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Abstract of Thesis

Recently, increased demands for analytical capability in the field of biological sciences have promoted the
development of micro/nanofluidic platforms for biomolecular sensing. One of the most highly debated topics
concerning micro/nanofluidics is the nanopore sequencing, which is an emerging nonoptical technology for
high-throughput single-molecule detection. At the same time, various issues remain to be resolved to make
nanopore sequencers practical, including control of DNA transport speed, manipulation of DNA conformation,
suppressing stochastic nucleobase motion and so on. The understanding of DNA transport phenomena in
nanofluidics is crucially important to address these long-time-remaining challenges. However, the experimental
observation and measurement restrictions in the nanopores and nanochannels make the throughout
comprehension of DNA transport mechanism difficult. On the other hand, molecular dynamics simulations that
provide atomistic resolution analysis of polymer transport, are out of capability to reproduce the phenomena in
practical temporal and spatial scales. Therefore, this study aims to develop computational methods capable in
the larger scale to elucidate the DNA transport mechanism in macro/nanofluidic devices, which complement the
experimental studies for further advances in the emerging analytical platforms.

In this study, a Langevin dynamics (LD) simulation technique has been developed and applied to the
electrokinetic transport of double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) in the
micro/nanofluidic channels. First, the DNA fragment is represented by a coarse-grained bead-spring model. The
key parameters of the coarse-grained model, such as friction coefficient and bead charge, are evaluated from the
experimental measurements of diffusion coefficient and electrophoretic mobility of DNA, which are inevitable to
quantitatively reproduce the physical properties of DNA. Second, the complex electric field distribution inside
the fluidic channels, which dominantly affects the DNA transport process, is evaluated numerically solving the
Poisson equation by using the finite element methods. Third, the background electroosmotic flow (EOF)
generated due to the surface charges of channel walls is also theoretically considered by solving the
Navier-Stokes equations. Coupling these factors with the LD simulation, we carry out simulations for the DNA
transport phenomena in a cylindrical nanochannel and a nanopore in a millisecond and micrometer scales
comparable to the real system and as a result, we successfully depict essential points of DNA transport process
and characterize the fundamental physics in the coarse-grained molecular level.

Through the computational analysis, we have clarified the mechanism of dsDNA and ssDNA translocation in
the nanopores and nanochannels. It is found that the conformation of DNA polymer chains in the nanochannels
causes the translocation speed. Varying the cross-sectional area of the nanopores is effective to optimize the
translocation process. It is also concluded that the combination of EOF velocity gradients and electric fields due
to electrically polarized channel surfaces characterizes the molecular conformations, where the DNA is
stretched/compressed with negative/positive wall surface potentials in low-concentration solutions.

The simulation methods have been developed in this study can be further applied to optimize the design of
micro/nanofluidic systems concerning the biopolymer transport phenomena. Furthermore, the results of this
study have also proposed some subjects concerning the multiscale physics, such as molecular transport

phenomena in liquid flows, which have remained to be solved in the future works.
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Weixin Qian & AdE. AL TDRIINT, EERES FO—2>ThH D74 XV RKEE (DNA) OEMERE T TOX
AF IV RACHFEHL, MEBBZICE T 2BERARICOWTHGRM R B RZEZED TN D, — IS, ERES FIXE RS
FThY, BHENDIZNOLOEBEZMREN Ay —LOTF NV THBRTAZ LIRS Shb, T2 T, BHOINASY
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ORI HEVDRHEORFAEZ S ICT 22 OICITBETHRER EOMRRE L WA 5, RS, RimCiE, e
BT —0FOFHMIEHTLI2HOTHY, WMAETZOBE D RMHFA ORBIZHER L T\ 25, DNASY & IXRE R
ZTHBELLTET UL, KT TOEMEREEZH D 720, FARRBEIC I IEEARE. BB L OFE AR E
OBEXZIKBBIENHRIND Z EEMIEL, MEOET L E LTEOEEEZM ESE 0D, “EHLEABED
DNAICOWTIEZNE TICERMEENSZLSEESINTVDLZ 05, HEUELET VICOWTHERBRINZMRANEZ D
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OEHRREHHT 5V I a2 b—va VEINZHBI L2 83, ZOSBICBITA7L—27 21— 25,
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