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As technologies for omics, including secretomics, are now
directing towards single cell sensitivity, better understanding of
;s the heterogeneity observed between cell states is being
achieved™'®. We previously succeeded in comprehensively
measuring metabolites from a single living cell and an organelle
in the cell using electrospray ionization (ESI) mass spectroscopy
by developing nanospray technology, which is now called single
cell mass spectrometry'"'2. Here we describe a simple and rapid

Secretomics, the comprehensive study of cell releasates, offers
a non-invasive approach to understanding cell heterogeneity.
We here propose single cell small molecule secretomics using
10 micro-droplet arrays and mass spectrometry as a new
repertoire of omics technologies. The present method
revealed the heterogeneity of secreted small molecules from
individual single cell without the use of any invasive 4
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processes.

15 “Omics", such as genomics, proteomics, and metabolomics, have
provided a comprehensive image of the function, structure and
dynamics of biological elements'. The majority of omics
technologies focus on the cells' interior'?. However, more
recently, strong interest has grown in secretomics, which
20 examines the materials secreted by a cell, tissue, or organism,
such as cytokines, chemokines, and growth factors®. Because
releasates are necessary for long-range signaling between cells,
for example, in immune responses®’, secretomics is expected to
become a powerful tool for not only basic sciences but also
2s medical application such as drug discovery’. However, because
the releasates rapidly diffuse in the culture medium, their
concentration becomes very sparse and difficult to detect.
Ingenuities to capture the releasates, such as using trichloroacetic
acid precipitation® or antibody microarrays®, can resolve this
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method for performing single cell secretomics.

The isolation of a single cell in a micro-well/droplet prevents
the diffusion of the releasates'>'*. For our aim, the micro-well
that capsules the cell must be opened, but at the same time an
open chamber cannot isolate individual cells. To solve this
dilemma, we applied the micro-droplet array device, which is
composed of a hydrophilic substrate and hydrophobic layer".
Several micro-devices utilizing droplet-array in  mass
spectroscopy has been developed previously'®!”, but the device
capable of analyzing releasates from a single cell has not been
reported to date. Micro-wells with a diameter of 10~40 um were
arranged as an array on the hydrophobic layer so that the
hydrophilic glass layer was exposed at the bottom of the well
(Supplementary Fig. Sla). Setting the diameter of the micro-well
a little larger than the target cell avoids the trapping of two or
more cells when the medium, which includes the cells, is loaded
onto the device (Supplementary Fig. Sla). Covering the device

with an oil layer perfectly isolated the individual cells within
micro-droplets (Fig. la, b and Supplementary Fig. Sla). The
o releasates from these cells, other than lipophilic substances, are
trapped in the small interspaces between the
Figure 1. Single cell metabolic secretomics by micro-well
array and mass spectrometry. (a) Schematic illustration
of the experimental setup (upper) and geometry of the
micro-well array obtained with a laser microscope
(lower). (b) Photograph of the micro-well array trapping
individual cells. (¢) Phase contrast image of a PC12 cell
inside a micro-droplet and the glass micro-needle used
for sample collection. (d) Fluorescent confocal image of
micro-droplets in micro-wells of 10 um (left), 15 um
e 25007 . o bead (middle) and 20 pum (right) Withuut (upper) and With
2000 = wibead (lower) a 10 um bead. (e) Estimated volume of a micro-
droplet without (red) and with (blue) a 10 um bead. (f)
Typical mass spectrum from the buffer surrounding a cell
(red) and single cell body (blue). (g) Detected peak
corresponding to m/z = 184.0966 in the extracellular
fluid of a PC12 cell identified as epinephrine. (h) Amount
of tyrosine, dopa, dopamine and epinephrine released

30 problem but can only analyze limited types of releasates. As a
result, current sectetomics are restricted to peptides and do not
effectively consider other key molecules such as metabolites.
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cell and micro-well which do not diffuse out due to the oil. The
extracellular fluid in the small interspace was collected with a
metal-coated glass capillary micro-needle without any damage to
the cell, and the collected sample was applied to a mass
spectrometer (Fig. 1c). To assess the cytotoxicity of the oil,
NIH3T3 cells were exposed to the oil for 2-4 h. No significant
change in cell morphology nor viability was observed
(Supplementary Fig. S2).

Before trapping the actual cells, we confirmed the shape of the
micro-droplets with 10 pm polystyrene beads and fluorescent
dyes (Fig. 1d). One droplet covered the whole bead to form a
dome-like shape even when the diameter of the bead was larger
than the depth of the micro-well. The volume of the droplet
depended on the diameter of the micro-well. Figure le shows the
volume to be ~300 femto liter with a 10 pm bead on a 10 pm
micro-well. The interspace between the cell and the micro-well,
which was a few microns in width, was too narrow to enable
collection of its solution with a current glass capillary. Collection
in such tiny volumes requires nanospray technology'1-12,

We individually trapped PC12 pheochromocytoma cells'® in
micro-wells of 20 pm in diameter and 5 pm in depth (Fig. 1b),
collected the solutions from both the inside and outside of the
cells with a nanospray tip (Fig. 1c), added ionization solvent that
was 80% methanol containing 0.1% formic acid into the needle,
and applied the collected solution to an LTQ-Orbitrap mass
spectrometer by ESI. The mass spectra of the cytosol and the
extracellular fluid could be respectively obtained without killing
the cell (Fig. 1f). There were large peaks in the mass spectrum
derived from the medium composition. However, meaningful
data came from the smaller peaks that were absent in the micro-
droplets that lacked cells. Approximately 4700 peaks were
detected from the extracellular fluid (Fig. 1f, red), including 154
possible candidates as metabolites by KEGG (Kyoto
Encyclopedia of Genes and Genomes) database matching
(Supplementary Table S1). More peaks were detected from the
cell body (Fig. 1f, blue). To prove these peaks were derived from
cell secretions, we successfully detected the secretion of
epinephrine from a PC12 cell that was differentiated into a nerve
cell by nerve growth factor (NGF) induction (Fig. 1g). Moreover,
we confirmed the secretions of not only epinephrine but also dopa
and dopamine from the differentiated PC12 cell by KCI induced
depolarization (Fig. 1h). Thus, the combination of the micro-
droplet device and nanospray technology enabled comprehensive
measurement of small molecule releasates at the single cell level.

We did the same procedure using 10 pm diameter micro-wells
with smaller cells, T-cells and B-cells, whose sizes were ~6 pm
(Fig. 2a, b and Supplementary Fig. S3). Approximately 1400
peaks including 332 possible metabolites were detected in the T-
a
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cell releasate (Supplementary Table S2). Some of these peaks

so increased with time (Fig. 2c), and the concentration of the

substrate depended on the diameter of the micro-well (Fig. 2d),
indicating that the substances were secreted from a single cell.
Most of the cells trapped in micro-well were alive for 30 min,
however, cell death was observed when cells were trapped for
more than 1 h, possibly from lack of oxygen and nutrition
(Supplementary Fig. S4). The candidate molecules at peaks
139.074 (Fig. 2¢) and 229.216 (Fig. 2d) were hexanoic acid and
tetradecanoic acid, respectively, which are compounds found in
the lipid membrane, being not conflicting with the recent finding
that the T-cell releases the synaptic vesicle!®. Thus, we could
measure the small molecule releasates in a time-dependent
manner, and the sensitivity depended on the ratio of the diameters
of the cell and the micro-well.

The ‘single cell’ sensitivity is now desired for the investigation
of heterogeneity in omics technologies. We were also able to
investigate secretory heterogeneity in T-cells and B-cells (Fig. 2a,
b and Supplementary Fig. S5). The comprehensive data is
generally used to discriminate cell state/type with the
combination with principal component analysis®. We applied
discriminant analysis of principal components (DAPC) for the
mass spectra of the T-cells and B-cells and found that the same
cell type is clustered in the same region of the score plot with a
certain degree of distribution (Fig. 2e). When two T-cells were
compared (Fig. 2f, (1) and (2)), we found significant differences
in the substances they secreted, even though the two cells were of
the same type and from the same mouse. This result clearly
shows that cell heterogeneity is represented in the cellular small
molecule releasate, and our protocol is well suited for studying
the variance between individual cells. Although current omics
technologies can also detect heterogeneity™'’, our method
distinguishes itself by being non-invasive, since the sampling was
made from outside of the cell.

Thus, we established single cell secretomics by combining
micro-droplets technology and single cell mass spectrometry.
Other attempts have also been made for single cell secretomics.
Matrix-assisted laser desorption ionization (MALDI) mass
spectroscopy has achieved high-sensitivity for the detection of
secreted peptides from a single cell in a nano-liter solution,
though the throughput was quite low because of the cumbersome
procedure?’. Though combining MALDI mass spectrometry with
microfluidic technology successfully detected peptides secreted
from a single cell, the number of measured cells was limited
because of the structure of the device?’. Moreover, ours is the
only method to have reported heterogeneity in the releasates. In

os this study, we utilized off-line method for proof of our concept,

but combining with other method to enable on-line screening will

€ e

Blank Figure 2. Single cell metabolic secretomics of T-
40 ¢ cells and B-Cells. (a,b) Typical examples of mass
spectra of releasates from 3 T-cells (a) and B-cells
Teeelll @) respectively. (c) The detected peak
corresponding to m/z = 139.074, which possibly
represents hexanoic acid, 30 min (orange) and 1
-20 - T hour (red) after the cell was trapped inside the
M| micro-droplet. The yellow line shows a sample
-40 T T collected without any cells. (d) Concentration of

IN)
o
I
I
00

D2 score
°

o

=40 >20D1 ch,e 20 substance corresponding to m/z = 229.216, which

f possibly represents tetradecanoic acid, 1 hour
0.10 after cells were trapped with micro-wells of
£ different  diameters. (e) Two  dimensional
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two T-cells indicated by ‘1’ (red) and ‘2’ (blue) in
(e).
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increase the usability of our system™.

Perhaps most appealing point about our method is that it is non-
invasive. Currently, we are applying our method to examine
reprogrammed induced-pluripotent stem cells (full-iPS cells) and
partially reprogrammed stem cells (partial iPS cells)** to
determine differences based on secretion patterns at the single
cell level (Supplementary Fig. S6). Though there is seemingly no
difference among the spectra of the two cell types, critical
differences were seen in small peaks, i.e., at 185.1193 m/z (Fig.
S6a, orange area, and S6b). A DAPC score plot made the
difference clearer (Fig. S6c¢). While further experiments are
needed to understand the relationship between the secreted small
molecules and the pluripotent states, this result indicates that the
present method is applicable for their discrimination non-
invasively.
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Conclusions

Single cell secretomics that combines the micro-droplet array and
nanospray technology offers great promise as non-invasive single
cellular omics technology.
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