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研究成果の概要（和文）：私たちはPhysical Review X、Small、ACS Nanoなど著名科学誌に27件の査読済論文を
発行しました。マイクロ流体プラットフォーム開発に使用する方法論はバイオテクノロジーアプリケーションを
使用し界面現象調査機器に応用されます。
まず瞬間的な流れと局所的温度制御のための統合マイクロ流体プラットフォームを開発し、部分的に混和する流
体の時間依存の動的界面張力を測定しました。 次に流れ構成（T型およびX型の接合部、波状壁のマイクロチャ
ネル、マイクロ流体シリンダー）で生成した渦形成と破壊ダイナミクスを小規模で調査し、単純及び複雑な流体
の微視的な流れの分岐と不安定性に焦点を当てました。

研究成果の概要（英文）：We have been highly productive and have published 27 peer reviewed papers, 
in quality journals such as Physical Review X, Small, ACS Nano, Biosensors and Bioelectronics, Soft 
Matter, Lab on a Chip, Physical Review Fluids, Physics of Fluids. The methodology used to develop 
the microfluidic platform is extended to several devices to probe interfacial phenomena, with 
biotechnology applications.
First, we developed an integrated microfluidic platform for instantaneous flow and localized 
temperature control to accurately measure time-dependent dynamic interfacial tension of partially 
miscible fluids, which is relevant to many technological processes. Second, we employ the similar 
platforms to examine the dynamics of the formation and breakdown of vortices generated in flow 
configurations (T- and X-shaped junctions, wavy-walled microchannels and microfluidic cylinders) at 
small length scales. We focused on the bifurcation and instability in microscopic flows of simple 
and complex fluids.

研究分野： Physics

キーワード： Microfluidics　Mixing　Swirling flows　Fluid dynamics　Bioassays

  ３版

令和

研究成果の学術的意義や社会的意義
Our research results have made a major leap to tackle challenges in measuring the transient 
interfacial tension for partially miscible systems with high temporal and spatial resolutions. The 
microfluidic platforms we developed have been applied to biotechnology applications.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属されます。



様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９（共通） 
１．研究開始当初の背景 
 
The dynamics of partially miscible liquid pairs has received little attention but are 
central to many physical and biological processes, ranging from micromixing to the 
dissolution of mucous in our intestinal tract. Although the dynamics of immiscible and 
miscible jets and drops bear some similarities, the very small and transient dynamic 
interfacial tensions give rise to distinct outcomes such as intricate droplet shapes 
and jets that resist break-up. The evolution of the interfacial tension is very 
difficult to measure experimentally, caused by their small values and rapidly 
diminishing as the two liquids ultimately mix. With a precise microfluidic platform to 
probe the interfacial properties and interfacial dynamics, we can study various 
physical and biological processes with high temporal and spatial resolutions. 
 
 
２．研究の目的 
 
First, to develop an integrated microfluidic platform for instantaneous flow and 
localized temperature control to accurately measure time- dependent dynamic interfacial 
tension of partially miscible fluids. which provides valuable tools for studying 
transient interfacial dynamics. Second, we employ the similar microfludic platforms to 
examine the dynamics of the formation and breakdown of streamwise vortices generated 
in common flow configurations (T- and X-shaped junctions, wavy-walled microchannels 
and microfluidic cylinders) at small length scales. 
 
 
３．研究の方法 
 
This project involves several components. We first employed a variety of 
microfabrication tools (i.e., lithography, soft lithography, and selective laser 
etching) to fabricate microdevices with localized microheaters in PDMS devices, and 3D 
glass devices. For the flow geometry, we used both flow focusing device (for emulsion 
droplet production), cross slot device (to manipulate droplets and control miscible or 
immiscible fluids mixing), T-shape device (to study vortex breakdown and vortex 
dynamics), wavey channel device (to study spanwise vorticity), and microfluidic 
cylinder device (to study fluid-structure interactions). We also used novel imaging 
techniques such as micro-PIV and flow induced birefringence to capture the flow dynamics, 
under both steady and un-steady conditions. Finally, we also investigated non-Newtonian 
fluids inside various microfluidic platforms we developed, with interesting 
applications related to drag reduction and biomimetic cilia motion. 
 
 
４．研究成果 
 
We have been highly productive during the project period. We have published 27 peer 
reviewed papers, in high quality journals such as Physical Review X, Small, ACS Nano, 
Biosensors and Bioelectronics, Soft Matter, Physical Review Fluids Physics of Fluids, 
Journal of non-Newtonian Fluid Mechanics, etc. The methodology used to develop the 
microfluidic platform can be extended to a variety of microfluidic devices to probe 
interfacial phenomena, with both industrial and biotechnology applications. Below I 
will highlight 2 unexpected findings.  
 
 
A. Intracellular Nanomaterial Delivery via Spiral Hydroporation 
 
GeoumYoung Kang, Daniel W. Carlson, Tae Ho Kang, Seungki Lee, Simon J. Haward, Inhee 
Choi, Amy Q. Shen, and Aram J. Chung, "Intracellular Nanomaterial Delivery via Spiral 
Hydroporation", ACS Nano, DOI: 10.1021/acsnano.9b07930 (2020). 
 
This work reports on the development of an intracellular nanomaterial delivery platform, 
based on unexpected cell-deformation phenomena via spiral vortex and vortex breakdown 
exerted in the cross- and T-junctions at moderate Reynolds numbers. These vortex-
induced cell deformation and sequential restoration processes open cell membranes 



transiently, allowing effective and robust intracellular delivery of nanomaterials in 
a single step without the aid of carriers or external apparatus. By using the platform 
described here (termed spiral hydroporator), we demonstrate the delivery of different 
nanomaterials, including gold nanoparticles (200 nm diameter), functional mesoporous 
silica nanoparticles (150 nm diameter), dextran (hydrodynamic diameters between 2–55 
nm), and mRNA, into different cell types. We demonstrate here that the system is highly 
efficient (up to 96.5%) with high throughput (up to 1 × 106 cells/min) and rapid 
delivery (∼1 min) while maintaining high levels of cell viability (up to 94%). 
 
 

 
 
Figure 1: Spiral hydroporation for intracellular nanomaterial delivery. (A) Schematic 
depicting spiral flow motion at a cross-junction channel. (B) (1) Illustration of 
spiral vortex-induced cell deformation and (2) high-speed microscope images showing 
rotational cell motions (scale bar: 10 μm). (C) CAD layout of the hydroporation 
microfluidic device, consisting of (1) a cross-junction and (2) two dividing T-junction 
channels. (D) Hydrodynamic cell deformation via (1) the spiral vortex at the cross-
junction and (2) cell-wall collision at the T-junction(s) (scale bars: 20 and 30 μm 
for (1) and (2), respectively). (E) Schematic illustrating nanomaterial delivery into 
cell cytosols. 
 
 

B. Purely elastic fluid-structure interactions in microfluidics 

 
Cameron C. Hopkins, Simon J. Haward, Amy Q. Shen, "Purely elastic fluid-structure 
interactions in microfluidics: implications for mucociliary flows", Small, 3, 1903872 
(2019) 
Fluid-structure interactions lie at the heart of the complex, and often highly 
coordinated, motions of actively driven micro-scale biological systems (e.g. 
translating cilia, flagella and motile cells). Due to the highly viscoelastic nature 
of most relevant biological fluids and the small length scales involved, the viscous 
and inertial forces in such flows are dominated by elasticity. However, elastic effects 
are often overlooked in studies seeking to address phenomena like the synchronization 
of beating cilia. In this study, unique microfluidic experiments are presented to 
demonstrate that inertia-free viscoelastic flows can lead to highly regular beating of 
an immersed (passive) flexible structure, herein named “purely-elastic” fluid-
structure interaction. It is also shown how two such flexible structures can achieve 
an extraordinary degree of synchronization, with a correlation coefficient approaching 
unity. The synchronization is a result of the generation of localized elastic stresses 
in the fluid that effectively link the two objects. These purely elastic interactions 
may be important to consider toward developing a complete understanding of the motions 
of microscale biological systems. 
 



 

Figure 2: Analysis of time-dependent motions of the two cylinders measured in the Double-
Cylinder (DC) flow channel at three representative values of the Weissenberg number. (a) 
– (c) time series of the X positions of the cylinders. (d) – (f) time series of the Y 
positions of the cylinders. (g) – (i) time-resolved correlation functions between the X 
positions of DC1 and DC2. (h) – (l) time-resolved correlation functions between the Y 
positions of DC1 and DC2. (m) – (n) full, post transient, experimental time duration 
correlation functions between the X and Y positions of DC1 and DC2. 
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