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ABSTRACT

A real-time secretion monitoring assay from living single-cells was realized by total internal reflection fluorescence imag-
ing with an optically optimized microwell array chip fabricated of an amorphous fluoropolymer, CYTOP on the basis of a
fluorescence sandwich immunoassay. After individual mast cells were stimulated with lipopolysaccharide in the microwell
array, their proinflammatory responses were monitored as cytokine secretion along time. mRNA levels of cytokines by sin-
gle-cell quantitative PCR was also measured after the secretion assay. The results showed that each of stimulated mast cells
is quantitatively and qualitatively distinguishable from each other in terms of cytokine secretion and their mRNA profile.
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INTRODUCTION

Single-cell analysis attracts a lot of attention from biologists since it enables us to address many concerns
about cell-to-cell variations and/or fluctuations of biological events, which are considered as the key features to
generate dynamics of biological processes while they have been totally missed in bulk biological measurements
[1]. One of the most major methods for single-cell analysis is flow cytometry, which can quantify some specific
molecules on the cell surface or within the cells of individual cells in a high-throughput manner by labeling the
molecules fluorescently. However, flow cytometry cannot measure the amount of secreted proteins that frequent-
ly exert some significant function especially in cell-cell communication. Furthermore, although flow cytometry
reveals phenotypic varieties among individual cells, they could not obtain information about changes of the phe-
notype of a single-cell along time, which might give a clue to understanding the origin of the cellular varieties.
Recently, some researches have addressed this issue using Lab-on-a-chip technology and successfully measured
the quantity of cytokines secreted from a single-cell [2]. However, it is still impossible to monitor the dynamics
of secretion activity of the cells in real time. In this context, we developed a method to monitor secretion of cyto-
kines from single-cells both in population and along time.

THEORY

Our system is based on sandwich immunoassay
that uses a set of specific antibodies to capture and
detect an antigen. While Surface Plasmon Resonance
(SPR) and Optical Waveguide Grating are already re-
ported as a real-time monitoring method of molecular
binding, either method provides little information re- S
garding whether the binding is specific or not. In con-
trast, the sandwich fluoroimmunoassay (FIA) is known
to have high specificity and can be integrated with to-
tal internal reflection fluorescence (TIRF) imaging,
which enables us to quantify only the specific binding
onto the solid phase by local excitation with evanes-
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cent field in real time [3]. Figure 1: Scheme of single-cell real time secretion assay

In this paper, we developed a real-time single-cell
secretion monitoring assay by sandwich FIA with a micro-fabricated well array. The scheme of measurement principle is
shown in Figure 1. The columnar microwell was formed in a micro fabricated corn shaped structure. Capture antibody was
immobilized on the surface of bottom glass of the well. A cell was introduced into a microwell in solution containing fluo-
rescently labeled detection antibody. Secreted proteins of interest from the cell were trapped and simultaneously formed spe-
cific antigen-antibody complexes. An amount of the antigen-antibody complexes was quantified by TIRF imaging.

A technical problem for TIRF imaging in this application was a difference of the refractive indices between the microwell
structure and water. Because most of the materials used in micro fabricated bio chips have higher refractive indices, the inci-
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dent light with critical angle for water/glass interface was partially refracted at boundary surface of the micro structure into
the well making high background signal. To overcome this problem, we utilized an amorphous fluoropolymer, CYTOP, of
which refractive index is almost the same as that of water, and thereby realized wide-field TIRF imaging with microstructures.

EXPERIMENTAL
Fabrication of microwell array chip

The fabrication process of CYTOP microwell array chip was described previously [5]. Briefly, inversed SU-8 pillar
structures used as sacrificial layer were fabricated by standard photo-
lithography on a glass substrate. After amination of glass, CYTOP
809A/809S was spin-coated and baked at 180°C. Then the excess
CYTOP layer formed upon the SU-8 structures were etched by O,
plasma. SU-8 structures were removed with a mixture of sulfuric pe-
roxide. Figure 2 shows SEM image of the fabricated microwell ar- /
ray chip. Because CYTOP shrank during baking, the structure be-
came conically shape. A fabricated microwell array chip was
cleaned by O, plasma and the bottom glass was aminated. Figure 2: SEM images of fabricated CYTOP

microwell array chip
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Reagents and cell culture

Capture antibodies for mouse Interleukin (IL) 6 and mouse Tumor Necrosis Factor (TNF) o were covalently immobi-
lized on the bottom of the microwell with dimethyl pimelimidate. Remaining free amino groups on the bottom of the micro-
well were blocked using monoethanolamine. Then, the bottom surface was treated with 2-methacryloyloxy ethyl phospho-
rylcholine (Lipidure BL-802, NOF Co., Japan) to prevent nonspecific binding. A detection antibody was prepared by
incubation of a biotinilated IL-6 antibody or TNFa antibody with Quantum dot (QD) 705 streptavidin or QD625, respectively.
After the incubation, unoccupied biotin binding sites on QDs were blocked with PEG,,-biotin.

A mast cell line, MC/9 cells were used for the real-time secretion monitoring assay. MC/9 cells were cultured in a Dul-
becco's Modified Eagle Medium (D-MEM) supplemented with recombinant mouse IL-3, 30 mM HEPES buffer, 0.1 mM py-
ruvate sodium, and 2.5% (w/v) bovine serum albumin. The cells were randomly introduced into microwells and the excess
cells outside of the microwells were washed out with culture medium containing detection antibodies. To activate MC/9
cells, the culture medium was replaced with that containing detection antibodies and Lipopolysaccharide (LPS) as a proin-
flammation inducer at time O hr.

TIRF microscopy

TIRF microscopy was performed on an automated inverted microscope (Eclipse Ti-E, Nikon, Japan) with a perfect fo-
cusing system with a 60x oil immersion objective (Apo TIRF, 60x, NA= 1.49). The excitation laser with wavelength of 532
nm was chosen to decrease the phototoxicity to cells.

Single-cell quantitative PCR analysis

After the secretion assay, some of the single-cells were picked up from microwells and mounted on AmpliGrid slide
(Beckman Coulter, Inc., USA). Reverse transcription and pre-amplification of specific target transcripts were directly per-
formed for each cells on the slide according to manufacturer’s instruction. The pre-amplified products were subjected to
quantitative PCR on a BioMark HD system (Fludigm Corp., USA).

RESULTS AND DISCUSSION

In our system, 800 sections of the microwell array chip, corresponding to 7,200 microwells, could be scanned every 1 hr.
Figure 3 shows an example of obtained microscopic images from a section of the chip at 4.5 hr after LPS stimulation. The
time courses of secretion of IL-6 and TNFa. widely varied from single-cell to single-cell, which were analyzed by a clustering
method in Figure 4. Some of the cells secreted each of cytokines before LPS stimulation, but most of cells started to secrete
it 1 hr after LPS stimulation. About a half of cells did not secreted TNFa, which suggested that IL-6 and TNFa secretions
were under independent regulation though both are known to be induced via the same NF-kB signaling pathway by stimula-
tion of Toll-like receptor 4.

We then checked the amounts of IL-6 and TNFa mRNA levels. Figure 5a shows relative amounts of accumulated cyto-
kines during 4 hr secreted from the collected cells, and Figure 5b shows amounts of the corresponding mRNAs after the se-
cretion monitoring assay. We found there was no correlation between cytokine secretion level and mRNA expression level.
Because we required for a couple of hours to collect individual cells after the secretion monitoring assay, the amounts of
mRNAs might be changed during such a long period.
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CONCLUSION

We successfully developed a protein secretion monitoring system from single-cells in real time. To our knowledge, The
system enabled us to compare the secretion levels with their mMRNA levels in the same single-cells for the first time.
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