

Vol. 1 (2012), AOOO?

Properties of in situ single cells measured with a cell pressure probe.

Properties Equation

Explanation Ref.

turgor 7,

osmotic potential W

water potential

cell wall elastic modulus e=AY,/(AV/V) (4)

cell wall extensibility m=GI(¥,-Y) (5)
P

hydraulic conductivity of plasma
membrane

=(n2XV)/

LP
(t,, X AX(e—W¥y))

cell volume V,=m,v/(P,~P,) @)

direct measurement (see Fig. 5) 21)-24)

measuring freezing point of cell
solution by a picoliter cryo-
osmometer

¥,: turgor and ¥, osmotic
potential

AW, a change in pressure inside
the capillary by a quick back and
forth movement of a rod; AV:
the change in the volume of the
solution inside capillary during
the manipulation; V: the volume
of the corresponding cell (see
Fig. 5)

G: the relative growth rate at the
elongation zone; Y: the yield
threshold turgor; (¥,—Y): the
growth-effective turgor

Vand A volume and surface of
the cell; ¥: osmotic potential;
t,,: the half time needed for the
pressure to return to its previous
level after a step increase (see
Fig. 5)

,: osmotic pressure of the cell
measured by a pico-cryo-os-
mometer; v: the aliquot volume
in the capillary of the pressure
probe; P, and P, original and
final turgor values (see Fig. 5)

23), 30), 31)

23),31)

22)-25)

21)-23), 26)

21)-25),27)

29)

mid-IR laser pulses are delivered through the tip of a glass
fiber after inserting the tip into the superficial cells of tissues
deposited on a surface.” Since the operation is monitored
by a camera, it is possible to select a target cell and to local-
ize the tip accurately. In LAESI MS, no measurement of the
volume of the cell sample is possible.

For the quantitation of metabolites, femtoliter-picoliter
volume of cell samples must be carefully handled and mea-
sured. Otherwise, the interpretation of the signal abundance
as the relative natural change of metabolite content in cells
cannot be reliable. With the above-mentioned methods,
although the volume of samples is not accurately measured,
it is possible to detect important metabolites and determine
the relative abundance of the examined metabolites. Mea-
surement of the sample volume is necessary for the accurate
quantitation of metabolites. Additionally, accessing and
sampling deeper cells with a capillary or a needle may not
be straightforward. A few reports, including the present pa-
per, demonstrate cell sample volume measurement.’*2% We
used a cell pressure probe for single-cell sampling followed
by metabolite profiling with ultraviolet matrix-assisted la-
ser desorption/ionization time-of-flight (UV-MALDI-TOF)
MS.'¥ The pressure probe facilitates both the sample volume
measurement and deep cell sampling. In addition to cell
sampling, several cell properties can be measured by the
pressure probe (Table 2).

In this report, we review the achievements in the field of
single cell MS metabolite analyses and explain the setup
and operation of the pressure probe and its combined ap-
plication with UV-MALDI MS for probing, measurable
sampling, and shotgun metabolite profiling of in situ living

© 2012 The Mass Spectrometry Society of Japan

single cells. Figure 1 displays the general set up for the pres-
sure probe combined with UV-MALDI MS. Main steps in
this technique include capillary tip localization; a target
cell to transducer connection test; cell pressure probing
and some other measurements; cell solution sampling with
volume measurement; and finally, transferring the picoliter
sample onto a MALDI plate followed by MS analyses. If
necessary, adding a calibration solution (internal reference)
to the cell sap sample with a controlled volume can be also
achieved with the pressure probe.

CELL PRESSURE PROBE

Setup

Figure 2 shows a schematic illustration of a cell pressure
probe. The pressure probe consists of a micro-capillary con-
nected to a pressure transducer (e.g, XTM-190 M-100G,
Kulite Semiconductor Products Inc. in our lab), a piezo
motor (e.g, PM101 Mirzhduser Wetzlar, Germany in our
lab) mounted on a 3D micro-manipulator, a motorized
micrometer having a rotational metal rod, and its speed
controller. The micro-capillary and the pressure transducer
are connected with a silicon oil filled PEEK (polyether ether
ketone) tube and a T-shaped metal connector. One side of
the T-shaped connector is fit through a rubber seal together
with the metal rod connected to the micrometer. The diam-
eter of the rod is 0.3mm. By rotating the micrometer with
a speed-adjustable motor (e.g, from Oriental Motor Co.,
Ltd., Japan in our lab), changes in the silicon oil volume in
the pressure probe can be adjusted. To minimize vibration,
the pressure probe and its accompanying instruments are
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Fig. 1. The workflow of in situ single-cell metabolite analyses by
the pressure probe and UV-MALDI MS combination.

placed on a magnetically-floated table. The manipulation of
the capillary tip can be done with a high degree of accuracy.
The operation is monitored under a digital microscope (e.g,
Keyence VHX-900 digital microscope in our lab) which
facilitates recording the experiment and an online mea-
surement of the sample volume. The pressure transducer is
connected to a digital pressure display and a chart recorder.
The pressure probing process is, therefore, monitored and
recorded for further data analysis. The anatomy of the plant
model has been previously studied and hence, the location
and the depth of the target cells are known (Fig. 3). With a
3D manipulator, the capillary tip is located and penetrated
by pushing the tip into the tissue by means of a piezo-motor.
The depth of penetration can be monitored since a distance
in the horizontal movement of the probe tip is displayed in
the controller of the piezo-motor.

Since the composition and the thickness of plant cuticle

© 2012 The Mass Spectrometry Society of Japan
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and cell wall vary in plants, glass or quartz capillaries with
different internal diameters and tip morphologies are used.
Tapered capillaries with a preferred tip morphology can be
prepared by adjusting the temperature, the pulling veloc-
ity and speed in a laser-heated micropipette capillary puller
(e.g., P-2000 Sutter Instrument in our lab). For plants with a
thick cuticle, a short quartz capillary tip with an opening of
2-5um is required.

In normal plant cells, a hydraulic pressure is formed by
turgor pressure which leads to an elastic expansion of the
cell wall and with the cell volume maintained.”’*? After
penetration of the tip into a cell, the cell solution enters into
the capillary tip due to the turgor pressure of the cell.”*)
Since the cell solution is not soluble in silicon oil, two phases
with a meniscus at the interface appear (Fig. 4A). When the
tip enters the cell, the difference between cell turgor pres-
sure and the oil pressure must not be too high, otherwise the
cell may die due to membrane collapse after the cell solution
comes out violently from the cell. A 0.5-1 bar difference can
usually ensure a safe penetration, because non-stressed plant
cells usually have 4-8 bars of turgor pressure in the cell.*”

Both water and oil are incompressible, and since the
whole system from the pressure transducer to the capillary
tip is assembled so as to be air-tight, a sub-millibar change
inside capillary tip is immediately sensed by the pressure
transducer far from the capillary. On the other hand, push-
ing the rod inside the tubing using a micrometer connected
to the speed-control motor correspondingly leads to a for-
ward movement of silicon oil and a backward movement of
cell solution. Since the diameter of the rod is 0.3mm and
the movement is in the nanometer-order, a sub-picoliter
volume of oil or sample solution is conveniently handled.
With each click on the speed adjustment buttons on the mi-
crometer motor controller at the minimum speed, the rod is
moved about 100nm forward or backward. In practice, with
the 0.3 mm radius of the rod and varying the viscosity and
the surface tension of aqueous standard or cell solutions,
1-10pL volume inside the tip can be handled. With some
practice (and possibly with a long tip and smaller opening),
an experimenter can remove a femtoliter solution, as well.
To do so, while sucking a standard or cell solution into the
capillary tip, the capillary is rapidly pulled out of the drop-
let, resulting in the capture of a femtoliter volume of the so-
lution inside the tip. However in this case, unlike the case of
picoliter sampling, collecting a pre-determined or a specific
volume of analyte solution may not be straightforward.

Measurements

Before any measurements, a hydraulic continuity test*”
is performed (Fig. 5). Pressure is decreased and increased
quickly several times and if the meniscus can be moved back
and forth correspondingly, it will show a perfect hydraulic
connection between the target cell and the pressure trans-
ducer.”” Additionally, while the tip has been already insert-
ed into the inside of a cell, the pressure is kept unchanged
for a period and if the pressure and the meniscus location
remain unchanged, it confirms that no cell solution has
leaked. Afterward, single-cell pressure probe measurements
can be reliably carried out (Fig. 5). Managing the location of
the meniscus and measuring oil pressure inside capillary are
core operations in pressure probe technique. For example,
the pressure needed to return the meniscus to its original
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Fig. 2. A schematic illustration of a cell pressure probe. The localization and the penetration of the capillary tip into the plant tissue are fully
controlled. Since the tubing is air-tight, the instrumentation can be used for pressure probing and in situ sampling of living single cells.
The picoliter cell solution sample is then transferred to a water droplet at the tip of a pipette to facilitate its final transfer onto a UV-

MALDI plate. The entire operation is monitored and photographed by a digital microscope.

Fig. 4.

Photo of a cross-section of the second scale of a tulip bulb;
parenchyma cells with abundant starch and soluble oligosac-
charides are shown. Mass spectra in Fig. 10 and data in Fig. 11
provide molecular information about these cells.

A)plant tissue 33} =
. l tandard solut
5 g8 00um ek B
| S
R }s‘?e' W R\ parenchyma
) cells i
\ .dermal silicon oil
¥ epi meniscus analefte solution T
\ 150 pL) ;
200um meniscus
(C) r(x) = radius of the inner space in the capillary
Meniscus
Ti
rin . [
1 Cell Sap Silicon Oil
To i
0 i i b ¥

distance from the tip of a capillary of the pressure probe

(A) Photo of a pressure probe capillary which was inserted
into a cell, having the meniscus between cell sap and the sili-
con oil. (B) Photo of the meniscus formed between the ana-
lyte solution and silicon oil inside the capillary. (C) Schematic
illustration of changes in the radius, r(x), of the inner space in
the capillary from the tip (i.e., [;) to the location of meniscus
(i.e., 1,) formed between cell sap and the silicon oil. See Egs.
(1) and (2) which use the symbols and their definitions.

(Fig. 6). Subsequently, the osmotic potential of the cell is
directly measured with a picoliter cryo-osmometer (e.g. Clif-

ton Technical Physics, USA in our lab).?? Water potential, a

position where it was before the tip had penetrated the cell,
is equal to the turgor of that cell (Fig. 5). In addition to the
cell turgor, several other properties of a cell can be measured
with the pressure probe (Table 2). By meniscus manage-
ment, cell wall elastic modulus,”>* cell wall extensibility,*®
hydraulic conductivity**?¥ of the plasma membrane, and
the volume of the target cell*” can also be measured (Fig.
5). A part of the cell solution sample inside the capillary tip
can be transferred to a picoliter cryo-osmometer plate?*3*)

© 2012 The Mass Spectrometry Society of Japan

central concept in cell biology, is then uniquely calculated
with a single-cell resolution (water potential equals turgor
plus osmotic potential).?**” Analyzing these properties
significantly contribute to our understanding of growth or
stress responses and adaptations at the cellular leve

l 23)

PICOLITER CELL SAMPLING

After pressure probe measurements, the cell sap is
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Fig. 5. Monitoring hydraulic pressure inside the capillary tip of a cell
pressure probe which allows in situ measurement of several
cell properties defined in Table 2. P, and P, values are used in
cell volume measurements.

cell sample (10 pL)

a loaded sample

200 um

Fig. 6. Photo showing that a part of a cell sap sample can be trans-
ferred to a picoliter cryo-osmometer plate for osmotic poten-
tial measurements.

sampled. After taking the sample from a target cell located
at a known depth, the capillary tip is taken out of the tissue
while the oil pressure is controlled, in order to preserve the
sample inside the tip. The dimensions of the cell sample can
be immediately measured under the microscope, the volume
of the truncated cone-shaped sample is calculated, and the
tip with the sample inside is photographed to record the
experiment.

The volume of the cell sap inside the capillary tip (Fig. 4A)
can be determined by measuring the radius (r(x)) with re-
spect to a distance from the tip (I;) up to the location of the
meniscus (I,) as illustrated in Fig. 4C. By balancing the pres-
sure inside the capillary against the atmospheric pressure,
the surface tension at the tip can hold the cell sap in the cap-
illary. The radius of the inner wall of the capillary (r(x)) can
be expressed as a linear function of the distance (x) from the
tip, and piecewise linear lines can be extended from the tip
to the location of the meniscus between cell sap and silicon
oil (as shown in Fig. 4C) i.e.

r(x) :( = :;1

L

i+l

j (x=1)+r, 1)

(r(x): a linear function in [, <x <l ;
r(x)=r, at [,=0;i=0, 1,.., n)

© 2012 The Mass Spectrometry Society of Japan

Vol. 1 (2012), AOOO?

MPa
HCT depth of
(B)y 300um
0.21 HCT T (C)
(A) turgor:‘ of a
0.1+ ? deeper cell
turgor:of a cell i
at first layer !
i i
20 0 60 80 100 120 140 fime (sec)

Fig. 7. Deep cell turgor probing and sampling with a pressure probe.

(A) with an oil pressure of 0.5-1 bar less than the cell turgor,
the capillary tip is inserted into a shallower cell; a hydraulic
continuity test (HCT) is performed to ensure the proper
localization of the tip and perfect connection between the
pressure transducer and the target cell; pressure is raised to
measure the turgor of first cell; (B) the tip is inserted into the
deeper cell; HCT is performed; and turgor is measured; (C)
pressure is decreased to allow the deep cell solution to enter
into the capillary tip; (D) while capillary tip is pulled out of
the tissue pressure is quickly reduced to about atmospheric
pressure to retain the cell sample inside the capillary tip.

The lines can be revolved around the x-axis, and the vol-
ume (V(x)) of cell sap in the capillary can be calculated as
follows;

n—1
V=1 jll'“ r(x) dx ©)
i=0

i

(r(x): alinear function in [, <x <1, )

Deep cell sampling is another unique feature of the pres-
sure probe. While moving the capillary tip through the cell
layers and until it reaches a target cell, the cell solution can
easily be prevented from entering the tip by regulating the
oil pressure (Fig. 7). After sampling, a picoliter volume of
compatible standard chemicals with a known concentration
can be added to the cell solution sample inside the capillary
tip, as shown in Fig. 4B. These compounds can be used for
internal calibration and for a comparison of the relative
abundance of cell metabolites. At the end of the pressure
probe operation, a cell sample with a known volume, pres-
sure probe measurement data, a paper record of the probing
process, and digital photos (and videos) of the operation are
available. Nonami and Boyer*® discussed possible errors in
detail during the pressure probe operation in cell sap sam-
pling.

For transferring a cell sample onto the UV-MALDI plate,
the tip is located inside a water droplet and the sample is
injected by inserting a small pressure. The volume of a water
droplet in an Eppendorf pipette tip can be measured accu-
rately by weighing the droplet and the pipette on an electric
ultra-microbalance with accuracy of 0.1pug, i.e., equivalent
of 0.1nL. The volume of the water droplet may influence
the quality of sample on the plate; the localization of the
sample after drying may change with a small or large drop-
let deposited on a dried layer of matrix. The change in the
volume of a water droplet inside the pipette tip is negligible
for about 10 min at room temperature (Fig. 8). On the other
hand, the whole process of transferring the sample into the
water droplet and depositing a droplet of the mixture of
the sample and the water droplet on a previously air-dried
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matrix layer on the plate usually requires 1-3 min. For con-
venience, we use 0.5 uL droplets for transferring cell samples
(Fig. 4B). Before UV-MALDI MS analyses, if necessary, a
sample preparation step can be also added to the workflow
(see below).

MS ANALYSES

UV-MALDI MS

Finding a proper matrix for a specific group of chemicals
is a big challenge in UV-MALDI MS, as there are no clear
criteria for the selection of the matrix, which is largely em-
pirical.*** In the case of shotgun metabolite profiling, a
wide range of compounds from carbohydrates, amino acids,
organic acids, secondary metabolites and fatty acids can
be examined. Even after sample purification and separa-
tion, diverse types of metabolites may still be present in the
mixture. Furthermore, in mass spectrometry-based, single-
cell metabolomics, the limit of detection and the need for
the relative quantitation make the matrix challenge bigger.
Among organic matrices for the UV-MALDI MS metabo-
lite profiling of plant cell samples, 2,4,6-trihydroxyaceto-
phenone (THAP), 2,5-dihydroxybenzoic acid (DHB), and
9-aminoacridine are commonly used (Table 3). In the case
of THAP, with a nearly uniform deposition on the plate,
the likelihood of the co-existence of sample and matrix
molecules in a location on the plate is quite high, compared

0.6 l O water
— 05 A
E" O A A water with cell solution
5 04 LS
© A
3 03
o o
£ 0.2 - o
oy O,
g o A R
0.1
(] o A
0 T T T O A A—
0 50 100 150 200
time (min)

Fig. 8. Changes in the weight of water (O) and that of water with
cell sap (A) measured using an electric ultra-microbalance
while 0.5uL of the droplet was kept in an Eppendorf pipette
tip at room temperature. For about 10 min the weight loss
due to evaporation is negligible. Therefore, transferring the
cell solution sample to a water droplet and then onto the
UV-MALDI plate, which is usually carried out within 1-3
min, is reliable.

Vol. 1 (2012), AOOO?

to DHB, which has a tendency to crystallize (Fig. 9). Addi-
tionally, a more diverse range of metabolites can be detected
with THAP. Another common matrix in UV-MALDI MS
analyses, 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic

o 5L R
A Yok b e S
i N YL T

Fig. 9. Photos of THAP (A), cell samples with THAP (B) and DHB
(C) after air-drying on a gold UV-MALDI plate. Arrows in
(B) point the locations of small aggregates of a dried pico-
liter cell sample deposited on THAP. While after drying
THAP covers a spot almost uniformly, big DHB crystals
located mainly at the edge.

Table 3. List of compounds examined as IR- and UV-MALDI MS matrices for metabolite analyses of plant cells.

Matrix Ion mode of analysis Laser, A (nm) Analyzed metabolites Ref.
DHB (+) N, UV, 337 histamine 50)
DHB (+) N, UV, 337 histamine 51)
CHCA*, DHB (+) histamine 45)
THAP, DHB, CNTs (+) N, UV, 337 carbohydrates 18)
9-aminoacridine (=) N, UV, 337 phosphorylated, ATP, 46)
ADP, GDP, etc.
9-aminoacridine (—) N, UV, 337; Nd: YAG, chosphorylated metabolites 52)
UV, 355
native water; DHB, succinic (=) Nd: YAG, IR, 2940 organic acid, carbohy- 17), 49)
acid, thiourea, glycerol drates, efc.
*-Cyano-4-hydroxycinnamic acid.
© 2012 The Mass Spectrometry Society of Japan Page 7 of 11
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Table 4. The efficiency of MALDI matrices examined by our group for direct UV-MALDI MS metabolite profiling of in situ plant tissues and single

cells.

Matrix Ton mode

Detection suitability

Linearity signal

LOD*
abundance VS. conc.

Ref.

organic THAP (+)and (—)

carbohydrates,

(+) low(—) aver. average 18), 42), 44)

amino acids,
organic acids,
secondary
metabolites

DHB (+)and (—)

carbohydrates,

(+) low(—) aver. low 18), 42), 44)

amino acids

norHo (=)

organic acids,

(—) high — 18), 42), 44)

secondary
metabolites

nanoparticles diamond (+)

(Si0,)(Ti0,) (+)and (—)

carbohydrates
carbohydrates,

(+) high - 42)
(+) low very high 42), 44)

organic acids,
secondary
metabolites

(BaTiO,)(SrTiO;) (+)and ()
TiO, (+)and (-)

nanotubes CNTs (+)

carbohydrates
carbohydrates
carbohydrates

(+) low high 42)
(+) low very high 42)
(+) high low 18), 42), 43)

*Limit of detection (LOD).

acid), can be evaluated for its potential efficiency in single-
cell metabolite analyses by UV-MALDI MS.

We have examined® some common organic matrices
already introduced by other authors for the UV-MALDI
MS of biomolecules including THAP*” and DHB*” as well
as 9H-pyrido[3,4-blindole (norHo) and extensively studied
its properties and applications,***" for their usefulness in
plant single-cell metabolite profiling. Additionally, we have
introduced a number of new matrices for the UV-MALDI
MS metabolite profiling of plants including the nanopar-
ticles (NPs) of titanium silicon oxide ((5i0,)(TiO,)), barium
strontium titanium oxide ((BaTiO,)(SrTi0;)), titanium oxide
(Ti0,),*” and carbon nanotubes (CNTs).*” Table 4 sum-
marizes our current knowledge regarding the efficiency of
matrices used in plant metabolite analyses. Sugars, includ-
ing simple saccharides and fructans, play important roles in
plant cell growth and stress tolerance. Therefore, the avail-
ability of matrices to desorb/ionize these chemicals is quite
helpful in the area of plant physiology. Nanoparticles are
powerful matrices for UV-MALDI MS analyses of underiva-
tized carbohydrates. The low limit of detection (LOD) and
high linearity response of NPs make them a matrix of choice
for detecting (Fig. 10) and quantifying underivatized carbo-
hydrates by UV-MALDI MS (Fig. 11).

In our UV-MALDI MS analyses of single-cell samples, for
each sample spot on the plate, 15 tiles each 400X400 um?, 10
at the edge and 5 at the center are determined. Each tile is
shot with 400 laser pulses and is separately saved. Regard-
ing the dimension and the distribution of dried cell sample
on the plate and the size of the tile, it appears that 1-2 tile(s)
can be sufficient localize all cell sample aggregates (Fig. 9).
The resulting mass spectra with cell metabolite signals are
used for further analyses and reporting. Since the number
of cell metabolite molecules is in the range of attomoles to
picomoles, therefore, after 400 laser shots, almost all of the
cell metabolites located in the irradiation area are desorbed
and ionized.

Although still developing, some extensive plant metabo-
lite databases are available for comparing the exact mass

© 2012 The Mass Spectrometry Society of Japan
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Fig. 10. (A-C) UV-MALDI TOF MS mass spectra of tulip bulb cell
sap sampled directly with the pressure probe are compared
with (D) an ESI-based MS (PESI MS) mass spectrum ac-
quired by analyzing in situ tulip bulb tissues. (A), (B), and
(C) unpublished data from ref. 44; and (D) adopted with
permission from ref. 13. ©2009 Elsevier.

values of putative metabolite signals. A network of plant
metabolic databases (http://www.plantcyc.org/) has been es-
tablished that contributes the plant metabolome analyses by
providing information regarding genes, enzymes, pathways
and compounds. Signal assignments in our UV-MALDI MS
analyses are based on several approaches including exact
mass value searches, the elemental composition analysis,
physiology information and the literature review. Since
the number of molecules of metabolites in a picoliter cell
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Fig. 11. Plots between the signal intensity and the number of moles

of standard sucrose (A) and kestose (B) deposited as an
aqueous solution on (SiO,)(TiO,) NPs, and (C) cell sap
analyses with respect to the depth from the cuticle sur-
face of a tulip bulb (see Fig. 3). About 150-800 pL samples
could be obtained from each cell. Sucrose and kestose were
abundant in those cells and yielded peaks with substantial
intensities in the positive ion mode (see Fig. 10). (A) and
(B) adapted with permission from ref. 42 ©2010 American
Chemical Society; (C) unpublished data, ref. 44.

sample are not high, resulting in a low signal abundance, a
small part of the plant tissue where single-cell analyses are
performed is sampled, homogenized and the soluble com-
pounds are extracted for the MS/MS analysis of detected
metabolites.

Several metabolites from sugars, amino acids, second-
ary metabolites and organic acids can be detected with the
matrices introduced here. Underivatized sugars, hexoses
(fructose and glucose), Hex, (mostly sucrose) and oligosac-
charides from Hex, (kestose) to Hex,; have been detected in
picoliter single-cell samples. It is possible to detect ascorbic

© 2012 The Mass Spectrometry Society of Japan
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acid, a secondary product of sugar metabolism, as well.
Among the amino acids, proteinogenic amino acids (e.g
Pro, Gln, Arg, Thr, and Glu) and choline; and from organic
acids, citric acid and malic acid could be detected in cell
samples. We have also identified polyamine putrescine and
tuliposide A.* Figure 10 shows the acquisition of metabolite
signals by two MALDI-based and ESI-based tools. These
methods had been applied to the analysis of cell solutions
obtained from tulip bulbs and, interestingly, the results were
very similar. Using the combination of a pressure probe
and UV-MALDI MS, however, more metabolites could be
detected and additionally, as mentioned above, the sample
volume could be measured accurately. Analyzing MS metab-
olite profiles has not been automated and is time-consuming
which makes it a significant challenge in single-cell analyses.

Another challenge in shotgun metabolite profiling by
UV-MALDI MS is signal suppression. This can originate
from abundant salts that are naturally present in cell solu-
tions, interfering metabolites such as lipids, and from the
competition between biomolecules during the ionization.
Sample purification can improve the acquisition of me-
tabolite signals from a cell mixture solution. The amounts of
interfering metabolites in a cell sample and the extent of the
signal suppression determines whether or not to include a
purification step. For example, in some plants, parenchyma
cells contain huge amounts of stored oils or lipids which
adversely affect the signal yield of sugars and small metabo-
lites. For extracting lipids from cell solution samples, 1 uL of
chloroform can be added to a 1 uL water droplet containing
a cell solution inside a microcentrifuge tube. Commercial
microliter filters, i.e. Millipore ZipTip® pipette tips with
chromatography media fixed at their tips, can be used for
further single-cell sample preparations including concen-
trating, separating or desalting biomolecules. Single-cell
solution preparations may result in the loss of the signal of
less abundant metabolites and can reduce the signaling yield
of underivatized sugars which usually ionize as potassiated
and sodiated cations in the positive ion mode. Therefore,
protocols for preparations need to be carefully assessed and
are most useful for targeted metabolite profiling.

Although the UV-MALDI technique is not necessarily a
quantitative tool, signal abundance can be used, to some ex-
tent, to explore relative changes in the natural abundance of
metabolites. THAP and metal nanoparticles have shown the
capability to desorb/ionize carbohydrates in cell or tissue
samples.'®*>*% The linearity between signal abundance and
the number of molecules of sugar standards deposited on
(§10,)(TiO,) NPs is shown in Figs. 11A, B. This is the matrix
of choice for the UV-MALDI MS analyses of small sugars
and oligosaccharides. High linearity of standards acquired
with this matrix helped to examine relative concentration
of sucrose and kestose in cell samples (Fig. 11C). In order
to improving the accuracy of the relative quantitation by
the UV-MALDI MS of cell samples, internal standards with
known picoliter volumes and concentrations can be also
added to cell samples inside the pressure probe capillary tip.

Laser Desorption/Ionization MS and IR-MALDI MS
The majority of cell metabolites require a matrix to use
the energy of UV laser photons for desorbing/ionizing.
However, some metabolites with benzene rings or those
that contain a rich conjugated system in their molecular
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structure, e.g. flavonoids, naphthodianthrones and phloro-
glucinols, can absorb UV at 337nm and therefore, can be
studied by matrix-free laser desorption/ionization (LDI)
MS.?

It has been shown that native water, DHB, succinic acid,
thiourea and glycerol could serve as IR-MALDI MS matri-
ces for the direct desorption/ionization of a wide range of
metabolites from a number of cells that are located on the
surface of plant tissues.’®*” The technique was later applied
to directly ablate metabolites from intact plant single cells
with native water as the matrix."”

MALDI-MS vs. ESI-MS

In contemporary mass spectrometry, two powerful soft
ionization techniques MALDI and ESI MS are employed for
metabolite profiling. Based on our experience, we compare
the applicability of these distinct ion sources in single-cell
shotgun metabolomics. The first noticeable difference can be
attributed to salt tolerance. In shotgun analyses, samples of
cell sap can naturally contain a high levels of salts. In many
plants, for instance, potassium is an abundant intracellular
compound. The quality of ESI MS metabolite profiling of
single-cell samples can be adversely influenced by the inher-
ent susceptibility of ESI to high salt levels. Purification of
the sample may improve the results but, as mentioned above,
may raise another problem, namely, the loss of analyte mol-
ecules. We have frequently observed a higher relative signal
abundance of many metabolites in MALDI mass spectra
compared to their abundance in ESI mass spectra. In ESI
MS, in addition, minor changes in solvent spraying, flow
rate efc. may significantly change the quality of the results.
In the plant sciences, underivatized neutral carbohydrates
ranging from monohexoses to long-chained oligosaccha-
rides play important roles in metabolism, growth and the
response to environmental stresses. Overall, our experience
indicates that single-cell MALDI MS is more efficient for the
analysis of underivatized, plant-derived carbohydrates; in
plant tissue and cell samples, oligosaccharides with a high
degree of polymerization (e.g. with 15 moieties) could only
be detected using MALDI MS. On the other hand, due to
the specificity of MALDI matrices, metabolites detected in
cell samples may be less diverse in MALDI MS. In our ex-
periments related to the profiling of single-cell metabolites,
we have frequently observed lower signal acquisition yields
in the negative ion mode when examined matrices were em-
ployed, and therefore, we have concluded that nanoESI MS
is the preferred technique for profiling negatively charged
metabolites.

OPPORTUNITIES AND CHALLENGES

Single-cell metabolomics is the analysis of the pheno-
type with the highest resolution and has great potential for
contributing to the enhancement of cell systems biology.
The joint application of a pressure probe and a UV-MALDI
system facilitates the acquisition of data related to physical
properties and the molecular composition of in situ living
single cells; which means that an experimenter can develop
wider and deeper insights into the events during growth
or stress responses with a single-cell resolution. However,
there continues to be a need for further improvements in
sensitivity of detection. Additionally, almost all software in

© 2012 The Mass Spectrometry Society of Japan
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the field has been developed for chromatography-mass spec-
trometry based data acquisition and processing. For shotgun
UV-MALDI MS metabolomics, developing software that is
capable of directly extracting information from mass spec-
tra, that can automatically search libraries and databases
and finally is able to analyze relative quantitative data car-
ries a high priority. The shotgun approach is very beneficial
to omics analyses, but the signal yield of metabolites in cell
mixture samples needs to be improved. The purification
of cell solution samples can improve the signal acquisition
of targeted metabolites. However, sample loss should be
minimized. Although identifying a universal matrix for the
UV-MALDI-based metabolite profiling remains a difficult
task, examining potential matrices for the laser desorption/
ionization of larger numbers of metabolites and to decrease
the limit of detection is clearly a worthwhile objective.
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