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Intracellular substance sampling systems equipped with a nano spray tip, which is a
glass capillary with a diameter of several microns, are used to develop new medicines. First,
candidate drugs are administered to cells and induced reactions are detected by high content
analysis (HCA). The system then aspirates substances which show expected reactions from
cells, examines them by single cell mass spectrometry, and analyzes the efficacy, metabolism,
and toxicity of the candidates.
Yokogawa has developed a high-precision, high-throughput intracellular substance
sampling system by combining its technologies regarding cellular image analysis, highprecision positioning, and optical design. This system makes it possible to puncture a cell
and suction a specific intracellular component with one click on a PC. This cutting-edge
instrument, which uses synergies of HCA and the single cell mass spectrometry method, is
contributing to the advancement of life and pharmaceutical sciences. This paper describes
the core technologies developed for this system and introduces the results of experiments,
from intracellular substance sampling to mass spectrometry.

INTRODUCTION

R

ecently, high content analysis (HCA) has been widely
used for developing new drugs. When the efficacy of a
candidate drug is known to some extent, HCA is useful to
examine its average efficacy by detecting changes in specific
parameters such as the amount of f luorescence-labeled
proteins and ions at high speed and for large quantities, while
varying the type and concentration of candidate compounds,
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as well as other conditions(1). HCA can trace morphological
changes at the cellular level and changes in f luorescence
images of molecular labels for known targets, but cannot trace
extensive molecular changes. HCA cannot clarify changes
in the molecular mechanism and metabolism of candidate
compounds in cells, localization and migration of the changed
molecules, or extensive changes in surrounding molecules
caused by the candidate compound. HCA cannot elucidate the
molecular mechanism of the onset of diseases, either.
In contrast, single-cell mass spectrometry(2) enables the
extensive study of molecular changes in intracellular organelles
at desired locations and times, while tracing the cellular
changes in microscope images. However, this method is not
suitable for handling a huge number of cells, because it is
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necessary to select a single cell and suction substances from it.
A combination of the two methods will give rise to an
unprecedented technological innovation, in which a cell that
has shown pre-specified changes is detected by the HCA
system and an extensive molecular analysis is then carried
out on the cell using single-cell mass spectrometry. This new
concept‒single-cell drug discovery with high repeatability
and practicality‒leverages the advantages of both methods:
the high speed and mass processing capability of HCA, and
the accuracy and extensive testing capability of single-cell
mass spectrometry. As a result, detailed analyses of molecular
mechanisms in individual cells will be possible, which was
conventionally performed by the average value of multicellular
systems. This will also pave the way for single-cell diagnosis
and personalized medicine. This method is promising as a
next-generation technology for basic research in medicine and
life sciences, as well as drug discovery.

(a) Nano spray tip
Tip

Cell

CONCEPT OF SINGLE-CELL MASS
SPECTROMETRY

INTRACELLULAR SUBSTANCE SAMPLING
SYSTEM
An intracellular substance sampling system isolates
proteins, administered drugs, or their metabolites from a small
single cell, and analyzes them by using mass spectrometry
to identify the components. By capturing target substances
directly from a cell, this system efficiently determines whether
a drug has entered the cell, which organelle it has reached, and
whether it has been effective.
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Figure 1 outlines the principle of single-cell mass
spectrometry. Figure 1(a) shows an array of nano spray tips,
each of which is a glass capillary with an outer diameter of
5 µm and an inner diameter of 3 µm at the front-end point.
Intracellular substances are suctioned by this tip, as shown
in Figure 1(b). Ionizing solvent is added to the suctioned
sample, and the sample is mass-analyzed directly, as shown
in Figure 1(c). The obtained mass spectr um shown in
Figure 1(d) is analyzed to identify the suctioned intracellular
substances. In this way, molecules in the selected cell can be
studied extensively.
Single-cell mass spectrometry was proposed by Prof.
Tsutomu Masujima of Hiroshima University, and has led to
many research results (3). However, to obtain a sample with
conventional single-cell mass spectrometry, it is necessary
for operators, under a microscope, to select and puncture a
cell, and then to suction intracellular substances by manually
operating a tip mounted on a manipulator. Such a method
involves challenging problems of cell search criteria, suction
repeatability, and throughput.
To solve these problems, Yokogawa has developed an
intracellular substance sampling system that automatically
selects cells and suctions intracellular substances. This system
improves the throughput and repeatability of suction sampling,
and is expected to promote the practical use of single-cell
mass spectrometry.

(b) Cell search and suction
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(d) Mass spectrum
Figure 1 Outline of principle of single-cell
mass spectrometry
For this purpose, the sampling system must have highspeed processing capability to quickly capture many samples
and highly precise positioning capability to handle cells whose
dimensions are of the order of micrometers.
System Configuration
Figure 2 shows an outline of the sampling system. This
system has the functions of cell search and suction shown in
Figure 1(b). Cells are seeded on a microplate, dish, or other
container. Pharmaceutical compounds are administered
to the cells and the cell reactions are imaged by a confocal
microscope. The acquired images are analyzed by HCA to
quantify morphology changes of the target cells, variations in
fluorescence intensity of pre-labeled intracellular organelles,
and localization and migration of f luorescence. Based on
these parameters, a cell that has shown changes or reactions
in the pre-specified way is identified. The nano spray tip is
positioned at the desired area, and the intracellular substances
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Figure 2 Configuration of sampling system
are suctioned. Suctioning is carried out by applying negative
pneumatic pressure to the dispenser. Yokogawa’s CQ1 confocal
image cytometer is used for the HCA part in Figure 2.
This system uses two tip racks. Their 96-well format is
recommended by ANSI/SLAS 1-2004, which is the de-facto
standard in the field of drug discovery support systems. One
rack is used to store tips before use, and the other is for tips
after use, i.e. those containing suctioned samples. To prevent
the suctioned samples from undergoing enzyme reactions, the
sample rack is kept below 0°C. This function maintains the
chemical properties of the samples at the time of suction until
the subsequent mass spectrometric analysis and thus ensures
the reliability of mass spectrometry results.
Software
The software for the intracellular substance sampling
system has two functions: HCA image analysis and sample
suctioning. Yokogawa’s CQ1 confocal image cytometer is
used for the former, and the latter function has been newly
developed in this study.
Cells that have shown the pre-specified reaction upon the
administration of pharmaceutical compounds are identified by
HCA, and substances are suctioned from them by means of the
newly developed sampling function.
Figure 3 shows the main window of this system. The
window consists of three panels: image analysis panel, suction
panel, and tip loader panel.
In the image analysis panel, feature values of cells, such
as the area, perimeter, and roundness of cells, and fluorescence
intensity, are displayed while the cells are being imaged. Up to
two feature values can be selected and drawn in graphs. When
one value is selected, its histogram is drawn. When two values
are selected, a distribution graph is drawn with the two values
being used as the axes.
In the suction panel, a list of cells to be sucked is
displayed. Target cells can be registered and added either
automatically or manually.
For automatic registration, a few conditions are selected
25

based on a specific future value of the image analysis graph.
It is necessary to select one from the top, middle, or bottom
percentile ranges and their threshold (e.g., top 5%, bottom
10%), or the number of cells. Cell images are displayed in this
panel in order of the target feature value.
For manual registration, operators click an area of interest
in cell images to be registered. Another way of manual
registration is to click a marker on the graph; this registers the
cell corresponding to the marker.
The tip loader panel shows the loading condition of tips,
which is monitored by a camera above the tip rack. Checking
the presence of tips in the rack before operation makes sure
that a tip is loaded on the dispenser.
By using these software functions, the system analyzes
cells, identifies cells that show the target feature value, and
suctions intracellular substances.

CORE TECHNOLOGIES
The core technologies required for this system are
described below.
Detection of Tip Top
In general, the horizontal and vertical sizes (XY plane)
of a cell range from a dozen to several dozen µm and the
thickness (vertical size: Z axis) is a few µm to a dozen µm.
The part containing the nucleus is thicker than other parts
with only cytoplasm. Living cells normally stick to the bottom
of an incubation container, and are called adherent cells. To
puncture the thin layer of cytoplasm and suction intracellular
substances, it is necessary to precisely determine the positions
of the target area and the front-end point of the suction tip.
Yokogawa can analyze 3D cell morphologies by using its
original HCA technology, and hence can identify the suction
point precisely. See a paper in the previous report(1) for a
description of cell image analysis.
A new image intensity method has been developed
to detect the position of the tip top. Figure 4 shows the
principle of this method. The objective lens is placed as
close as possible to the container with cells seeded, within
its working distance. The front-end point of the suction tip is
illuminated by light through the objective lens. The reflection
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image from the tip top is obtained by the optical system of the
confocal microscope which is built into the HCA of Figure 2.
When confocal images are taken as the suction tip is moved
vertically, images of the tip top of varying brightness (contrast)
are obtained. When the tip top reaches the focal point of the
objective lens, the brightest image is obtained. In this way, the
position of the tip top is identified from the image intensity.
Figure 5 shows the relation between the position of the tip
top and image brightness. When the tip top is at the focal point
of the objective lens, the image is the sharpest with the highest
contrast. When the tip top is displaced by only 1 µm from the focal
point, a significant difference in image brightness is recognized.
This result shows that this method can detect the position of the
tip top with the precision of less than 1 µm. Thus, the technology
enables precise sampling of intracellular substances.
Z
Tip
Z Position
Objective lens

Image
intensity

Incident light

economic efficiency. Electronic cooling with a Peltier element
is used in this system because it is compact and convenient for
building into the system. Figure 6 shows the structure of the
cooling system. A block of aluminum, which has excellent thermal
conductivity, is placed on the Peltier element, and a sample rack
is arranged to fit tightly to the block. In the aluminum block, 96
holes are bored, each of which accepts the front-end point of a tip
that is loaded on the sample rack. The holes are designed so that
no tip points touch the side wall of the hole. Exhaust heat from the
Peltier element is dissipated by cooling water through a heat sink.
The sample rack and aluminum block are surrounded by a heat
insulator, and a moving cover is arranged on top of the cooler to
isolate it from the ambient environment.
Figure 7 shows the results of an experiment to cool
samples down to the preset temperature by feeding electric
current to the Peltier element. A sample rack with tips was
placed in a cooler, and the temperature at the tip top was
measured with a thermocouple. Temperature was measured
at five points: four holes at each corner (A1, A12, H1, and
H12) and one at the center (D6). Starting from the ambient
temperature of 20°C, temperatures at all points reached -10°C
after 5 minutes. This result confirmed that the designed
performance has been achieved. Excellent uniformity of
temperature was also confirmed at each point.
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Figure 4 Principle of detecting position of tip top
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Cooling of Tips Containing Samples
When it is necessary to preserve samples for a certain
period, the samples must be refrigerated to prevent enzyme
reactions. By halting enzyme reactions, samples retain their
characteristics at the time of suction until they are massanalyzed. This ensures the reliability of analysis results.
Although a lower temperature is desirable, the cooling
temperature for this system has been set to -10°C in view of
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Figure 7 Results of cooling experiment
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Automatic Selection of Suction Points
C o nve nt io n a l ly, ex p e r t s ob s e r ve d c el l s u nd e r a
microscope and selected a suction point based on their
experience. The ideal point is a circular zone around the
nucleus, where cytoplasm is abundant. The nucleus is not
appropriate for puncturing because it is hard and will cause
tips to bend. We quantified such know-how for this system and
developed an automatic function for selecting suction points.
Specifically, we focused on the fact that fluorescent markers
show high brightness where cytoplasm is abundant. Based on
experts’ experience, we defined the optimum point for suction
as “a place in a zone with a fixed distance from the nucleus
and where cytoplasm shows the highest brightness.” We
implemented this definition in the system.
Figure 8 shows how to determine a suction point. The
HCA method helps the system automatically identify a cell
and detect its nucleus and cytoplasm. In Figure 8, the area at
the center of the cell surrounded by the blue line is its nucleus,
which is surrounded by cytoplasm dyed in red. Note that
yellow cords are mitochondria.
The developed software recognizes the nucleus, and
then automatically determines a zone suitable for suction,
and displays it as a strip surrounded by the green line. This
area is a place where cytoplasm is abundant and appropriate
for suction. In addition, the software detects a place which is
fused with cytoplasm and shows the brightest fluorescence in
this area and displays a square at this suction position.
T h i s aut om at ic f u nc t ion for sele c t i ng a s uc t ion
posit ion was developed based on t he i mage a nalysis
function of Yokogawa’s CQ1 confocal quantitative image
cytometer. Users can adjust various conditions according to
the type of cells and dyes, and target organella on the screen of
the CQ1. For selecting a suction area, users can freely set the
two parameters of bandwidth and distance from the nucleus
to accommodate various conditions, on the dedicated panel as
shown in Figure 8.

Suction point

Candidate of
suction area

Panel for setting
suction conditions

Nuclear Cytoplasm Mitochondria

Figure 8 Automatic selection of suction points
Since the image analysis by the CQ1 contains three27

dimensional information, it is possible to suction substances
by precisely positioning the target in the three axes of x, y, and
z. By automating the procedure in this way, it is possible to
improve throughput and operate the system continuously.

EXPERIMENT RESULTS
Figure 9 shows the process of aspirating intracellular
substances. In accordance with the manual registration method
described above, click the area of a target cell displayed on
a PC to determine the target point. All subsequent steps are
performed automatically as follows: the target point is moved
to the center of the microscopic field. A nano tip in the tip
rack is loaded on the system, and the position of the tip top
is detected precisely. The tip then lowers vertically aiming
at the target point, punctures the cell membrane, stops at the
target position, and suctions the internal substance. The tip
containing the sample is lift up and moved to the specified
position of the sample rack.

Upper: Before puncture → Just before puncture →
Just after puncture
Lower: During suction → After removing the tip In
the tip

Figure 9 Example of aspirating intracellular substance
Conditions such as suction pressure and suction time were
determined through preliminary experiments.
All suction steps can be recorded as a series of images.
Figure 9 shows a series of images starting from before the
puncture to the suction of substances and after the storage
of samples. An image of the inside of the tip after suction is
also available. The image at the bottom right shows green
fluorescent material contained in the tip, which proves that
intracellular fluorescent material has been aspirated.
Steps for positioning a tip and aspirating intracellular
substance are automatically performed as programmed
in advance. This ensures the repeatability of the suction
process, which is not possible with the manual procedure.
Note that sampling data include three-dimensional positional
information. This feature shows operators the exact location of
the aspirated substance, making this system highly reliable.
The mass spectrometr y of the sample is described
below. We performed an experiment in which tamoxifen
was administered to HepG2 cells, and their cytoplasm was
aspirated as samples.
When tamoxifen is taken into cells, it is located in
cytoplasm and vacuoles, and its metabolic pathway has been
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Figure 10 Example of mass spectrometry
clarified. If tamoxifen or its changed substance is detected
from cytoplasm or vacuoles, it is proof of successful suction.
Figure 10 shows an example of mass spectrometry of
the aspirated substance. A peak confirming the existence of
tamoxifen appears on the mass spectrum (m/z = 372.232),
suggesting that the reagent has been taken into the cell.
To make sure that the aspirated tamoxifen is not from the
medium but from within the cell, the medium was replaced
twice after tamoxifen was administered and cells were
incubated.
The conditions of cell culture and samples in this
experiment are shown below.
•• Cell
: HepG2
•• Culture vessel
: ibidi 35 mm dish 81156
•• Dyeing reagent
: Hoechst 33342 (1 mg /ml) for
nucleus
C e l lTr a c k e r G r e e n C M F DA
(5 µM) for cytoplasm
•• Culture medium
: D-MEM + 10% FBS + 1% GPS
+ 1% NEAA
•• Reagent
: Tamoxifen
(T5648-1G from Sigma-Aldrich)
••Reagent concentration : 50 µM
•• Incubation
:3h
As described above, we administered tamoxifen to
HepG2 cells and confirmed that the reagent had been taken
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into the cells. The process of the confirmation was: aspirate
intracellular substance, perform mass spectrometry for it,
and detect the reagent components. With the automation
of targeting and aspirating samples, single- cell mass
spectrometry with excellent repeatability is expected to be
possible.

By combining single- cell mass spect romet r y and
Yokogawa’s mathematical technology for analyzing cell images
and precision position control technology, we are developing
a new type of high-throughput single-cell drug discovery
support system. With the successful completion of a prototype
of the cell sampling system, single-cell mass spectrometry has
become more practical. Using only one cell, this method can
assess and analyze the localization, metabolism, toxicity, and
efficacy of a drug. This technology will pave the way not only
for the development of new drugs but also for diagnosis and
individualized medicine. In terms of business, a broad market
is expected in addition to the product business through sales of
this system, such as contract services for mass spectrometry
and gene analysis. Accordingly, we will continue to improve
this instrument so that it can be released early.
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