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(1) Long-term goal of laboratory and research background

We actively study problems involving fluid dynamics and transport phenomena in micro- and
nanoconfined spaces. The problems are inspired by microfluidic systems for biochemical analysis and
cellular engineering. Especially, we are interested in electrokinetic phenomena, e.g., electrophoresis,
electroosmotic flow, and electrowetting of complex fluids, including cells and biomacromolecules. We
recently developed a microfluidic system that enables the high-throughput sequencing of cytoplasmic and
nuclear RNA of single cells with the physical fractionation of the subcellular RNA species via electrical
lysis and isotachophoresis (ITP). We leverage our method to uncover the regulation of gene expression in
single cells involving RNA localization and nuclear export.

(2) Current research activities (FY2021) and plan (until Mar. 2025)
(A) Electroporation-based lipid-bilayer assay for surface tension and transcriptomics
(ELASTomics)

We have developed an approach, ELASTomics, that profiles the surface tension and gene expression in
thousands of single cells by integrating nanoelectroporation and single-cell RNA-sequencing (SCRNA-seq).
ELASTomics quantifies the surface tension by counting the DNA tagged dextran (DTD) imported to cells
through an electro-permeabilized plasma membrane via nanoelectroporation. As a proof of the concept,
we experimentally demonstrated that the imported amount of DTD increases with the surface tension of
cells using cells treated by cytochalasin D. We further applied ELASTomics to cancer cells with various
malignancy and cells with senescence signature and discovered key genes that regulate the surface tension.
Future plan, We envision that ELASTomics is applicable to various cell types and will demonstrate the
utility in various biological context.

(B) Spectrally coded hydrogel beads with barcoded DNA primers that integrates optical and genetic
analysis

To integrate single-cell behavior measured by optical imaging with the gene expression analysis, we have
developed spectrally coded hydrogel beads, of which surfaces are modified with single stranded DNA
containing DNA barcode and poly(T) sequences for capturing mRNA. Our strategy leverages combination of
codes created by cell-hydrogel bead pairs to increase the number of identifiable single cells than that of the
spectral code of hydrogel beads. To this end, we stained and transfected the cells with barcode DNAs and made
thousands of pairs of a single cell and a single hydrogel bead in microwells. We lyse the cells in the microwells
to capture mRNA of single cells on the hydrogel beads. We decoded the combination of codes using the optical
imaging data and next generation sequencing data.

Future plan, We will demonstrate the utility of our strategy by applying it to drug screening applications.

(C) Integrated microfluidic system for electrophoretic cytometry

To profile cytoplasmic component in single cells by electrophoretic analysis, we have developed an integrated
microfluidic system. Unlike our previous system, the microfluidic system has 48 parallel channels for
electrophoretic analysis of single cells. To monitor the electrophoretic migration of cytoplasmic molecules and
organelles extracted from individual cells, we scanned and imaged the entire microfluidic system by moving
the microfluidic chip on a microscope equipped with a motorized XY stage and SCMOS camera (Orca Flash
2.8, Hamamatsu Photonics). We developed an in-house program that stitches images (815 um x 815 pum each)
and outputs the entire electropherograms of 48 channels.

Future plan, We will integrate the spectrally coded hydrogel beads and the integrated microfluidic system
and demonstrate multi-modal analysis integrating optical imaging, electrophoresis, and sSCRNA-seq.
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