
テーマ 2 細胞モデルを用いた細胞機能の自在操作技術 

 

(1) 概要 

テーマ 2 では，物理・化学的な点から細胞機能に着目し，その自在操作

のための細胞モデルの構築と, それを用いた解析システムの構築を目的

として研究を行った。多様な内包物を有し，運動性をもち互いに集合する

細胞において，分子機能に影響する因子として，分子集団，集合体スケ

ールでの物理的効果が分子ダイナミクスに及ぼす影響が重要である。こ

の中で，細胞の運動性，集団形成，膜が関わる輸送現象，内包物のクラ

ウディング効果，を取り上げ，これらの機能を有するモデル系を構築し，そ

こでの分子ツールの物理化学的な挙動を解明することを目指し，さらに，

これらモデル細胞系を対象とした顕微レーザー分光系の構築を行い，機

能性分子の溶存状態や機能の解明を分光学的観点からも進めた。 

 

(2) 構成員 

テーマ責任者：塩井章久 

学内（同志社大学）研究員： 

理工学部：塩井章久，木村佳文，松本道明，八坂能郎（２０１７年まで），

遠藤太佳嗣（２０１７年から），山本大吾（２０１６年から），田原義朗（２０１９

年から） 

生命医科学部：吉川研一，剣持貴弘，貞包浩一朗  

学外研究員：柳澤実穂（東京大），熊崎茂一（京都大） 

 

  



(3) 成果報告 

 

「細胞モデルを用いた細胞機能の自在操作技術」をテ＾マとして，細胞や

そのモデル系が示す①自己運動性，非平衡パターン形成，②細胞集団

形成，③２分子膜環境での輸送現象，④分子クラウディング効果，⑤分子

ダイナミクスの研究に分類して研究を進めた。小テーマのそれぞれが，必

ずしも特定の研究者と対応しているわけではなく，各研究者が①～⑤の

複数に関与しているものも多い。 

 

テーマ２では，5 年間のプロジェクトにおいてこれまでに，計 14８報の査読

付き学術論文誌に論文が掲載されており，今後も順次論文投稿を継続す

る。下記に，①～⑤の主だった成果（学術論文２２編）についての概要を

示す。 

 

①について，塩井，山本らは，イオン感知性（文献１）や pH 感知性（文献

２）を備えた液滴，両親媒性分子集合体を作製し，また，単一パルスしか

示さないような時計反応からでも，物質移動過程とのシステム化によって

連続運動を生成するモデル系を作製した（文献３）。山本，塩井，吉川ら

は，酸素による酸化をエネルギー源として，生物と似た運動を示す粒子系

を見出した（文献４）。また，貞包，剣持，吉川らは，デザインしたミクロ流

路を用い、液体の相分離臨界点近傍の組成の溶液の一点にレーザーを

照射することにより、ミクロポンプができることを見出し、理論的にもメカニ

ズムを解明した（文献５）。山本，塩井，吉川らは，微小空間にかかる直流

電場という細胞類似の環境で働くモーター粒子を得ることに成功した（文



献 6）。 

 

②について，細胞モデル作製のため，吉川らは DNA など生体高分子を

取り込んだ細胞サイズの液滴の生成に成功した（文献７）。また，剣持，吉

川らは，病理組織切片を機械的に伸展することにより生じたひび割れの

パターンを解析することにより、癌の信頼性の高い診断が可能になること

を見出し，臨床応用に向けて研究を更に進めている（文献８）。 

 

③について，松本らは，分子がモデル細胞膜に与える影響を解明するた

め，大腸菌と似た組成のリン脂質からなるベシクルへのイオン液体の分配

を明らかにし，分配とイオン液体の毒性との関連を示した。さらに，イオン

液体と類似の両親媒性の水溶性薬剤分子のリン脂質ベシクルへの分配

機構を明らかにし，分配と分子の疎水性，モル液体体積や極性表面積と

の関連を示した。これらの基礎となるイオン液体への様々な物質の抽出

挙動に関する成果も得ている（文献９，１０）。田原らは，これらの成果が，

抗がん剤の水への溶解性向上によるがん細胞への抗がん剤送達方法に

つながることを見出している。 

 

②と④について，剣持，貞包，吉川らはレーザートラップの活用により，３

次元の細胞集団を形成できることを明らかにした（文献１１）。柳澤らは，リ

ポソームやミクロ液滴内部に，高分子溶液や高分子ゲルからなる細胞質

や細胞骨格のモデルを付与し，膜変形や構造形成を，その力学特性や

分子拡散と相関付けて解明した（文献１２）。 

 



⑤について，八坂，木村らは過渡回折格子レーザー分光法により，COが

非極性部位の構造を反映して運動することを明らかにし（文献１３），光受

容タンパク質の反応における場の効果を検討し，特異な環境に置かれた

生体分子のふるまいを明らかにした。木村，八坂らは，アルキル鎖長（疎

水性）の異なるイオン液体を合成し，それらの中でのCOやLi＋等の回転・

並進ダイナミクスを明らかにした（文献１４）。熊崎らは，細胞中の分子ダイ

ナミクスについて，蛍光寿命画像化顕微鏡、蛍光スペクトル画像化顕微

鏡、吸収スペクトル画像化顕微鏡を発展させ、シアノバクテリアへの応用

方法を確立し，976nm励起ラマン散乱スペクトル顕微鏡についても運用で

きるようにした（文献１５）。また，八坂，木村らは不均一環境における電荷

移動反応やプロトン移動反応などの素反応過程の速度定数と、環境を特

徴づけるパラメーターとの関連を明らかにした（文献１６）。さらに，遠藤，

木村らは、不均一環境のモデル場として、イオン液体そのものの構造・ダ

イナミクスを調べるとともに（文献１７）、CO 分子をプローブとして、局所的

な構造・ダイナミクスを、NMR 及び分子動力学計算から明らかにした。熊

崎らは，実際の細胞について，細胞内分子ダイナミクスを観測する 976nm

および 1064nm 励起ラマン散乱スペクトル顕微イメージング装置の開発・

改良を行い，。シアノバクテリア単一細胞の分化診断に成功し、ライン状

励起光による画像取得の高速化も達成した。（文献１８）。 

 

上記以外にも多数の学術論文が発表された。これらの研究成果の一部

として，自ら物質を捕獲し生成物を排出して動く分子集合体（文献１９），

自律的な動的集団パターンを示すフッ素油滴群（文献２０）を見出し，そ

れぞれ ChemistryWorld(RSC)ならびに Nature Publishing Groupの webサ



イトで紹介された。また，沸騰点近傍でも生命活動を維持している好熱菌

に関して、この菌に特異的なポリアミンが DNA の高次構造を安定化して

いることを一分子観察により明らかにし、ChemPhysChem誌の Best Paper

として Front Cover に採用された（文献２１）。高分子混雑環境下で、DNA

や Actin が自発的に細胞サイズ液滴に取り込まれ、細胞様の構造―例え

ば、細胞分裂期の構造―を自発的に作り出すことを見出し、 

ChemBioChem 誌に Very Important Paper として掲載されるなどしている

（文献２２）。 

 

本報告書の末尾に，上に示した研究概要に関する図と，下記リストに挙

げた主要論文を添付する。 

 

(4) 参考文献 

 

1. “Ionic Tuning of Droplet Motion on Water Surface” 

Yudai Mikuchi, Hirofumi Yamashita, Daigo Yamamoto, Erika Nawa-Okita, Akihisa Shioi, 

Frontiers in Chemistry, 7, 788 (2019). 

2. “A molecular assembly machine working under a quasi-steady state pH gradient”,  

Nawa-Okita, Erika; Nakao, Yuki; Yamamoto, Daigo; Shioi, Akihisa, The Bulletin of the Chemical 

Society of Japan, 93, 604-610 (2020) 

3. “Autonomous Movement System Induced by Synergy between pH Oscillation and a pH-

Responsive Oil Droplet” 

Yasunao Okamoto, Yoko Sasaki, Erika Nawa-Okita, Daigo Yamamoto, and Akihisa Shioi, 

Langmuir, 35, 14266−14271 (2019) 

4. “Micromotors working in water through artificial aerobic metabolism” 

D. Yamamoto, T. Takada, M. Tachibana, Y. Iijima, A. Shioi and K. Yoshikawa, Nanoscale, 7, 

13186-13190 (2015). 



5. "Optical Fluid Pump: Generation of Directional Flow via Microphase 

Segregation/Homogenization" 

H.Sakuta, S.Seo, Shuto .Kimura, M.Hörning, K.Sadakane, T.Kenmotsu, M.Tanaka, K.Yoshikawa, 

The Journal of Physical Chemistry Letters, 9, 5792-5796 (2018). 

6. “Helical micromotor operating under stationary DC electrostatic field” 

Daigo Yamamoto, Kento Kosugi, Kazuya Hiramatsu, Wenyu Zhang, Akihisa Shioi, Kaori 

Kamata, Tomokazu Iyoda, and Kenichi Yoshikawa, J. Chem. Phys., 150, 014901 (2019) 

7. "Aqueous/Aqueous Micro Phase Separation: Construction of an Artificial Model of Cellular 

Assembly" 

H.Sakuta, T.Fujimoto, Y.Yamana, Y.Hoda, K.Tsumoto, K.Yoshikawa, Frontiers in Chemistry, 7, 

1-7 (2019) 

8. "Cracking pattern of tissue slices induced by external extension provides useful diagnostic 

information" 

K. Danno, T. Nakamura, N. Okoso, N. Nakamura, K. Iguchi, Y. Iwadate, T. Kenmotsu, M. 

Ikegawa, S. Uemoto, K. Yoshikawa, Scientific Reports, 8, 12167-12173 (2018) 

9. “In situ extractive fermentation of lactic acid by Rhizopus oryzae in an air-lift bioreactor” 

M. Matsumoto, H. Furuta, Chem. Biochem. Eng. Q., 32, 275-280 (2018) 

10. “Durability of chitosan/cellulose hydrogel beads regenerated from ionic liquid in acidic and basic 

media and their metal adsorptive characteristics” 

M. Matsumoto, S. Ishikawa, T. Kamigaki, Prog. Chem. Appl. Chitin Deriv., 24, 145-150 (2019) 

11. "Manipulating Living Cells to Construct a 3D Single-Cell Assembly without an Artificial 

Scaffold"  

A.Yoshida, S.Tsuji, H.Taniguchi, T.Kenmotsu, K.Sadakane, K.Yoshikawa, Polymers, 9, (2017) 

12. “Sol-gel coexisting phase of polymer microgels triggers spontaneous buckling” 

K. Koyanagi, K. Kudo, M. Yanagisawa, Langmuir, 35, 2283-2288 (2019). 

13. “Polarity and Nonpolarity of Ionic Liquids Viewed from the Rotational Dynamics of Carbon 

Monoxide"  

Y. Yasaka, Y. Kimura, J. Phys. Chem. B, 119(50), 15493−15501 (2015). 

14. “Universality of Viscosity Dependence of Translational Diffusion Coefficients of Carbon 

Monoxide, Diphenylacetylene, and Diphenylcyclopropenone in Ionic Liquids under Various 

Conditions" 

Y. Kimura, Y. Kida, Y. Matsushita, Y. Yasaka, M. Ueno, K. Takahashi, J. Phys. Chem. B, 119, 

8096-8103 (2015). 

15. "Spectral microscopic imaging of heterocysts and vegetative cells in two filamentous 

cyanobacteria based on spontaneous Raman scattering and photoluminescence by 976 nm 

excitation." 



K. Tamamizu; S. Kumazaki. Biochimica et Biophysica Acta, Bioenergetics, 1860, 78 - 88 (2019). 

16. “Excited-State Proton Transfer of Cyanonaphthols in Protic Ionic Liquids: Appearance of a New 

Fluorescent Species” 

K. Fujii, Y. Yasaka, M. Ueno, Y. Koyanagi, S. Kasuga, Y. Matano, Y. Kimura, J. Phys. Chem. B, 

121, 6042–6049 (2017). 

17. “Structure-property Relationship for 1-Isopropyl-3-methylimidazolium and 1-tert-Butyl-3-

methylimidazolium-based Ionic Liquids: Thermal properties, density, viscosity, and quantum 

chemical calculations”  

T. Endo, K. Sakaguchi, K. Higashihara, Y. Kimura, J. Chem. Eng. Data, 64, 5857 (2019) 

18. "Characterization of thylakoid membrane in a heterocystous cyanobacterium and green alga with 

dual-detector fluorescence lifetime imaging microscopy with a systematic change of incident 

laser power" 

S. Nozue, A. Mukuno, Y. Tsuda, T. Shiina, M. Terazima, and S. Kumazaki, Biochimica et 

Biophysica Acta, Bioenergetics, 1857, 46–59 (2016). 

19. “A molecular assembly that crawls on a solid substrate with a metabolic-like process” 

M. Nakada, Y. Fujikami, M. Kawaguchi, D. Yamamoto, A. Shioi, Molecular Systems Design & 

Engineering, 1, 208 – 215 (2016). 

20. “The evolution of spatial ordering of oil drops fast spreading on water surface”,  

D. Yamamoto, C. Nakajima, A. Shioi, M. P. Krafft, K. Yoshikawa, Nature Communications, 6, 

7189, (2015). 

21."Branched-Chain Polyamine Found in Hyperthermophiles Induces Unique Temperature-

Dependent Structural Changes in Genome-Size DNA" 

T.Nishio, Y.Yoshikawa, W.Fukuda, N.Umezawa, T.Higuchi, S.Fujiwara, T.Imanaka 

K.Yoshikawa, ChemPhysChem, 19, 2299-2304 (2018) 

22. "Specific Spatial Localization of Actin and DNA in a Water/Water Microdroplet: Self-Emergence 

of a Cell-Like structure" 

N.Nakatani, H.Sakuta, M.Hayashi, S.Tanaka, K.Takiguchi, K. Tsumoto . K.Yoshikawa, 

ChemBioChem, 19, 1370-1374 (2018) 

 

 

 



2020/5/20

1

グループ２

細胞モデルを用いた細胞機能の自在操作技術

生命医科学部
吉川研一
剣持貴弘
貞包浩一朗

理工学部
木村佳文 塩井章久
松本道明 山本大吾
八坂能郎→遠藤太佳嗣
田原義朗

京都大学
熊﨑茂一

東京大学
柳澤 実穂



2020/5/20

2

細胞に加えてモデル細胞に着目
（多様な要因による現象の複雑化を回避）

・細胞的環境が現れる物理的機構
・それが分子機能へ及ぼす影響

・自己運動機能，分子クラウディング機能，膜輸送，分配・・
・レーザーによる操作
・特異な環境（細胞，細胞モデル）での分子ダイナミクス

目的
１．モデル細胞を構築して
細胞的環境が現れる物理的機構を研究

２．モデル細胞，細胞系での分子分光系を構築し
分子機能に及ぼす場の特徴を解明
⇒第１グループで開発した分子など
機能性分子に与える細胞的な場の影響を
物理的，物理化学的側面に注目して研究

“捕食”によってエネルギ－を得て，
“排泄”しながら運動する分子集合体

自己運動機能を示すモデル系（両親媒性分子集合体，触媒粒子）

水中の溶存酸素による
有機物の酸化で
運動する粒子集団

（講演２）

自発的集団運動を示す液滴

塩基性への変化
（アニオン性脂質）

酸性への変化
（カチオン性脂質）
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Tsumoto & Yoshikawa, MRS Adv., 2017.

λ DNA, GelGreen

F-actin, aligned 

40 mM KCl

F-actin and DNA

100 µm

Polarization
adhesion

approaching Contact transfer

separate

10 μm

Construction of Stable Cellular Assembly 
through Remote Control by Laser

Yoshida, et al., Polymers, 2017.

Self-Emergent Cell-Like Structure

細胞的構造が出現するモデル系 レーザー操作によるモデル多細胞
（講演４）

水・水相分離系における、細胞サイズのDextran液滴
内の上皮細胞分布の濃度依存性を明らかにした。

上皮細胞が液滴界面に局在

PEG10 %, Dextran 5 %

上皮細胞

20μm

PEG

Dextran

PEG5 %, Dextran5 % 

20μm

上皮細胞

PEG

Dextran

上皮細胞が液滴内部に局在

■これまでの研究成果（水・水相分離系） ■今後の研究計画

PEG 10 %, Dexrtan 5 %

PEG 5 %, Dexrtan 5 %

水・水相分離現象を利用し、上皮、間葉、実質系か
らなる、多様な細胞組織体を形成する。

特許申請中：「細胞の配置方法」、特願２０１７－２１９８５４

細胞の局在構造が現れるモデル系
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人工細胞膜への新規機能性物質の取り込み能，輸送性とその細胞への影響

ゼータイオン液体のリン脂質ベシクルへの取り込み挙動の系統的検討

[(Bu)4P] [BF4]

カチオンはベシクル
表面に留まる
アニオンは表面か
中に存在する

Clamp

Vesicle  suspension

IL solution

Dialysis membrane

蛍光測定 or ゼータ電位測定 logPM/B = log(Clip/C)

今後はこの手法をペプチドなどの生理活性物質へ分配機構の解明に応用したい

モデル細胞膜を用いた細胞毒性の研究

不均一場での化学反応と分子ダイナミクスの分光計測

蛍光顕微観測による不均一場での反応・ダイナミクスの評価

・特異な環境下におけるプロ
トン移動反応過程における新
規中間体の発見

・水和イオン液体中でのタンパ
ク質のゆらぎ観測

新規な反応中間体

PYPの光サイクル反応を過渡回折格子
法により測定
・バッファー溶液中だとpGで存在する末端の
α-helixがpBでほどける。
・50ｗｔ%のイオン液体溶液では、pB状態でも
ほどけていないことが明らかになった。

イオン液体はタンパクの構造揺らぎを抑制する可能性

蛍光相関分光や蛍光異方性緩和の測定
を通して不均一環境でのタンパク質分子
などの揺らぎを評価する
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NMRを用いたモデル細胞膜と溶質分子の
分子レベルでの観察

これまでの結果

今後の方針

C=O
Li+

[P4441][NTf2]
赤：極性部
緑：非極性部
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Cs[NTf2]

Squalane

Y. Yasaka and Y. Kimura, J. Phys. Chem. B 2015, 119, 15493-15501

ＣＯは非極性部位
に存在

●：イオン液体

1.1 nW明視野
像

蛍光強度像 蛍光寿命像

励起レーザーパワーに

依存した蛍光寿命の伸びが
見られる細胞には
光化学系IIが有る。

光化学系Iだけの細胞
（窒素固定細胞、矢頭）では
寿命変化がない

植物、藻類、シアノバクテリアの細胞における分子イメージングを発展させる基盤
として、自家蛍光の情報を細胞レベルで最大限引き出す方法論の開発

今後は、遺伝子発現プローブ、人工的染色なども利用して、細胞全体の生理活動と
光合成反応の関係性を画像化する。

Biochimica et Biophysica Acta (2016)
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・モデル系と細胞との化学的な距離（を近づけ， の意味を考察し）
細胞モデルとしての特徴を明らかとする

・ツインレーザー等を活用した細胞操作の効率化

・分光実験において検討した不均一場の対象範囲を広げ，モデル系を拡張

発展のために

・遺伝子発現や自発運動性をもった，より細胞的な液滴やリポソームなどを形成

・３次元組織体の生成手法を発展させミニ臓器の創製に挑戦

・細胞モデルの構造と力学特性との関係を検討し細胞の形や構造の生成原理を導く

・モデル細胞膜と物質との相互作用についての生理活性物質を用いた検討

・種々の低分子の運動ならびに生体分子の構造変化，プロトン移動や電荷移動などに
対する細胞モデルの場の効果を検討

・細胞に対する顕微分光イメージングの技法を発展させ，非蛍光性分子の分析、
動物細胞における様々な染色法等を検討

これからの方向

モデル系
（細胞的特徴）の
物理，物理化学

細胞，モデル細胞
環境での分子挙動

ケミカルツールの機能発現機構

分子設計を用いたモデル系のデザイン

G2

G1&G2

G2

波及効果，副次的効果

・化学環境に自律応答した動的性質を示す化学系が有する最小の構成要素を解明

・分子膜と生体関連物質との相互作用に関する，熱力学的，量子論的な包括的知見

・レーザートラップによる再生医療に活用可能なミニ臓器の生成

・細胞や細胞的環境でのタンパク質の揺らぎや素反応のダイナミクスを解明
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Ionic Tuning of Droplet Motion on
Water Surface
Yudai Mikuchi, Hirofumi Yamashita, Daigo Yamamoto, Erika Nawa-Okita and Akihisa Shioi*

Department of Chemical Engineering and Materials Science, Doshisha University, Kyoto, Japan

Herein, the oscillation of an oil droplet on the surface of water is studied. The droplet

contains an anionic surfactant that can react with the cations present in water. The

oscillation starts after a random motion, and the oscillation pattern apparently depends

on the cation species in the water phase. However, a common pattern is included. The

cation species only affects the amplitude and frequency and sometimes perturbs the

regular pattern owing to the instability at the oil/water interface. This common pattern is

explained by a simple model that incorporates the surfactant transport from the droplet

to the surrounding water surface. The dependency of the amplitude and frequency on

cation species is expressed quantitatively by a single parameter, the product of the

amplitude and square of frequency. This parameter depends on the cationic species and

can be understood in terms of the spreading coefficient. The simple model successfully

explains this dependency.

Keywords: droplet oscillation, oil/water interface, di(2ethylhexyl)phosphate, spatiotemporal pattern, ionic tuning

INTRODUCTION

A droplet on a liquid surface often shows various spatiotemporal pattern formations. Recently,
the number of studies focusing on droplet dynamics under a non-equilibrium state has increased,
where the non-equilibrium is caused by mass transport and/or chemical reactions (Ye et al.,
1994; Shioi et al., 2003; Sumino et al., 2005; Lagzi et al., 2010; Pimienta et al., 2011; Ban et al.,
2013; Hermans et al., 2013; Banno and Toyota, 2015; Seemann et al., 2016; Zwicker et al., 2016;
Seyboldt and Jülicher, 2018). This is one of the simplest pattern formations in non-equilibrium
open systems. The studies in this field may be associated with the physicochemical understanding
of the spatiotemporal patterns in living systems (Zwicker et al., 2016; Seyboldt and Jülicher, 2018)
and application of non-linear dynamics to chemical processes such as wetting (Wang et al., 2015;
Zhang et al., 2015), drying (Ok et al., 2016; Janssens et al., 2017), and active transport (Bottier
et al., 2009; Goto et al., 2015). Furthermore, these studies potentially lead to the design of abiotic
chemical where evaporation produces the non-equilibrium state (Stocker and Bush, 2003; Pimienta
et al., 2011; Antoine and Pimienta, 2013). However, the chemical control of such droplet dynamics
is an attractive topic because it can yield its chemo-responsive nature. Only a few studies have been
reported for the chemical control of droplet dynamics on a liquid surface (Lagzi et al., 2010; Ban
et al., 2013), and how the droplet dynamics under evaporation is affected by chemistry is not fully
elucidated. In general, the interplay between the mass transport and chemical reactions is a key
topic in the design of biomimetic systems. However, this is not fully studied for droplet dynamics
on a liquid surface despite it being the simplest system.

An oil/water interface containing bis(2-ethylhexyl) phosphate (DEHPA) shows chemo-sensitive
instability (Hosohama et al., 2011; Miyaoka et al., 2012). Some types of cations cause a spontaneous
convection by chemical reactions with DEHPA, whereas other types of cations do not. Even among
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the cations causing instability, the characteristics of the
convection depend on the cation species. When a float is placed
at an oil/water interface, its motion can be regulated by the
cation species in water (Yasui et al., 2015). Such an oil/water
system is very much suitable to study the chemical control of
droplet dynamics. In the present study, the dynamics of an oil
droplet containing DEHPA on a water dissolving electrolyte is
investigated: The oil droplet with DEHPA spontaneously moves
on the water surface. It shows a regular oscillation with some
types of cations, whereas it is perturbed or violated by other
types of cations. The frequencies and amplitudes of the regular
oscillations depend on the cation species. This dependency
can be explained by a simple model, in which the cation
effect is considered in terms of the effects on the surface and
interfacial tension.

MATERIALS AND METHODS

DEHPA (> 97%) was purchased from Sigma-Aldrich Co.
LLC. Silicone oil was purchased from Shin-Etsu Chemical Co.,
Ltd. Other chemicals were reagent grade and purchased from
Wako Pure Chemical Industries, Ltd. CaCl2·2H2O, FeCl2·4H2O,
FeCl3·6H2O, SrCl2·6H2O, MgCl2·6H2O, MnCl2·4H2O, and
CoCl2·6H2O were used as electrolytes. Decane was used
as the oil phase (Silicone oil was also used for a control
experiment). DEHPA and each electrolyte were dissolved in
the oil and water phases, respectively. The concentrations of
DEHPA and electrolyte were 100 and 10mM, respectively.
Subsequently, 10mL of water phase was poured into a petri-
dish of 48mm diameter, after which an oil droplet of 3
µL was placed on the water surface. The droplet motions
were monitored by a single-lens reflex camera (Canon EOS
Kiss X9) with 30 fps frame rate. Digital microscope VW-
6000 (Keyence corporation) with a frame rate ranging from
30 to 250 fps was also used when a higher time resolution
was required. The movie was analyzed by image analysis
software Ulead Video Studio (Corel Corporation) and TEMA
(Photron Limited).

We also measured the droplet diameter under equilibrium.
Then, 10mL of the water phase was poured in another petri-dish
of 48mm diameter. Just after an oil droplet of 3 µL was placed
on the water, this petri-dish was covered to avoid evaporation
to outside environment. The petri-dish fogged owing to the
evaporation of the oil in the petri-dish. Thus, we used the
shadow graph technique to measure the droplet diameter. The
diameter after 300 s was measured. The single-lens reflex camera
(Canon EOS Kiss X9) with 30 fps frame rate was also used for
this experiment.

The surface and interfacial tensions were also measured. In
these experiments, the oil and water phases, the volume of
which were 10mL, were equilibrated. After the equilibration, the
surface and interfacial tensions were measured by a pendant drop
technique with one attention (Biolin Scientific Holding AB). A
drop of a higher density fluid was formed in a lower density fluid.
Spreading coefficient S was calculated from these surface and
interfacial tensions.

The evaporation rate of oil was also measured from the weight
loss of the oil phase. Then, 5mL oil (decane or silicone oil) was
poured in a petri-dish of 48mm diameter. The petri-dish was set
on an electronic balance to measure its weight every 5min. We
also observed the convection pattern in the water phase on which
an oil droplet was placed. Separately, carbon powder (∼3mg) was
dispersed in 10mL of water phase as tracer particles. This water
phase was poured in a petri-dish of 48mm diameter. A core of
a mechanical pencil (Mitsubishi Pencil Co., Ltd. uni.3-202ND)
was inserted vertically across the water surface. An oil droplet of
3 µL was placed on the water surface around this inserted pillar.
The droplet migration was restricted so that a stable convection
pattern was observed. The motion of the tracers was monitored
by the single-lens reflex camera (Canon EOS Kiss X9) at a frame
rate of 30 fps. Particle image velocimetry analysis was performed
(LaVision, DaVis 8). All the experiments were performed at room
temperature (20–25◦C).

RESULTS

Figure 1 shows examples of droplets motions. Just after a
decane droplet is placed, a thin film begins to expand from
the droplet periphery. This is observed for the cations except
Fe3+. Smaller droplets are sometimes discharged from a part
of the film edge (Figure 1A). Then, the original droplet
moves toward the opposite direction of this discharge. This
motion is repeated, resulting in a random motion (Figure 1B)
and deformation (Figure 1A) of the droplet. When Fe2+ or
Ca2+ are dissolved in water, this random motion continues
until the droplet disappears by transformation into a film
and/or smaller droplets, evaporation, and dissolution. When
Mg2+, Sr2+, Mn2+, or Co2+ is dissolved, the random motion
gradually weakens. After it stops, the droplet starts to exhibit
an oscillatory shape change between expanded and contracted
shapes (Figure 1C). (See Supplementary Video 1 for all the
cations and Supplementary Video 2 for Mg2+ for the regular
oscillation regime.) When Fe3+ is dissolved in water, the oil
droplet only expands on water and disappears by transforming
into a film, evaporation, and dissolution.

The time course of the droplet diameter is shown in
Supplementary Figure 1, in which we see weak drifts and
discontinuous changes in the droplet diameter. These weak
drifts and discontinuous changes are subtracted in Figure 2

because they are caused by an error in the treatment of the
video files in the software. The diameters are measured along
the two orthogonal directions in the video frame. For Mg2+

(and Sr2+and Mn2+), one can see the time range within
which the droplet shape oscillates quite regularly (140 s−390 s
in Figure 2A). The oscillation amplitude changes over a long
time, during which the envelopes oscillate with a long period
(beat). Though a similar oscillation is observed for Co2+ (90
s−280 s in Figure 2B), the regularity of the pattern, as shown
in the inset, is slightly perturbed. Here, we refer it as a quasi-
regular oscillation. For Ca2+ (and Fe2+), the diameter changes
irregularly throughout the experiment (90 s−400 s in Figure 2C).
This irregular diameter change is similar to that reported by
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FIGURE 1 | Droplet motion and oscillation for Mg2+, (A) discharge of smaller

droplets after film expansion, (B) trajectory of the random motion for 140 s,

and (C) expanded and contracted states during the periodic regular oscillation.

Stocker and Bush (2003). A regular oscillation of a floating
droplet was also reported by Antoine and Pimienta (2013). The
droplet oscillations reported until now have been caused by the
evaporation of the oil (Stocker and Bush, 2003; Antoine and
Pimienta, 2013), and the patterns were dependent on the oil
species and evaporation rate. In the present system, the different
types of droplet dynamics are generated by an appropriate
selection of cations (The results for the cations that are not
presented in Figure 2 are shown in Supplementary Figure 2).

One period of the diameter change, i.e., the period between
two neighboring local minima, is scaled appropriately and
superposed in Figure 3A. For Mg2+, Sr2+, and Mn2+, a pulse
in the regular oscillation regime is selected. A pulse in the
quasi-regular regime is selected for Co2+. For Fe2+ and Ca2+,
a pulse is randomly selected from the fluctuation pattern. The
result shows that the diameter change has a common pattern
independent of the cation species. Figure 3B shows the scaling
for five periods. Figures 3A,B indicate that even irregular shape
changes in case of Ca2+ and Fe2+ exhibit a common pattern.
For these cations, fluctuations in the amplitude and periodicity
produce randomness. This common pattern is different from the
oscillation pattern reported by Antoine and Pimienta, which is
superposed in Figure 3A (Antoine and Pimienta, 2013).

The similarity in the droplet dynamics with film formation
and droplet discharge reported until now is discussed in terms
of hydrodynamics, in which the evaporation of oil plays a crucial
role (Karapetsas et al., 2011). Here, the surface flow to maintain
the film is associated with the droplet motions: The surface flow

FIGURE 2 | Change in the droplet diameter. The drift in the droplet size over a

long time is subtracted. Three types of dynamics are shown. (A) Mg2+ with a

regular oscillation, (B) Co2+ with a quasi-regular oscillation, and (C) Ca2+ with

an irregular fluctuation. The insets show the expanded versions of the marked

squares. The scale bar is 2mm in all the figures.

transports the surfactant molecules and modulates the interfacial
(surface) tension and contact angle of a sessile lens (Antoine
and Pimienta, 2013). In the present study, the measurement
of the weight loss of decane reveals that the evaporation
flux of decane is ∼1.74 × 10−6 g/mm2, resulting in 0.3%
weight loss in petri-dish during 1 h (Supplementary Figure 3).
This evaporation rate appears to be very much smaller than
for the dichloromethane droplet reported previously. Despite
its low volatile nature, the decane droplet can exhibit the
oscillatory shape change. To examine the effects of evaporation
further, silicone oil was used. We confirmed that silicone
oil does not evaporate during the experimental time range
(Supplementary Figure 3). For all the cations used in this
study, outstanding motion and shape change was not observed.
We also performed experiments with a decane droplet and
Mg2+ in a closed container. Even in these experiments, no
remarkable and sustainable shape change and motion were
observed. These results demonstrated that evaporation was
required for droplet motion, and a low evaporation rate was
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FIGURE 3 | Scaling of the oscillation pattern for (A) a single pulse and (B) five pulses. The oscillation is taken around 225 s (©, Mg2+), 485 s (1, Mn2+ ), 250 s (�,

Sr2+), 205 s (▽, Co2+), 214 s (♦, Ca2+), and 154 s (pentagon, Fe2+) in Figure 2 and Supplementary Figure 2. Dashed curve is reproduced from the literature

(Pimienta et al., 2011). Solid curve is calculated by a model (Figure 7A).

FIGURE 4 | Fourier analysis of the droplet oscillations. (A) Peak frequency (ωmax), (B) amplitude (Amax) at the peak frequency, and (C,D) double logarithmic plot of

ωmax and Amax. Fourier transformation is performed for 30 s after the time shown in absicissa of (A) and (B). The dotted line in (C,D) corresponds Amax ∞ ω−2
max. Keys

are the same as those of Figure 3.

sufficient to maintain the motion. The common pattern shown
in Figure 3A is obtained probably when the evaporation rate is
sufficiently low.

The oil/water interface with DEHPA and cations shows
instability (spontaneous interfacial flow) when Ca2+, Mn2+,
Fe2+, Fe3+, and Co2+ were dissolved in water (Miyaoka et al.,
2012; Yasui et al., 2015). Contrastingly, this instability is not
observed for Mg2+ and Sr2. This indicates that an oil droplet
without instability (Mg2+ and Sr2+) can show the regular

oscillations in the droplet shape. The common pattern in
Figure 3A is also observed with Co2+, Ca2+, and Fe2+. When the
spontaneous interfacial flow is generated, this common pattern is
probably perturbed. This may be responsible for the less-regular
pattern for Co2+, Ca2+, and Fe2+. The droplet with Mn2+ shows
a regular oscillation although it causes instability. The instability
is observed under restricted experimental conditions. Further
studies are necessary for the elucidation of the effects of instability
on droplet dynamics.
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FIGURE 5 | Convection caused by a sessile droplet during the regular

oscillation. (A) Vector map of the stream lines. (B) Convection velocity near the

droplet edge and corresponding oscillation in the droplet diameter. The vector

map is at t = 202 s, and the speed is the average during 0.5 s around each

data point. Cation is Mg2+.

The Fourier spectra of the oscillations were calculated
(see Supplementary Figure 4 for Fourier spectra). Figures 4A,B
show the peak frequency (ωmax) and its Fourier amplitude
(Amax). After an induction period, the droplet starts to oscillate.
The range of ωmax is not large enough. However, the peak
frequency appears to decay exponentially with time during the
oscillation, as shown in Figure 4A. Thus, we obtain

ωmax = ω0e
− t

τ (1)

Here, ω0 is the frequency extrapolated to t = 0 and τ denotes
the characteristic time for the frequency decay. The τ value
is insensitive to the cations species, whereas it affects ω0.
The amplitude increases to reach its maximum, as shown in
Figure 4B: At the beginning of the oscillation, an oscillation
with a high frequency and small amplitude governs the droplet
dynamics. Subsequently, the amplitude increases, whereas the
frequency decreases. This trend is observed irrespective of the
cation species. The relationship between ωmax and Amax is shown
in Figures 4C,D, which show that Amax is proportional to ω−n

max.
Exponent n is approximately equal to 2 for all the cations. This
result indicates

Amaxωmax
2 = p (2)

Constant p depends on the cation species.

When a droplet shows the regular oscillations, a
steady convection is observed in the water phase.
Supplementary Video 3, Figure 5A shows a vector map of
the stream lines drawn by particle image velocimetry (PIV)
analysis. The surface flow starts from the droplet edge and shows
a circular pattern. The time course of a tracer speed in the vicinity
of the droplet edge is shown in Figure 5B. A similar surface flow
has already been pointed out (Stocker and Bush, 2003; Antoine
and Pimienta, 2013), where an oil that spread over a surface
was evaporated, followed by an oil supply from the droplet. In
the present system, two types of explanations are possible for
the origin of the flow. One is that the flow compensates for the
oil evaporation from the film spread over the water surface.
The other is the Marangoni effect due to the gradient in the
adsorption density of DEHPA at the surface. The density may
be higher near the droplet edge than that far from the droplet as
the droplet contains a large amount of the surfactant, DEHPA.
The droplet oscillation is caused by the force balance at the
droplet edge, as discussed later. Therefore, the change in the
surface (interfacial) tension should be synchronized with the
droplet oscillation, as shown in the next calculation. In this case,
if the Marangoni effect is the main reason for the surface flow,
its velocity must be synchronized with the droplet oscillation.
Considering that the velocity appears to fluctuate randomly, the
surface flow is considered to be caused by the solvent evaporation
from the film spread on the water surface, though the surface
flow may be enhanced by the Marangoni effect.

MODEL FOR REGULAR OSCILLATION

Here, we focus on the regular oscillation of the droplet, typically
observed for Mg2+, Sr2+, and Mn2+. The scaling shown in
Figure 3 indicates that the oscillation in case of the Ca2+, Co2+,
and Fe2+ systems can be understood based on essentially the
same mechanism.

The surface flow, as shown in Figure 5, carries the DEHPA
molecules from the droplet to the water surface. Thus, the local
adsorption density of DEHPA on the water surface in the vicinity
of the droplet periphery, Γ (t), depends on time. This may be
expressed by

dΓ (t)

dt
=

j
(

v(t)− v0
)2

δ
−

v0 − v(t)

δ
Γ (t) (3)

Here, v0 and v(t) denote the velocity of the surface flow and
moving edge of the droplet, respectively (see Figure 6A.) We
assume a constant v0 because the time change in the surface
flow does not show a systematic change as shown in Figure 5B.
v(t) reflects the droplet oscillation. The second term in the right
hand side represents the flux of the DEHPA molecules from the
droplet edge to outward. Here, a one-dimensional surface flow is
considered as the simplest case. The flux of the molecules carried
by the one-dimensional flow with velocity v is expressed by
vΓ (x), where x denotes the one-dimensional coordinate. Then,
∂Γ (x)/∂t = –v∂Γ (x)/∂x. When the surface density is constant
at x>0 and zero at x<0, ∂Γ (x)/∂t at x∼0 may be approximated
as –v(Γ−0)/δ, where Γ is the uniform density at x>0. δ is the
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FIGURE 6 | Simplified model of a sessile lens with oscillation under the surface flow. (A) Definition of v(t) and v0. (B) Definition of θ and the forces. (C) Geometry of a

simplified sessile lens.

characteristic length of a range, which may be regarded as the
edge. Considering the droplet edge as x=0, the second term
can be derived, where the relative velocity of v0 against v(t)
determines this flux. On the other hand, the DEHPA molecules
are supplied from the droplet to the water surface near the edge.
The first term corresponds to this flux. We assume that the
molecules supplied from the droplet are spread over the water
surface with length δ. Then, ∂Γ (t)/∂t is given by flux/δ. When
the droplet edge moves with a faster or slower speed than that of
the surface flow, an agitation effect enhances this mass transport.
Thus, the larger the absolute value of v(t)–v0, the higher must be
the flux. The mass transport coefficient enhanced by convection
is usually expressed by the power of Reynolds number for the
convection (Bird et al., 2006). This Reynolds number should
be calculated with the relative velocity, v(t)–v0. Thus, we may
consider that the mass transport coefficient is proportional to
the power of the relative velocity. The exponent depends on the
actual situation, and it is not easy to evaluate it in the present
droplet oscillation. In the present case, however, the enhanced
effect should be symmetry with respect to v(t)–v0 = 0, because
the agitation effect is probably the same regardless of its sign.
The simplest expression satisfying this is that the mass transport
coefficient is proportional to (v(t)–v0)

2. The j in Equation 3 is
the proportional constant. The result of calculation is insensitive
to the exponent value, if the flux is an even function of v(t)–v0.
In Equation 3, the effect of diffusion on the DEHPA transport
is ignored.

The droplet oscillates with the contact angle change, the
schematic representation of which is shown in Figure 6B. Here,
angle θ(t) is defined. The geometry is simplified such that the
angles to the air side and water side are the same. When a droplet
oscillates with angle θ(t), force (F(t)) that pulls the droplet edge
outward is given by

F (t) = γaw (t) − (γao + γow (t)) cos θ (t) (4)

Here, γij(t) denotes the interfacial tension, which is shown in
Figure 6B.

The equation of motion may be expressed by

d2r(t)

dt2
= F(t)− µ

(

v(t)− v0
)

(5)

Here, we calculate the one-dimensional motion of a unit mass
at the edge. The last term represents the viscous drag. r(t)
is defined in Figure 6C. In the present experiments, Reynolds
number of a droplet oscillation is approximately 100-101 in the
order of magnitude (The density/viscosity is ∼105 s/m2 in air
and 106 s/m2 in water). The diameter of a droplet and velocity
of droplet edge are ∼5mm and 5 mm/s.) Thus, the inertia term
(the left hand side of Equation 5) cannot be neglected. The
inertia plays an important role in for droplet oscillation in the
present model, which is different from the model for contact line
oscillation in camphor disk (Kitahata et al., 2008). The external
force (F(t)) and dissipation term (the second term of the right
hand side of Equation 5) are necessary for the oscillation caused
by inertia effect.

For further calculation, one-dimensional coordinate xmust be
related to angle θ(t). Here, we consider a simple geometry, which
is shown in Figure 6C (rhombus of revolution). This is only for
simplicity. Assuming the conservation of the droplet volume, L3

= r(t)2h(t) is a constant. Noting that v (t) = dr(t)
dt

, one obtains

1

cos θ(t)
=

√

1+

(

L

r(t)

)6

(6)

Equations 4, 5, and 6 yield

d2r(t)

dt2
= γaw (t) −

γao (t) + γow (t)
√

1+
(

L
r(t)

)6
− µ

(

dr(t)

dt
− v0

)

(7)
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FIGURE 7 | Calculation results. (A,B) Oscillation of droplet radius x. (A) All the

parameters are constant. (B) The oil/water interfacial tension decays with time

following Equation 9. (C) Fourier analysis of the result in (B). This is performed

similar to that for the experimental results. Fourier transformation is calculated

every 30 units of the abscissa. Dashed line represents Equation 2. Paramers

used for (A) are a =1, j =1, δ = 1, v0 = 2, Γ (0) = 0, L = 1, µ = 0.001, γ aw,0 =

40, γ ao = 23.5, and γ ow,0 = 21. The initial value of x is 3. For calculation of (B),

γ ow,eq = 18 and k = 0.0045. Other parameters are identical to those for (A).

We assume a linear dependency of γaw(t) on Γ (t):

γaw (t) = γaw,0 − aΓ (t) (8)

where γaw,0 denotes the air/water surface tension without
DEHPA. r(t) can be calculated from Equations 3, 7, and 8 with
an appropriate initial condition.

Figure 7A shows the r(t) calculated with Equations 3, 7,
and 8, assuming that all the parameters are independent of
time. The parameters for the surface and interfacial tension are
adjustable, though they are determined such that their ratios
become approximately equal to those in the experiments. The
pattern is similar to the experimental results shown in Figure 3,
in which the result of the calculation is also shown. In the
experiments, the frequency and amplitude of the oscillations vary
as shown in Figure 4. This may be reproduced by considering
the time dependency of the parameters. The oil/water interface is
free from the surfactant immediately after the droplet is placed on
the surface. However, the DEHPA molecules are adsorbed at the
interface, and hence, γ ow(t) must decrease in time to approach

FIGURE 8 | (A,B) p value Amaxxω
2
max is shown as a function of the droplet

diameter. Both calculations (A) and experiments (B) are shown. (C)

Dependency of the p value on extension coefficient S (experimental result).

Keys for calculation (A) are obtained with variation in γ aw,0 shown in the figure.

The keys for experiments (B,C) are identical to those for Figure 3.

equilibrium value γ ow,eq. This effect may simply be expressed by

γow (t) = γow,eq +
(

γow,0 − γow,eq
)

× exp(−kt) (9)

Here, γ ow,0 and k denote the interfacial tension immediately after
the droplet is placed and the rate constant, respectively. Note
that the dependency of γ aw on the DEHPA adsorption density
is already considered with Equation 8, and γ ao is practically
independent of the DEHPA concentration. The exponential
form of the dynamic interfacial tension has been reported
in many systems (Dukhin et al., 1995). In present system,
adsorbed DEHPA molecules react with cations. The products
tend to aggregates at the interface. This aggregation retards the
desorption. The degree of aggregation depends on cation species
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(Hosohama et al., 2011; Miyaoka et al., 2012). As a result of
these, the interfacial tension shows the very slow dynamics (Shioi
et al., 2000), which agrees with Equation 9. The result is shown in
Figure 7B. The amplitude increases with time, and the frequency
decreases. Fourier transformation is calculated every 30 units
of the abscissa, and ωmax and f (ωmax) are plotted in Figure 7C

using Equation 2.
The Fourier transformation of the oscillation in the

experiments approximately follows Equation 2. Though the
range ωmax is narrow, this range is almost the same as that of
experimental result of one type of cation shown in Figures 4C,D.
The effects of the cation species on the droplet oscillation is
expressed as a value of p using Equation 2. The cations affect
the surface and interfacial tension. They must affect the droplet
diameter after the oscillation has stopped. Equations 3, 7, 8, and
9 are calculated with γ aw,0 (Equation 8) ranging from 38 to 42.
The droplet diameter after sufficient time steps is shown as a
function of the p value in Figure 8A. In the experiments, the
droplet diameter (deq) is measured after the droplet is dropped
on the water phase in a closed container. At 300 s after the
dropping, the diameter is measured. It is shown as a function of
the p value in Figure 8B. The droplet diameter and p values are
dimensionless in the calculation. Thus, a double logarithmic plot
is used for the comparison between calculation and experiment.
In both the cases, the p value decreases with an increase in the
droplet diameter. The present model well-captures the oscillation
dynamics that are observed in the experiments depending on the
cation species.

Spreading coefficient S(= γaw,eq-γao,eq-γow,eq) is a typical
parameter that is associated with the droplet diameter. The S
value is measured from the interfacial and surface tension under
equilibrium of the oil and water phases. The p value obtained
by the experiments is shown with S in Figure 8C. The p value is
well-correlated with S. The cation species changes the spreading
coefficient, which determines the characteristics in the droplet
oscillation. When comparing the calculation and experiment,
the droplet diameter may be used as a common parameter that
may be related to the spreading coefficient: An estimation of
the S value in calculation is not easy because the oscillation
can be maintained only under a non-equilibrium state. Thus,
the parameter values of the surface and interfacial tensions
[γaw,o, γow,eq, and γao (time-independent)] do not correspond
to the equilibrium surface and interfacial tensions observed in
the experiment.

For Ca2+, Fe2+, and Co2+, the randomness is contained in
the common pattern shown in Figure 3. In these cases, the
spontaneous interfacial flow is generated at the oil/water interface
(Hosohama et al., 2011). Therefore, the random fluctuation in
γ aw(t) and γ ow(t) should be considered. The less-regular pattern
for these cations can be explained on the basis of the present
model containing the randomness.

When a flat oil/water interface is formed with DEHPA and
Fe3+, a spontaneous interfacial flow appears intermittently. Once
it is generated, it propagates over a long distance (Yasui et al.,
2015). This dynamics may enhance the wetting caused by the
positive spreading coefficient. Subsequently, the oil droplet is
rapidly transformed into a thin film and disappears.

CONCLUSION

The tuning of a droplet motion on a water surface by cations is
studied. After a random motion, the droplet shows an oscillation
between an expanded and a contracted state. This oscillation is
driven by the evaporation of the droplet. A common pattern
is shown in the oscillation. For a type of cation that does not
cause instability, this common pattern is clearly observed. The
frequency and amplitude in the common pattern depend on
the cation species. This dependency is explained by the effect
of the cation on the spreading coefficient and droplet size at
equilibrium. The oscillation pattern and cation dependency are
well-captured by a simple model. This study may be a basis for
the chemical control of droplet dynamics on a liquid surface.
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Abstract 
Biological functions are maintained by various types of 

molecular motors driven at several pico-Newton, where the 

driving force is obtained from a chemical potential difference 

within the microscale. Here, we show in detail artificial vesicles 

that generate mechanical work from a local pH gradient. This 

study demonstrates that they can be regarded as a molecular 

assembly machine. We have previously reported that the vesicles 

are composed of oleate and oleic acid and exhibit rhythmic shape 

changes. This cyclic motion involves both rotation of the entire 

vesicle and its inside-out inversion, which constitute relaxation 

and excitation processes, respectively, that sustain the cycle. 

These motions were observed under a quasi-steady state pH 

gradient, and the driving force of rotation was determined to be 

of the order of 10–2–10–1 pN, which is consistent with the 

membrane elasticity driving the deformation (vesicle inversion). 
 
 
Keywords: Vesicle, pH gradient, rhythmic motion 
 
 

1. Introduction 
Biological systems are capable of generating mechanical 

work from chemical potential differences at the microscale. This 

chemical potential difference is induced by active transport 

involving chemical reactions. For instance, ATPase is a 

molecular machine that rotates1, 2 under a pH gradient across the 

inner mitochondrial membrane to synthesize adenosine 

triphosphate (ATP) from adenosine diphosphate (ADP). In 

contrast, ATPase operates as a proton pump driven by the 

hydrolysis of ATP in the absence of a pH gradient. Both energy 

transformations, from a chemical potential to mechanical work 

and active transport, are required to maintain the living system3. 

The design of abiotic chemical systems with similar 

characteristics remains a great challenge. Such studies may 

prove to useful in the development of the simplest biomimetic 

chemical systems that mimic energy transformations and active 

transport in the micro space. They may also lead to the 

development of chemical technology for smart actuators and 

mass transport for application in microfluidic networks and 

Micro-Total Analysis Systems. 
Recently, the autonomous motion of a solid particle and a 

liquid drop driven by chemical reactions has been studied in 

detail4–18. In most of these studies, Marangoni convection 

induces the motion9–18. On the other hand, the autonomous 

motion of amphiphilic molecular assemblies such as vesicles 

remains less studied. Vesicles are composed of amphiphilic 

molecules, and their structure is similar to that of biological cells. 

Until now, several research groups have reported vesicles that 

exhibit periodic structural change between opening and closing 

pore in the membrane19–23 caused by physical and/or chemical 

stimuli. These motions appear accompanied by a vesicle size 

reduction19–22. These results suggest that such vesicle motions 

are relaxation due to dissolution of the membrane ingredient. As 

another example, a vesicle that imitates translation by actin 

polymerization has been reported, constituting a model of 

Listeria monocytogenes motion24–30. In this case, the vesicle 

exhibits self-motion without size reduction. In a further example, 

the migration of phospholipid vesicles toward a higher-pH 

region has been reported31, where the vesicle size was not 

reduced, as could be deduced from the results in the paper. 
We have previously reported rhythmic changes in the shape 

of vesicles under a pH gradient32. The vesicles were composed 

of oleate and oleic acid (acid/soap) with a similar structure to 

that of stomatocytes at pH 8–933. The shape changes comprised 

both rotation of the entire vesicle and inversion, in which the 

vesicle structure was turned inside out. Such vesicle motion must 

involve both excitation and relaxation processes, since just a 

relaxation process would not be able to maintain periodic 

changes. Therefore, this system seems rather similar to 

molecular motor motion involving excitation (proton pump) and 

relaxation (ATP synthesis) events. From this point of view, such 

periodic shape changes warrant their further study. 
In our previous work, vesicle motion was observed under 



 

 

an unsteady pH gradient generated by diffusion of a base 

solution. This study clearly showed that oleate/oleic acid 

vesicles exhibit various motions under a pH gradient31, 32. 

However, quantitative aspects such as the driving force strength 

were unclear. In this paper, we observed periodic shape changes 

under a quasi-steady state pH gradient, meaning that the pH 

gradient can be regarded as constant throughout the observation 

period. For this purpose, a device able to maintain a quasi-steady 

state pH gradient over a sufficient period of time was built. With 

this setup, the pH and pH gradient around a vesicle undergoing 

shape changes could be estimated. From the motion analysis of 

the vesicle, the driving force for vesicle motion was evaluated as 

a function of the pH and pH gradient. As a result, a quantitative 

discussion of the self-excitation and relaxation processes is 

provided. The present results demonstrate that this vesicle can 

be regarded as a molecular assembly machine working under a 

pH gradient. 
 

2. Experimental 
2.1. Chemicals 

Sodium oleate was purchased from Tokyo Chemical 

Industry Co., Ltd. (>97.0%). Bicine (>99.0%) and a NaOH 

aqueous solution (1 M) were purchased from Sigma-Aldrich Co. 

LLC. New Coccine (Wako, 1st grade) was purchased from Wako 

Pure Chemical Industries, Ltd. The bicine buffer was prepared 

as follows: bicine (570 mg) was dissolved in pure water (50 mL), 

and the pH of the resulting solution was adjusted to 8.4 with a 

NaOH solution. Sodium oleate (37.5 mg) was dissolved in bicine 

buffer (5 mL). Next, a sodium oleate solution (24.6 mM) was 

prepared and the pH of the resulting solution was 8.6. For 

visualization of the diffusion, New Coccine (red dye, 302 mg) 

was dissolved in the NaOH solution (10 mL). 
 
2.2. Formation of a quasi-steady state pH gradient in the 

vesicle solution 
Figure 1 shows the device employed for the experiments 

under a quasi-steady state pH gradient. A channel (length, 10 

mm; width, 6 mm; depth, 0.5 mm) with adits (length, 1 mm; 

width, 6 mm) at both ends was placed in the center of the device. 

Reservoirs (length, 40 mm; width, 40 mm; height, 20 mm) were 

placed at both sides of the channel, such that the liquids in the 

reservoirs would penetrate the channel.  
A sodium oleate solution (30 μL) was injected in the 

channel, and vesicles were formed by letting the sodium oleate 

solution set for 24 h. Then, bicine buffer (15 mL) was injected 

in each reservoir. Next, further bicine buffer (0.89 mL) was 

added to one of the reservoir, while the same volume of NaOH 

solution containing the red dye was added to the other reservoir 

(see Fig. S1). As a result, the pH of one of the reservoirs became 

12.4 (higher-pH solution), while the other was maintained at 8.4 

(lower-pH solution). The diffusion coefficient of New Coccine 

is considered to be smaller than that of NaOH. When the New 

Coccine color gradient reaches a steady state, the gradients of 

NaOH concentration and pH also reach such steady state. Just 

after NaOH was injected in the reservoir, convection was 

observed in the channel. This may shorten the time taken for the 

pH and New Coccine concentration gradients to reach the steady 

state. After the conditions in the channel presented a quasi-

steady state pH gradient, vesicle motion in the channel was 

observed with an optical microscope (IX73, Olympus 

Corporation). The pH distribution upon NaOH diffusion was 

evaluated from the gray scale image of the channel using 

calibration curves, as explained in the next section. 
 
2.3. Determination of the local pH 

The determination of the local pH around a vesicle 

exhibiting cyclic motion is necessary for a quantitative study 

such as this one. In this study, New Coccine and NaOH diffused 

at the same time. Thus, their scaled concentrations at a given 

position should be the same in the steady state when they are 

scaled between the maximum (higher-pH side) and minimum 

(lower-pH side) values. The New Coccine concentration can be 

estimated by the gray scale converted from the red-color and 

calibration curve (see SI 1 and Fig. S2). The gray scale was 

quantified using the image analysis software Image J. The scaled 

value of the New Coccine concentration was used to estimate the 

concentration of Na+ (see SI 1 and Fig. S2(a)). We had already 

measured the pH of the solution containing the same 

concentration of NaOH in the vesicle solution with bicine buffer. 

Using these results, the local pH was determined (see SI 1 and 

Fig. S2(b)). 
 
2.4. Deformation of the vesicle membrane by optical tweezer 

manipulation 
A sodium oleate solution (100 μL) containing small 

polyethylene beads (mean particle size = 10 μm) was injected in 

the channel of a μ-slide cell (μ-slide I for Live Analysis, 

NIPPON Genetics). Stomatocyte vesicles were formed with the 

beads after 24 h. The beads were then manipulated with an 

optical tweezer (MMS-1064-5000/1E/1S, SIGMA KOKI Co., 

LTD.). The laser wavelength and power were 1064 nm and 

approximately 1 W, respectively. The motion of the beads and 

deformation of the vesicle membrane were observed using an 

optical microscope (IX73, Olympus Corporation). 
 

3. Results and Discussion 
3.1. A vesicle with rhythmic shape changes under a quasi-

steady state pH gradient 
In this study, we were able to maintain the pH gradient 

almost constant throughout the observation period of vesicle 

motion, as discussed in the next section. This pH distribution is 

thus referred to as a quasi-steady state pH gradient. Under this 

condition, the vesicles composed of oleate and oleic acid exhibit 

rhythmic shape changes away from the substrate in the channel. 

The position of the vesicles was ascertained by microscope 

observation with vertical movement of the mechanical stage. 

Figure 2 shows one period of vesicle motion (see also SI Movie 

1). The location of observation is the same for the snapshots and 

movie. This vesicle motion is essentially the same as that under 

an unsteady-state pH gradient using a μ-slide cell (μ-slide I for 

Figure 1. Schematic representation of the device providing 

a quasi-steady state pH gradient: (a) bird’s-eye and (b) 

cross-sectional views. 



 

 

Live Analysis, NIPPON Genetics)32, where the local pH and its 

gradient varied with the time because the μ-slide cell has 5 cm 

channel. Therefore, in this channel, forming the quasi-steady 

state pH gradient by diffusion requires exceedingly long time. 

Under such unsteady conditions, it was unclear what strength of 

pH gradients caused the vesicle motion. Therefore, the 

mechanics of this vesicle motion could not be discussed in detail. 

However, the present setup allows the quantitative discussion of 

the effects of both the pH and pH gradient on the observed 

vesicle motion using calibration curves (see SI 1 and Fig. S2) 

because the quasi-steady state pH gradient can be formed by the 

present device which has short channel and reservoirs with 

enough volume compared with volume of the channel. 
The vesicle shape is not isotropic, and one can define the 

orientation of the vesicles based on their anisotropic shape, as 

indicated by the white arrows in Fig. 2. The shape changes are 

the same as those reported previously under unsteady diffusion 

conditions. The mechanisms and relationship with pH gradient 

have been reported about our previous study in detail32. However, 

the understanding of such shape changes is crucial in this work. 

The orientation of these vesicles is randomly distributed at 

homogeneous pH. A quasi-steady state pH gradient was 

generated after 1–2.5 h of NaOH diffusion. Then, the swollen 

part and small hole32 shown in Fig. 2 faces the higher-pH side 

via spontaneous rotation (0 s in Fig. 2). Here, we catch the 

orientation of swollen part from position of the small hole 

because the small hole exists at almost in the center of the 

swollen part. After this event, a small hole in the swollen part 

opens slowly until the vesicle shape is reversed via a flat state 

similar to that of a red blood cell (23 s in Fig. 2). Finally, it closes 

again, so that the orientation of the vesicle is opposite that of the 

initial state (28 s in Fig. 2). Then, the small hole indicated by the 

white arrow in Fig. 2 is formed again at the center of the swollen 

part. After this inversion motion, the swollen part faces the 

lower-pH side. The vesicle then begins to rotate so that it faces 

the higher-pH side again. Thus, the cyclic motion of the vesicle 

is constituted of inversion (0–28 s in Fig. 2) and rotation (38–74 

s in Fig. 2). The period of this rhythmic shape variation is 1–10 

min in the case of the vesicle in Fig. 2. This shape variation 

repeats itself for several times. In the longest case, the cyclic 

motion was maintained for over 50 min. Here, the pH gradient 

may be regarded as constant, at least throughout the observation 

period of vesicle motion (see SI 1 and Fig. S3). The 

determination of the local pH around the vesicle is explained in 

the Methods section (Determination of the local pH) and SI 1. In 

contrast, the cyclic motion under the unsteady state pH gradient 

continued for at most 10 min with a number of cycles of ~30. 

Therefore, each single period and the overall duration of vesicle 

motion are longer under the present quasi-steady state pH 

gradient than under the previously reported unsteady state pH 

gradient. 
Figure 3(a) and (b) shows the velocities of inversion and 

rotation during the cyclic motion. Vesicles with a number of 

repetitions of over seven times were chosen. The velocity of 

inversion was defined as the angle range shown in B and D (inset 

in Fig.3) divided by the time elapsed from B to D. The velocity 

of rotational motion was defined as the angular velocity from A' 

to E' (inset in Fig. 3(b)).  
The first plot (the most left-side plot) in Fig. 3(a) and (b) 

corresponds to the first cycle, meaning that no cyclic motion was 

observed before this point. The first cyclic motion started at 1–

2.5 h from the beginning of NaOH diffusion. Figure 3(a) and (b) 

suggests that the velocities of inversion and rotation do not 

change systematically with time. 
 
3.2. Driving forces for vesicle motion 

In our previous study, acid/soap vesicles with disk-like 

structure exhibited the extrusion and contraction of pseudopods, 

similar to those in amoeba motion34. Numerous pseudopods are 

typically extruded toward the higher-pH side. Thus, an attraction 

force toward the higher-pH side exists in acid/soap vesicles. The 

rotation may thus be discussed on the basis of this phoretic 

force32. Here, we assumed two types of phoretic forces, 𝑓s and 

𝑓b , operating on the swollen and bound parts of the vesicle, 

respectively. These are shown in Fig. 4(a). In this work, the 

center of gravity is located near the geometric center of the 

vesicle because its inner part is filled with an aqueous phase of 

uniform density. Thus, the geometric center is taken as the origin 

of the coordinate system shown in Fig. 4(a). Force 𝑓s pulls the 

vesicle membrane of the swollen part toward the higher-pH 

Figure 3. Time course of the transformation rate. (a) Time 

course of the velocity of inversion. The average inversion 

velocity was determined as π⁄2 (the angle between the two 

broken lines in B and D) divided by the time-lapse from B 

to D. (b) Angular velocity of rotation. The line connecting 

the small hole (center of the swollen part) and the center of 

the whole vesicle is drawn as a solid line in A'–E'. The angle 

variation from the line in A' was measured at each point (i.e., 

from B' to E'). The average angular velocity was determined 

from this angle divided by the duration of the rotation. The 

final angle (E') was chosen such that the angle is nearly or 

exactly equal to π. The experiments shown in (a) and (b) 

were performed for numerous vesicles under the same 

conditions. One cycle includes the transformations shown in 

(a) and (b). The abscissas in (a) and (b) denote the time at 

which the vesicle adopts the flat shape shown in Fig. 2(a), 

panel C. 

Figure 2. Rhythmic shape changes in a vesicle under a 

quasi-steady state pH gradient. NaOH diffuses from the left 

side in each image. The white arrow indicates a small hole 

in the swollen part and the orientation of the vesicle32. The 

scale bar is 20 μm. 



 

 

region. This corresponds to the above mentioned force toward 

the higher-pH side. On the other hand, a force 𝑓b should exist 

pulling the vesicle membrane of the bound part toward the 

lower-pH region, since the vesicle is able to rotate around its 

center without translation toward the higher-pH side in spite of 

not be touching with the substrate in the channel. 
Under a viscous liquid, the equation for rotational motion 

of a sphere with radius R is described by eq. (1). 

 
The right hand side of eq. (1) represents the viscous drag force 

caused by rotation of a sphere in a fluid35, where  𝜂  is the 

viscosity of the solution around the vesicle. The diameter (2R) 

of a typical vesicle is around 20 m, and the Reynolds number 

of its rotation is approximately 𝜌(𝜔𝑅) (2𝑅) 𝜂⁄ ≈ 10−6, that is, 

much smaller than unity. Parameters 𝜌 and 𝜂 are the density 

and viscosity of water at 25 °C, respectively, while 𝜔  is the 

angular velocity. Thus, the inertia term can be neglected. Here, 

we assume that these phoretic forces operate at the center of each 

section (swollen or bound), as shown in Fig. 4(a). Figure 4(b) 

shows the d𝜃 d𝑡⁄   values throughout the time course for the 

rotation angle 𝜃 from insets A' to E' in Fig. 3(b). The red curve 

in Fig. 4(b) represents d𝜃 d𝑡⁄ = 𝐴 sin 𝜃, which correlates well 

with the experimental angular velocity. This demonstrates that 

the vesicle rotation is well described by eq. (1) and that 𝐴 =
(𝑓s + 𝑓b) 8π𝜂𝑅2⁄ . Therefore, the sum of the absolute value of the 

two phoretic forces, 𝐹 = 𝑓s + 𝑓b, can be calculated. 
In most of our experiments, vesicles exhibited translation 

toward the higher-pH side in addition to rotation. This translation 

of vesicles and other aggregates composed of oleate and oleic 

acid was not observed in lower-pH side (see SI movie 2). The 

distance between these two observed positions is 4 mm at most. 

If such migration was caused by convection, the vesicles would 

migrate in both sides. Thus, the vesicle translation toward the 

higher-pH side can be concluded not to be caused by convection. 

Therefore, the translation at the higher pH side may be occurred 

by the phoretic forces under the pH gradients. Then, the 

translation of vesicles and other aggregates composed of oleate 

and oleic acid in the lower pH side might be able to observed 

with increasing the pH gradient after more time passes. This 

translation can be explained by 𝑓s − 𝑓b ≠ 0 , which drives the 

vesicle. Assuming Stokes' law for a viscous drag force, the net 

force for translation 𝐹′ is given by eq. (2): 

 

where 𝑣 is the average of the translation velocity that can be 

evaluated from the experimental results. Thus, both 𝐹 and 𝐹′ 
can be determined experimentally. 

As such, 𝑓s  and 𝑓b  were determined from 𝐹 = 𝑓s + 𝑓b 

and 𝐹′ = 𝑓s − 𝑓b . For one vesicle, the 𝑓s  and 𝑓b  values for 

each period were calculated in this way. We defined 𝑓s̅ and 𝑓b̅ 

as the average of 𝑓s  and 𝑓b  for all cycles following eq. (1), 

respectively. Figure 5(a) shows the 𝑓s̅ and 𝑓b̅ values including 

the result of the vesicle motion shown in Fig. 2 as a function of 

the pH, while Figure 5(b) shows them as a function of the pH 

gradient. The pH values and pH gradients was determined by the 

calibration curves of Fig. S2 after terminated the cyclic motion 

with translation of the vesicles. These phoretic forces are almost 

𝑅𝑓s sin 𝜃 + 𝑅𝑓b sin 𝜃 = 8π𝜂𝑅3
ⅆ𝜃

ⅆ𝑡
     (1) 

𝐹′ = 6π𝜂𝑅𝑣     (2) 

Figure 4. Analysis of vesicle rotation. (a) The two types of 

phoretic forces on a vesicle. The left image indicates the 

swollen part, bound part, and direction of rotation of the 

vesicle. The two spheres with broken lines indicate the 

boundaries of the structure. The right image shows how the 

phoretic forces 𝑓s  and 𝑓b  operate. The definition of 𝜃  is 

also shown. (b) Typical experimental result for the angular 

velocity and correlation curve based on eq. (1). 

Figure 5. The phoretic forces evaluated for the vesicle 

rotation and translation are shown as a function of the pH 

and its gradient: (a) 𝑓s̅  and 𝑓b̅  vs pH, and (b) 𝑓s̅  and 𝑓b̅ 

vs pH gradient. The values of the phoretic forces are a little 

scattered because the velocity of the vesicle rotational 

motion may be affected by surrounding obstacles such as 

other vesicles. The error bars indicate the uncertainty due to 

this effect. 



 

 

independent of the pH and pH gradient. In this system, it is hard 

to observe vesicle motions under an extremely small pH gradient 
because the vesicles are metastable object and collapse before 

the quasi-steady state pH gradients forms in our experience when 

the difference of the pH values between two reservoirs and 

diffusing power was slight. However, if the pH gradient is 0/mm, 

𝑓s̅  and 𝑓b̅  disappear because the vesicle does not show any 

systematic motion. In lower pH side, both 𝑓s and 𝑓b is close to 

zero since pH gradient may be exceedingly small. Therefore, 

both 𝐹 and 𝐹′ is close to zero, too. As the result, the rotation 

and translation of the vesicles could not be observed near the 

reservoir of lower pH side. Therefore, the vesicle shows 

rhythmic shape changes only when the pH gradient reaches a 

threshold value. The  𝑓s  and 𝑓b  likely originate from the 

different physicochemical properties of the vesicle membrane 

and its surrounding medium, since the properties of the inner 

aqueous solution are the same as those of the surrounding 

medium. Similar phoretic forces have already been proposed for 

the migration of phospholipid vesicles31, which moved toward 

the higher-pH region by a pulling force generated by micro-

injections of NaOH. This motion occurs due to dissolution of the 

oleic acid generated by hydrolysis of the phospholipid molecules 

in the vesicle membrane located at the higher-pH region. In our 

previous study on disk-shaped acid/soap vesicles, the formation 

of pseudopods in oleate/oleic acid vesicles toward a higher-pH 

region under a pulling force was reported34. The phoretic force 

𝑓s̅ was considered to be a thermodynamic force originating from 

simple neutralization of oleic acid with NaOH. On the other hand, 

𝑓b̅ would be the phoretic force attracting the bound part toward 

the lower-pH side. In actually, it is unclear why 𝑓s  balanced 

with 𝑓b when the translation was not observation in this paper 

since the origin of these forces have not been sufficiently 

understood. However, the attractive force toward the acid side is 

interesting from the application point of view, such as in drug 

delivery (e.g., the pH is lower at sites of inflammation). Further 

studies are required on the underlying mechanism of this force. 
In this study, the vesicles were found to rotate with 10–2–

10–1 pN order of driving force, while the deformation of 

phospholipid vesicles is driven by 5 pN31, 36–38. Moreover, the 

molecular motors in biological cells are driven at 1–10 pN39–43. 

The driving force for the present vesicles is thus quite small. It 

is surprising that a vesicle can exhibit stable motion under such 

weak forces. 
 
3.3. Estimation of membrane elasticity 

The vesicle rotation is driven by the phoretic forces caused 

by a pH gradient, whereby both 𝑓s  and 𝑓b  rotate the vesicle. 

Then, the potential energy of the vesicle against the pH gradient 

is lost since the point of action of each force moves toward the 

‘lower-potential’ side upon rotation. In other words, this rotation 

is a relaxation process against an external field (pH gradient). 

The vesicle must be excited to a higher potential energy state to 

maintain the cycle. The inversion event corresponds to this self-

excitation process against the external field. As the simplest 

assumption, we neglected the effect of migration and considered 

that the mechanical work performed by membrane elasticity 

during the inversion is partly compensated for the loss of 

potential energy. Thus, we may consider 

 

We may assume that the curvature of the bound part changes 

from 1 𝑅⁄   to 0  by membrane elasticity (spontaneous 

curvature at the flat state of vesicles). After this inversion, the 

vesicles are closed to form the small hole32. The left hand side of 

eq. (3) represents a change in the membrane elastic energy with 

elastic coefficient 𝜅. The 𝜅 of right hand side of eq. (3) was 

estimated to be less than 4–80 𝑘B𝑇 with R = 10 μm, F = 10–2–

10–1 pN and 𝑇 = 300 K. 
For a quantitative estimation of the membrane elasticity, 

we observed the deformation of the vesicle caused by a physical 

force. For this purpose, vesicles were prepared in the presence 

of polyethylene beads. Two beads were moved by means of an 

optical tweezer such that a stomatocyte vesicle was placed 

between two beads. Figure 6(a) shows the vesicle deformation 

by those two beads. One bead (bead A in Fig. 6(a)) was further 

manipulated by the optical tweezer. As a result, the vesicle was 

deformed from spherical to oblate shape (0–7 s in Fig. 6(a)). 

After the laser was turned off, the vesicle returned to the 

spherical shape owing to its membrane elasticity, displacing 

bead A (7–25 s in Fig. 6(a)). Since the vesicle maintained its 

volume and membrane area, the loss of membrane elastic energy 

from oblate to spherical shape was converted into mechanical 

work to push said bead A. Thus, we obtain eq. (4): 

 
where 𝐻s = 1 𝑅⁄   is the curvature of a spherical vesicle and 

𝐻b = (𝐻1 + 𝐻2) 2⁄  is the average curvature of the oblate shape 

vesicle. For evaluation of its mean curvature, the vesicle was 

regarded as a disk with 𝐻1 = 1 𝑟1⁄  and 𝐻2 = 1 𝑟2⁄ , as shown in 

Fig. 6(b). 𝐹𝜂 is approximately equal to the viscous drag force 

acting on bead A, which was evaluated from the translation 

velocity of bead A and Stokes' law. The 𝑥1  and 𝑥2  are the 

distances between the two beads for the initial and final shape, 

respectively. The evaluated 𝜅  was approximately 5–20 𝑘B𝑇 . 

This value does not contradict to the 𝜅 estimated from eq. (3). 

The elastic coefficient of bilayer membranes composed of 

phospholipids is approximately several tens 𝑘B𝑇44–46. Therefore, 

these 𝜅  of acid/soap membrane calculated by two methods 

were equivalent to or less than phospholipid membrane. A 

membrane composed of oleate and oleic acid should be much 

more flexible and thus be able to adopt various shapes47–49. This 

suggests that such a 𝜅 values for oleate vesicles is reasonable. 
The present cyclic motion shown in Fig. 2 is maintained by 

alternating inversion (excitation process) and rotation 

(relaxation process). The inversion is likely completed before the 

start of rotation because the vesicle closes rapidly at the final 

stage of inversion (23–28 s in Fig. 2). In addition, the inversion 

cannot start until the rotation is finished, because the opening of 

the small hole requires an induction period (0–13 s in Fig. 2) in 

order to progress sufficiently for the degree of ionization of oleic 

acid around the small hole by diffusion of OH−32. The cyclic 

motion becomes possible by the remarked difference in the 

characteristic time scales for such inversion and rotation. 
We have already reported that a vesicle can catch an object 

on the lower-pH side and carry it to the higher-pH side32. This 

𝜅(1 𝑅⁄ )2 × 4𝜋𝑅2  <  (𝑓s + 𝑓b) × 2𝑅     (3) 

−(𝜅𝐻s
2 − 𝜅𝐻b

2) × 4π𝑅2 = ∫ 𝐹𝜂

𝑥2

𝑥1

(𝑥)ⅆ𝑥     (4) 

Figure 6. Time course of the vesicle shape during the optical 

tweezer experiment: (a) deformation of a vesicle by optical 

tweezer manipulation and its recovery by membrane 

elasticity, and (b) enlarged view of the image in (a) at 7 s. 

The scale bar is 10 μm. 



 

 

result indicates that mechanical work can be generated from the 

cyclic motion. This suggests that we may apply 

  

Here, W denotes the mechanical work performed by vesicle 

rotation. In the thermal cycle, QH − QL = W, where QH and QL 

denote the heat obtained from a hot reservoir and released to a 

cold reservoir, respectively. Considering an analogy to a thermal 

cycle, the vesicle can obtain energy from the higher-pH side and 

lose it on the lower-pH side. 
 

4. Conclusion 
A cyclic motion of vesicles which were consisted of oleate 

and oleic acid were observed under a quasi-steady state pH 

gradient. The cyclic motion involves both rotation and inversion. 

The pH and pH gradient around a vesicle exhibiting cyclic 
motion were evaluated quantitatively. The driving force for 
rotation was evaluated to be the order of 10–2–10–1 pN. The 

rotation is a relaxation process that loses the potential energy 

against the pH gradient, and the inversion is an excitation 

process. This cyclic motion was realized when characteristic 

time scales of these two types of motions were remarkedly 

different. The present vesicles may be regarded as a molecular 

assembly machine that operates under a pH gradient. 
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ABSTRACT: A sustainable droplet motion that is driven by pH oscillation was obtained.
The pH oscillation is only of a single pulse in a batch reactor. However, it shows
continuous oscillation around the moving droplet, as the motion itself controls the
diffusion flux in an asymmetric manner. Various types of motions that are spontaneous in
nature may be obtained by a single-pulse oscillation coupled with mass transport.

■ INTRODUCTION

Periodic chemical reactions, such as adenosine triphosphate
(ATP) and tricarboxylic acid (TCA) cycles, occur in living
cells and play crucial roles in maintaining life activities.1,2

These periodic reactions must be maintained in an open
system with a reactant supply and waste discharge. In an
abiotic system, the Belousov−Zhabotinsky (BZ) reaction is a
typical chemical oscillation.3−6 The self-walking gel7−9 and
self-propelled oil droplet10,11 have been studied with the BZ
reaction. The reaction exhibits successive oscillations, even in a
batch reactor, and this characteristic enables sustainable self-
motions. In contrast, numerous abiotic chemical oscillations
can be maintained by a continuous stirred-tank reactor
(CSTR) or a semi-batch reactor with stirring. They exhibit
only a single pulse in a batch reactor. pH oscillation also
exhibits only a pulse in a batch reactor, and CSTR or semi-
batch reactor is required for successive oscillation.12−17 The
pH level drastically affects numerous chemical reactions in
aqueous media, and its oscillation may be quite useful for
actuator design.18−25 To the best of our knowledge, however,
successive pH oscillation in a batch reactor has not been
observed until now.26 In this study, a self-moving oil droplet is
designed with a single-pulse pH oscillation. Here, the mass
transport enhanced by the droplet motion makes it continuous.
Oleic acid is used as the pH-responsive oil droplet.27 The oil/
water interfacial tension strongly depends upon pH as well as
the surface tension of water-containing oleate. The pH
oscillation occurs just once in a batch reactor. However, the
self-motion induces local convection. This agitation affects the
mass-transfer rate of reactants. As a result, a semi-batch
reaction is realized only in the vicinity of the moving droplet.

■ METHYLENE GLYCOL SULFITE
GLUCONOLACTONE REACTION

We use the methylene glycol sulfite gluconolactone (MGSG)
reaction14 as the pH oscillation. The reaction solution contains
methylene glycol (or formaldehyde), sulfite buffer, and
gluconolactone. The chemical reactions corresponding to pH
increase and decrease, respectively, are as follows:

+ +

→ + +

− −

− −

2CH (OH) SO HSO

2CH (OH)SO H O OH
2 2 3

2
3

2 3 2 (1)

+ → +− +C H O H O C H O H6 10 6 2 6 11 7 (2)

The pH increases by eq 1 in an autocatalytic manner and
decreases by eq 2. The reaction rate is accelerated at the base
condition represented by eq 1. The range of pH oscillation is
approximately between 4.5 and 8.2 for the concentrations
shown in Table 1. The pulse period is approximately 50 s.
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Table 1. Chemical Compositions of Solutions

compound solution A solution B

Na2SO3 2.50 mM
NaHSO3 0.416 M
HCHO 1.00 M
C6H10O6 6.80 mM
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■ EXPERIMENTAL METHODS
Chemicals. Sodium sulfite (Na2SO3, ≥98.0%), D-(+)-gluconic acid

δ-lactone (C6H10O6, ≥99.0%), and formaldehyde (HCHO, 37 wt %)
were purchased from Sigma-Aldrich Co. LLC. Oleic acid (for
biochemistry), sodium bisulfite (NaHSO3, Wako 1st grade), and
agar powder (guaranteed reagent) were purchased from Wako Pure
Chemical Industries, Ltd.
An agar gel containing Na2SO3 was set at the center of a Petri dish,

as shown in Figure 1. The radius of the Petri dish is 9.1 cm, and the

volume of the gel is 25 mL. Solutions A and B in Table 1, each with a
volume of 25 mL, were poured into a circular ring around the gel.
Then, an oleic acid droplet of 200 μL was put on the surface of the
mixed solution. The oil droplet made contact with the gel. Both
solutions were stained by bromothymol blue (BTB) to observe their
pH change.

■ RESULTS AND DISCUSSION
After contact with the gel, the oleic droplet moved along the
gel, maintaining contact as shown in Figure 2a (see Video S1
of the Supporting Information). When the concentration of
Na2SO3 in the gel was 0.1 M, the droplet exhibited a circular
motion. The color of the water phase in the vicinity of the

droplet was blue, indicating that the local pH was above
approximately 8. Figure 2c shows the variation in the azimuth
of the center of the droplet (dotted lines) and the space−time
plot around the gel. The angle θ is defined in Figure 2a. The
space−time plot is a time series of circular photographs along
the gel, where the circular shape is reshaped on a straight line.
Figure 2c demonstrates that the solution color at a fixed
position changed periodically in the order of yellow → blue →
yellow and the droplet remained in the blue area. This
indicates that a successive pH oscillation was induced by the
droplet motion. The duration of the droplet motion exceeded
approximately 50 min. The tangential velocity of the droplet is
shown in Figure 3a. It gradually decreased over 15 min and
approached a constant value of approximately 10 cm/min.
When ultrapure water was poured around the gel, it became

blue with the droplet moving. The droplet exhibited a circular
motion on the ultrapure water, as shown in Figure 2b;
however, the duration was a maximum of 8 min, as shown in
Figure 3a. These results indicate that pH oscillation increases
the duration considerably. In this case, because pH oscillation
does not occur, it is increased by Na2SO3 diffusion from the
gel. pH may be decreased by the effect of the oleic acid droplet,
and hence, the pH after the droplet passing may be decreased a
little. Moreover, the pH increase as a result of Na2SO3
diffusion occurs gradually, and pH continues to increase for
a while during the experiment. As a result of this, the droplet
can move spontaneously for a while. However, this motion is
not fully sustainable, because the pH does not decrease
sufficiently. This decrease in pH oscillation is necessary for the
sustainable motion with a much longer time.
The moving direction was selected occasionally. Both

clockwise and anti-clockwise motions were observed.
For the pH oscillation system shown in Figure 3b, the color

around the gel before the droplet appears is uniformly blue. As
shown in Figure 3c, however, the color at the front of the
moving droplet (red square) stays blue, but the color at the
rear (black square) changes to yellow. The color change to
yellow may be caused by pH oscillation or a pH decrease

Figure 1. Experimental schematic.

Figure 2. Circular motion of the droplet (a and c) with and (b and d) without pH oscillation. The solution was blue at pH > 7.6 and yellow at pH
< 6.0. Broken lines, black arrows, and dots indicate oleic acid droplet peripheries, moving direction, and positions, respectively. (e) Space−time plot
at θ = 0 of panel c.
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caused by oleic acid that has passed. However, no color change
to yellow is shown in Figure 2b, and hence, this pH decrease is
caused by pH oscillation. When the pH oscillation is coupled
with the droplet motion, a pH difference between the front and
rear of the droplet is maintained to a larger extent, as shown in
Figures 2c and 3c. This is required for the sustainable droplet
motion with much greater durations.
The convection inside the droplet was observed using

carbon powder as tracer particles. The result is shown in Figure
4 (see Video S2 of the Supporting Information). Figure 4a

shows a photograph before contact between the oil droplets
and gel, where neither internal convection nor droplet motion
was observed. Figure 4b shows the droplet just after contact
with the gel, and Figure 4c shows the droplet during circular
motion. The vector maps of the internal convections just after
droplet and gel contact and that during motion are shown in
Figure 5 (see also Video S3 of the Supporting Information). As
shown in Figure 5a, the internal fluid flows toward the gel
along the center line of the droplet, whereas the backward
circular flows are observed along the periphery. The backward
flow along the periphery causes water flow in the same
direction, owing to the viscous drag. The droplet moves
toward the opposite direction of this water flow for momentum
conservation. Once this twin roll convection appears, the
droplet actively maintains contact with the gel. This contact is
referred to as active contact in this paper.
The symmetry of this twin roll may be perturbed by

occasional droplet deformation. Then, one roll becomes larger
than the other roll. This broken symmetry generates droplet
translation along the gel, because the larger roll paddles water
more strongly. The symmetric water flow along the droplet
periphery at the adhesion state (black arrows in Figure 5a)
cannot be maintained, and asymmetric water flow occurs, as
shown by the thick and thin black arrows in Figure 5b. This

asymmetry develops until the flow represented by the thick
arrow dominates the whole flow pattern, as discussed later. As
a result, the droplet starts to move. While the droplet moves in
one direction, internal convection only forms in one roll.
Figure 6 shows a schematic representation to discuss the
reasons for the formation of these convections. Because
diffusion of Na2SO3 from the gel initiates the pH increase
reaction of eq 1, a pH gradient forms along the droplet, as
shown in Figure 6a. The pH near the gel increases beyond that
far away from the gel. As the oil/water interfacial tension
increases with a decrease in pH, this pH gradient causes
Marangoni flow at the oil/water interface, as shown in Figure
6a2. Its direction is from the higher to lower pH sides. Then,
compensated flow develops for the conservation of the fluid
volume. The flow pattern seen in Figure 5 is formed by this
interfacial tension gradient. This interfacial flow drags the
water near the interface. This convection forms a symmetric
twin roll, as shown in Figure 6a1, and it causes contact
between the droplet and gel. However, this twin roll must not
have perfect symmetry for occasional fluctuations. For
example, the droplet cannot be a perfect circle, because
droplet motion distorts its shape, as illustrated in Figure 6b. In
this case, asymmetric convections develop. Then, the agitation
effect at point A is stronger than that at point B. As a result, the
diffusion flux of Na2SO3 at point A becomes larger than that at
point B. For this asymmetrical diffusion flux, the pH near point
A becomes higher than that at point B. Thus, the roll generated
near point A becomes larger and governs the convection

Figure 3. (a) Velocity of droplet motion. The running distance with/without pH oscillation is 594 and 103 cm, respectively. (b) Solution color
after pouring solution through which no droplets have passed. (c) Solution color when a droplet passed through with pH oscillation. The arrow in
panel c indicates the movement direction.

Figure 4. Internal convection of the droplet (a) before contact, (b) at
active contact, and (c) during translation along the gel. The arrow
indicates the moving direction.

Figure 5. Particle image velocimetry (PIV) analysis of internal
convection for (a) active contact and (b) translation. Red arrow, black
arrows, and arrows in the droplet indicate the moving direction of a
droplet, viscous flow, and internal convection, respectively. The color
bar indicates the speed of internal convections. The flow pattern is
emphasized by black dashed arrows.
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pattern. The internal convection formed at point A dominates
the whole convection pattern. This drives the droplet toward
the red arrow in Figure 6b. Simultaneously, the droplet
maintains contact with the gel for the water flow represented
by the blue arrow in Figure 6b. The pH gradient causing the
single roll inside the droplet is maintained, because the
asymmetric diffusion flux is sustained by the droplet motion
itself. A pH gradient is formed from the droplet front to rear by
its motion. If there is no pH oscillation, this gradient cannot be
maintained for longer durations (Figure 3a). The coupling
between internal convection and the pH gradient with pH
oscillation produces sustainable droplet motion.
A larger size (100−300 μL) generates higher velocity. This is

probably because a larger size is capable of maintaining a larger
difference in pH and interfacial tension.
We performed the experiment without formaldehyde, with

other conditions remaining unchanged. Then, the droplet
cannot maintain the contact to the gel. As mentioned, this
contact is caused by an active motion of the droplet to the base
side. This means that the autocatalytic increase in pH by
formaldehyde is required for the propulsion. In the result of
Figure 2, the experiment with ultrapure water (no
gluconolactone), the droplet made an active contact and
translation. The difference from the above-mentioned result is
the effect of gluconolactone. It suppresses the increase in pH.
The presence of gluconolactone makes the droplet motionless
without formaldehyde. In addition, we performed a batch
experiment, in which 0.1 M Na2SO3 solution was added little
by little to the mixture without formaldehyde. In the
experiment, pH simply increased after each addition. This
result indicates that formaldehyde is needed for the pH pulse
(oscillation). Therefore, formaldehyde is necessary for the
droplet propulsion. As another control experiment, we use the
silicon oil instead of oleic acid. Then, no motions, such as
active contact to the gel and translational motion, were
observed.
Three droplets were put on the surface to examine their

cooperative motion (see Video S4 of the Supporting
Information). As shown in Figure 7a, each mark (triangle,
circle, and plus sign) shows the name of each droplet, where
these droplets move in the same direction, indicated by the red
arrow. In this experiment, the velocity of the droplet (plus
sign) decreases occasionally at position P (1000 s). For this
slowdown, the droplet (triangle) catches up with the droplet
(plus sign) (1010 s). This corresponds to the flat sections,
indicated by P, in Figure 7b. Figure 7b shows the variation in
the azimuth of the center of the droplet and the space−time
plot around the gel. Then, the droplet (triangle) stops to
maintain its position (1025 s), while the droplet (plus sign)
accelerates to reach a constant velocity. Because the droplet
(triangle) does not move, the droplet (circle) reaches the

position of the droplet (triangle) (1045 s). Then, the droplet
(circle) stops to maintain its position, while the droplet
(triangle) starts to move again. In this way, a billiards-like
motion appears. This type of motion continues for
approximately 20 min.
In addition to the circular rotation and billiards-like motion,

the movement direction is reversed by a tip placed on the
circumference of the gel, as shown in Figure 8 (see Video S5 of

the Supporting Information). The tip is made from Na2SO3-
free agar gel. The droplet does not pass through this tip
position and shows back-and-forth motion along the circum-
ference. This peripheral back-and-forth motion can be
explained by internal and external convections, as discussed
for the circular motion. Figure 9 shows the vector map of
streamlines when the droplet changes its movement direction
at the tip. As shown in Figure 9a, the internal convection is
composed of a single roll until the droplet reaches the tip.
When the droplet reaches the tip, the convection changes the
pattern, as shown in Figure 9b. A new roll grows at the rear
side of the droplet until a twin-roll pattern develops. The new
roll replaces the original roll, and the direction of internal
convection is reversed, as shown in Figure 9c. Then, the
droplet moves in the opposite direction. The gel tip stops the
droplet. However, the internal convection and the enhanced
diffusion of Na2SO3 continue for a while. When the tip does

Figure 6. Mechanism of convection formed by diffusion of Na2SO3. (a1) Top view at active contact. Black arrows, black broken arrows, and white
arrows indicate interfacial flows, compensated flows, and viscous flows, respectively. (a2) Side view at active contact. Red arrows indicate oil−water
interfacial tensions. The longer arrow indicates stronger tension. (b) Top view during movement of the oil droplet. The red arrow indicates the
movement direction of the droplet. The blue arrow indicates stronger diffusion of Na2SO3 induced by bigger viscous flow.

Figure 7. Billiards-like motion of three droplets (each droplet is
shown as △, + , and ●): (a) snapshots of moving droplets and (b)
space−time plots of three droplets.

Figure 8. Back-and-forth motion of the droplet formed by a gel tip.
Red arrows indicate the movement direction of the droplet.
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not contain Na2SO3, the diffusion flux at the front (tip side)
decreases. Contrary to this, the diffusion at the rear side
proceeds. Then, the asymmetry of the pH distribution is
reversed. In the billiards-like motion, observation of the
internal convection was not easy. However, this can be
explained by the same mechanism, which is essentially based
on the convection pattern.

■ CONCLUSION
We achieved sustainable droplet motion driven by a pH
oscillation. The reaction shows a single pulse in a well-stirred
batch reactor; here, it is coupled with mass transport. The
droplet motion itself controls the diffusion flux in an
asymmetric manner to produce various types of motion. In
living systems, various types of chemical oscillations play
crucial roles in maintaining spontaneous motions; some of
them may be sustained by a single-pulse chemical oscillation
coupled with mass transport.
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Micromotors working in water through artificial
aerobic metabolism†
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Most catalytic micro/nanomotors that have been developed so far

use hydrogen peroxide as fuel, while some use hydrazine. These

fuels are difficult to apply because they can cause skin irritation,

and often form and store disruptive bubbles. In this paper, we

demonstrate a novel catalytic Pt micromotor that does not

produce bubbles, and is driven by the oxidation of stable, non-

toxic primary alcohols and aldehydes with dissolved oxygen. This

use of organic oxidation mirrors living systems, and lends this new

motor essentially the same characteristics, including decreased

motility in low oxygen environments and the direct isothermal

conversion of chemical energy into mechanical energy. Interest-

ingly, the motility direction is reversed by replacing the reducing

fuels with hydrogen peroxide. Therefore, these micromotors not

only provide a novel system in nanotechnology, but also help in

further revealing the underlining mechanisms of motility of living

organisms.

Introduction

The fabrication of minute, chemically propelled motors has
been a popular yet challenging topic since Ismagilov et al. first
demonstrated a centimeter-sized boat that travels on the
surface of water. This initial structure was powered by hydro-
gen peroxide decomposition catalyzed by its Pt-covered stern,1

a reaction that releases oxygen bubbles which serve to propel
it. A primary goal since then has been the scaling down of
these systems to the micrometer or even nanometer scale.2,3

The first type of catalytic motor relies on external reactants for
fuel,4 and while many such systems have been developed, they
generally use only hydrogen peroxide5–8 or hydrazine.9–11 Both
the chemicals are undesirable in that they are irritants, and
often form and store bubbles that can disrupt system oper-

ation. Likewise, the other type of catalytic motor, the self-
reacted variant, generates bubbles or solid residue, and again
often requires toxic materials.12–16 These limitations often
make these devices unusable, especially in biomedicine and
nanodevices.

Herein, we present a micromotor propelled by the oxidation
of specific organic compounds using dissolved oxygen, a pro-
pulsion process very similar to that of minute organisms.
While various types of micromotors have been proposed, we
use a simpler micromotor that is composed of hundreds to
thousands of primary Pt nanoparticles because the system is
easily reproducible in any laboratories. The actual shape and
structure of the Pt primary nanoparticles and their assemblies
are shown in Fig. 1 and their SEM images are in ref. 17. This
work relies on previous research that has demonstrated that
catalytic Pt micromotors powered by hydrogen peroxide show
different forms of propulsion (i.e., active Brownian motion,
translation, rotation, and spinning), depending on their
shape.17–19 Furthermore, we have clarified that the dynamical
mode can be predicted by quantitative analysis of the two-
dimensional shape; we adapt these previously attested shapes
to the tested reductant fuels.17

Results and discussion

Fig. 1A–D show the trajectory of these micromotors for various
primary alcohol solutions at a concentration of 1 vol%. As with
previous hydrogen peroxide systems, those motors exhibited
two-dimensional regulated motion on the bottom of the
employed containers, the type of which was dependent on
their morphology.17 In addition based on the careful obser-
vations, it has been shown that the primary factor in determin-
ing the moving speed is the asymmetric morphology and that
the change in the size of the Pt-particles exhibits minor
effects. Although quantitative comparison of the speed of
these motors was difficult due to a lack of one-to-one corres-
pondence between the shapes in the previous and current
experiments, the motors in the current experiment did seem

†Electronic supplementary information (ESI) available: Details of the experi-
mental procedure, supplementary note S1, supplementary Fig. S1 to S5, and sup-
plementary videos S1 to S4. See DOI: 10.1039/c5nr03300d
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to move somewhat more slowly. Overall, though, the speed
seems to be primarily dependent on the morphology and not
on the specific alcohol species (Video S1 and S2, ESI†). Acet-
aldehyde also gave regulated motion (Fig. 1E), though the
secondary alcohol 2-propanol showed activity only for concen-
trations above 10 vol% (Fig. 1F). Likewise, the tertiary alcohol
tert-butyl alcohol gave random, unregulated motion at any con-
centrations. We also confirmed that inert silica particles and
their assemblies show random Brownian motion in these solu-
tions, indicating that the observed activity is unique to the Pt
structures.

While the designed motor generates regular motion,
primary Pt nanoparticles simply seem to behave as “hot” col-
loids,20 with an effective temperature markedly higher than
the bare temperature (see Fig. S2, ESI†). In order to evaluate
whether non-equilibrium random motion affects this see-
mingly random displacement, we analyzed the scaling behav-
ior of deviation with respect to time by separating the
diffusion constant from the apparent value for the primary Pt
particles; in this case, Dapp = DB + ΔD, where DB and ΔD rep-
resent the ordinary Brownian diffusion constant and a con-
stant describing excess diffusion. Fig. 2A shows these
constants for various aqueous solutions of the employed fuels,
having obtained them by calculating the trajectory of more
than 10 particles according to the two-dimensional Einstein–
Smoluchowski equation (see Fig. S3, ESI†). The apparent
ethanol diffusion constant of 0.88 μm2 s−1 was smaller than
0.93 μm2 s−1 of hydrogen peroxide but larger than the ordinary
Brownian diffusion constant in pure water 0.68 μm2 s−1. Based

Fig. 1 Characteristic motions of Pt micromotors for various organic
fuels. Trajectory and snapshots of Pt motor motion in various 1 vol%
primary alcohols ((A) ethanol, (B) methanol, (C) 1-propanol, and (D)
ethylene glycol), (E) 1 vol% acetaldehyde, and (F) 10 vol% 2-propanol
aqueous solutions. The scale bar indicates a length of 20 μm.

Fig. 2 Apparent diffusion constants for primary Pt particles. (A) The
diffusion constants for various aqueous solutions of organic compounds
(1 vol%) and hydrogen peroxide (1 wt%). (B) Apparent diffusion constants
with respect to ethanol concentration for solutions with both saturated
and minimally concentrated dissolved oxygen contents. DBvalues with
respect to ethanol concentration were calculated from the formula
(μw/μmix) × Dw, where μ represents the viscosity of the medium. The
subscripts w and mix denote water and ethanol–water mixtures,
respectively.
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on the Einstein–Stokes relationship of D ∝ T−1, the reaction-
induced random motion corresponds to the kind of thermal
fluctuation that would occur at the effective temperature
around 400 K (see eqn S1–4, ESI†).20 Meanwhile, the non-
equilibrium diffusion is transformed into directed motion for
the Pt assembly; detailed discussion of the conversion efficiency
is described in Note S1, ESI.† Likewise, the other primary alco-
hols and acetaldehyde increased apparent diffusion, while tert-
butyl alcohol did not. Note that 2-propanol also increased
apparent diffusion, though to a lesser extent.

To determine the chemical reaction responsible for propul-
sion, we used an enzymatic spectrophotometric assay to
identify the reaction products for the ethanol and acetaldehyde
trials (Fig. S4†). During the experiment, the solutions were vigor-
ously stirred and were not permitted contact with the atmos-
phere, since oxygen can promote excess oxidation of the fuels.
Fig. 3 shows that ethanol and acetaldehyde were oxidized to acet-
aldehyde and acetic acid, respectively. The final product concen-
trations of about 0.6 mM were almost twice as large as the initial
concentration of dissolved oxygen. We additionally confirmed
that the concentration of the fuels stays at a fairly constant value
of about 2 × 102 mM throughout the course of the experiment,
and furthermore that no product forms when the Pt particles are
not present. This suggests the following reactions:

(i) in 1 vol% ethanol

CH3CH2OHþ 1
2
O2ðdissolvedÞ �!Pt CH3CHOþH2O

(ii) in 1 vol% acetaldehyde

CH3CHOþ 1
2
O2ðdissolvedÞ �!Pt CH3COOH

Additional oxidation hardly occurs because the initial con-
centration of the fuel is much larger than that of the dissolved
oxygen. Likewise, secondary alcohols likely oxidize to the
corresponding ketones; in this case, the decreased kinetics of
this reaction would seem to account for the decreased propul-
sion observed.

The ΔD values for the primary alcohols and acetaldehyde
are very close to each other, implying that the provided propul-
sion is not significantly dependent on the individual reaction
details, but rather on the commonality between all of them.
Therefore, we propose that the generated oxygen concentration
gradient resulting from oxygen consumption, and not bubble
formation, is responsible for this motion. The concentration
of dissolved oxygen in these experiments was on the order of
10−4 M, significantly lower than 10−1 M of the fuels. Therefore,
as the fuel is oxidized, the surrounding oxygen concentration
should drop rapidly, nearly completely disappearing in a short
time. In other words, for the more rapid reaction observed
with primary alcohols and acetaldehyde, the reaction rate is
restricted by the diffusion limit of oxygen. On the other hand,
the lower oxidation rate of secondary alcohols does not lead to
the same diffusion-limited reaction. Overall, this suggests that
the reaction rate depends strongly on the alcohol concentration.

Past studies with hydrogen peroxide have shown that the
resulting oxygen concentration gradient is what propels Pt-con-
taining Janus micromotors;21,22 this process is called self-
diffusiophoresis.23 The present micromotor propulsion may be
caused by the self-diffusiophoresis because of the asymmetry
of the morphology. Let us consider that a boomerang-like
micromotor is propelled by self-diffusiophoresis (Scheme 1).
For hydrogen peroxide as fuel, the morphology yields the
difference in the diffusion flux of the resulting oxygen mole-
cules: the oxygen molecules released from the concave surface
concentrate near the surface. This higher oxygen concentration
decreases the diffusion flux. On the other hand, the oxygen
molecules released from the convex surface expand toward the
wider area so that the oxygen concentration decreases. This
results in a higher diffusion flux. The opposite driving force in
this study, however, should propel the motors in the opposite
direction, given the inverse spatial gradient formed by the reac-
tion of the oxygen absorbing fuels when compared to oxygen
producing hydrogen peroxide. In order to confirm the validity
of this mechanism, we first measured the diffusion constant
of a primary particle at different dissolved oxygen concen-
trations (Fig. 2B). The value dropped significantly for lower
concentrations of oxygen, regardless of the ethanol concen-
tration. Note that diffusion constants in all cases decreased
between 40 and 80 vol% of ethanol because of the increased
viscosity of the mixture.24 In addition, we compared the per-
formance of the identical micromotors in ethanol with that in

Fig. 3 Quantitative analysis of reaction products for the oxidation of
primary alcohols and acetaldehyde. Ethanol, acetaldehyde, and acetic
acid concentrations with respect to time for the oxidation of (A) 1 vol%
ethanol and (B) acetaldehyde.

Scheme 1 Moving mechanism of a Pt-assembled micromotor pro-
pelled by hydrogen peroxide and organic fuels.
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hydrogen peroxide (Fig. 4A–C and Video S3 and S4, ESI†). As
expected, all motion was perfectly reversed.

Conclusions

In conclusion, we have developed a micromotor system
powered by a broad class of common, non-toxic fuels. A wide
range of available chemicals and concentrations (Fig. S5, ESI†)
significantly increases the scope of application; for example,

because the minimal concentration of ethanol is comparable
to that found in the blood when drinking alcohol, these
motors should be able to operate in vivo without any additional
modifications. In addition, the system does not produce any
toxic compounds, nor does it generate bubbles or solids that
could impede operation even after 10 h of continued oper-
ation. Furthermore, the new mechanism increases the avail-
able motilities by reversing those previously available with
hydrogen peroxide. This functionality allows these motors to
pull and push micro-sized silica cargo by alternating between
ethanol and hydrogen peroxide (Fig. 4D and Video S4, ESI†).
Finally, this oxidative mechanism mirrors comparable biologi-
cal systems, and the power of the system, on the order of 10−18

W, is roughly comparable to the power of around 10−17 W
observed in a bacterium.25 Both systems additionally become
inactive at low oxygen concentrations. Given these character-
istics, this new system, upon further development and
improved motility, may not only be able to serve in new micro-
devices and drug delivery systems, but also help to better
understand the motility of microscopic organisms.

Experimental section
Chemicals

Spherical Pt particles (PT-354012, 99.00%) were purchased
from Nilaco. Methanol (99.8%), ethanol (99.5%), 1-propanol
(99.5%), ethylene glycol (99.0%), acetaldehyde (90%), and
hydrogen peroxide (30%) were obtained from Wako Pure
Chemical Industries. 2-Propanol (99.5%) and tert-butyl alcohol
(99.0%) were purchased from Tokyo Chemical Industry.

Observation of Pt particle motion

The experimental setup was reported previously,17 and is
briefly explained below. First, Pt powder was dispersed in de-
ionized water by ultrasonication. The particle suspension was
then mixed with organic solutes, typically to a concentration of
1 vol%. The resulting solutions were poured into μ-Slides
(Nippon Genetics), and the motion of the Pt particles and
assemblies were observed at room temperature by using an
optical microscope (Olympus IX71, Olympus) and a high-
speed CCD camera (30 frames per s). A separate device was
used to obtain the results in Fig. 4 that replaced the solution
around the Pt particles without convection, allowing for the
observation of an identical particle in different solutions; this
is explained in detail in Fig. S1, ESI.†
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Fig. 4 Directional inversion on translational and rotational motions for
Pt motors caused by switching of the fuels. Trajectory and snapshots of
the (A) translational, (B) rotational, and (C) spin regulated motions for Pt
micromotors and (D) accompanying silica cargo (diameter: 1.5 μm)
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ABSTRACT: We report the successful generation of directional liquid-flow under
stationary laser irradiation at a fixed position in a chamber. We adopt a homogeneous
solution consisting of a mixture of water and triethylamine (TEA), with a composition
near the critical point for phase segregation. When geometrical asymmetry is introduced
around the laser focus in the chamber, continuous directional flow is generated,
accompanied by the emergence of water-rich microdroplets at the laser focus. The
emerging microdroplets tend to escape toward the surrounding bulk solution and then
merge/annihilate into the homogeneous solution. The essential features of the directional
flow are reproduced through a simple numerical simulation using fluid dynamic equations.

In general, oil/water systems exist as either a homogeneous
solution or a macroscopically segregated solution,1−3 which

can be interpreted in terms of a first-order phase transition.
The phase coexistence on a microscopic scale is intrinsically
unstable in the absence of a surfactant under equilibricity. This
implies the possible occurrence of dynamic phenomena,
including the emergence and annihilation of microscopic
segregation under thermodynamically open conditions.
Recently, it has been shown that a focused laser can generate
microscopic phase-separation in a homogeneous solution
composed of oil and water under a condition that is near the
critical point for a phase transition.4−14 When the homoge-
neous solution is enriched with oil near the bimodal line in the
phase diagram, water-rich microdroplets successively emerge
from the laser focus under constant laser irradiation.15−19 The
generated water-rich microdroplets tend to escape from the
focus because of the lower dielectricity compared to that of the
oil-rich medium. As they travel into the periphery, the
microdroplets disappear by merging into the homogeneous
bulk in the absence of a laser-induced dielectric potential.
Here, it is expected that the emergence of several micro-
droplets at the laser focus will cause an increase in local
pressure due to a transient increase in the total oil/water
interfacial area, which is incommensurate with molecular
packing. In this article, we propose a new methodology for
producing an optically driven micropump by applying such
kind of dynamical phenomenon with the emergence/
annihilation of microdroplets caused by a focused laser.

There has been growing interest20−22 in the subject of
micropumps below the millimeter scale in the medical and
microengineering fields, such as in the use of micropumps in
biosensors, small fuel cells, and drug-delivery equipment.
However, micropumps smaller than a micrometer scale do not
seem to be available for practical application. Trials that
involve the downsizing of existing pump have encounterd
serious difficulties because of the relatively greater effects of
viscosity and friction in a microscopic system. However, it is
well-known that laser trapping is a useful tool for transporting
objects smaller than the scale of several tens of micro-
meters.10,23−26 Several studies have shown that centimeter-
sized objects at an interface can be transported by laser
through a thermocapillary effect.27−32 Thus, methods for
transporting objects on a scale between several millimeters and
several tens of micrometers are needed.2 Recently, Wang et al.
reported that directional flow on the scale of several cm is
generated by the use of a laser beam, through the
photoacoustic effect.33 The driving force is attributed to the
generation of cavity caused by laser irradiation. Although this
methodology seems to be interesting, we have to consider the
possible effect of chemical damage induced by the breakage
shock of the cavity.34
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In this study, we examined a mixture of water and
trimethylamine (TEA), in which we previously observed the
formation of a flower-like dynamic pattern with radial
symmetry as a result of the generation and annihilation of
microdroplets under continuous irradiation by a focused
laser.4,5 As shown in Figure 1a, an infrared laser (1064 nm

Nd:YAG laser, Millennia IR, Spectra-Physics; output power 0.5
W) was passed through an oil-immersion objective lens (×100,
numerical apparatus; 1.3) with an inverted microscope (Nikon
ECLIPSE TE300). The photointensity on the solution after
passing through the objective lens was ca. 50 mW.11 The
images were recorded at a field of view of 45 × 60 μm2 every
1/30 s using a high-sensitivity monochromic digital video
camera (Nikon WAT-120N). The temperature was set to 291
K to ensure that the solution was near criticality; see, e.g., refs
1 and 12. For preparation of the sample solution, triethylamine
(TEA) and pure water were mixed in a volume ratio of 1:1.
After vigorous mixing, the solution was allowed to stand for
more than 1 h before the experiment. In Figure 1b, we have
shown the visual images on the water and triethylamine
solution, revealing the clear macroscopic phase separation
when the solution has been standing still more than several

hours. By shaking the solution or mechanical agitation, the
solution becomes turbid for the period of several tens of
seconds, indicating the occurrence of microphase segregation.
For the experiment of laser irradiation in the chamber, we
transferred a part of TEA-rich phase (upper layer) from the
well-separated solution (the panel of before mixing, Figure 1b)
to the thin glass chamber in a fully occupied state with tight
shielding from the outer environment (lateral view in Figure
1a). In the present study, we have examined the effect of spatial
asymmetry on dynamic flow pattern. By adapting a very simple
method to introduce spatial asymmetry, we placed a glass plate
near the laser focus, as indicated in Figure 1a and the top
picture of Figure 2.

Figure 2 shows the results of laser irradiation for a
homogeneous solution that was allowed to equilibrate for
more than 1 h, and the spatiotemporal diagram after the start
of laser irradiation. The snapshots on the bottom of Figure 2
depict/illustrate the area around the laser focus at 0.2 and 10 s
together with the corresponding flow profiles. Under laser
irradiation, microdroplets successively emerge at the focus, and
the generated droplets escape into the surrounding solution.
Then, the droplets tend to merge into the solution and
disappear. The driving force of the escaping motion around the
laser focus is attributable to the gradient of dielectric potential
together with scattering force, i.e., lower dielectricity, or
refractivity, of emerging droplets with richer water content
caused the repulsive effect from the laser focus as described in
previous studies.4,5 The outgoing flow generally becomes
asymmetric and transforms to directional flow after a few
seconds (the bottom pictures in Figure 2). The flow profiles
are depicted in 2D, which were obtained through a Fourier

Figure 1. (a) Schematic illustration of the experimental setup. A
Nd:YAG laser (1064 nm) was applied at a fixed power of 0.5 W. The
laser light was passed through an oil-immersed objective lens with an
inverted microscope, where the focus is denoted by a red “x”. The
chamber was fully filled with TEA-rich solution and shielded from the
outer environment. To introduce spatial-asymmetry in the exper-
imental system, a glass sheet with a width of 0.15 mm was situated on
the right-hand side of the chamber. (b) Effect of mechanical agitation
on the macroscopic phase-separated solution of water and TEA with a
volume ratio of 1:1 at room temperature (291 K). Just after agitation,
the solution becomes turbid and then tends to be transparent,
accompanied by growth of the phase separation.

Figure 2. Spatiotemporal diagram for the water−TEA mixed solution
(volume ratio, 1:1) from the start of laser irradiation, showing that
microdroplets of water emerge continuously under situational laser
irradiation. The images at the top show snapshots at t = 0, 2, and 8 s.
The emerging droplets tend to escape from the focus driven by the
local increase in pressure near the region of droplet generation. The
snapshots at the bottom exemplify flow patterns at different time-
stages at 0.2 and 10 s, which were obtained by 2D FFT analysis. The
flow velocity arrow was determined from the slopes of spatiotemporal
diagrams with different geometrical directions.
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image analysis. The time development of directional flow is
found. The fluid velocity was evaluated on the basis of an
analysis of the saptio-temporal dynamics by ImageJ/Matlab.
For the initial radial symmetric flow (t = 0−2 s), the velocity in
the positive direction along the y axis was 52 ± 7 μm/s for the
region around 5−10 μm from the focus and that in the
negative direction was 47 ± 14 μm/s. For t = 2−5 s, the
velocity in the positive direction along the y axis increased to
ca. 100 μm/s, whereas that between the boundary and laser
focus, i.e., the negative direction, were not so different (positive
directional flow 105 ± 57 μm/s and negative directional flow
48 ± 15 μm/s). Interestingly, the flow velocity in the positive
direction increased to ca. 180 μm/s, for t = 7−8 s. Thus, we
successfully constructed a micropump that increased the
directed velocity of water droplets by more than 3-fold
compared to the initial radial symmetric flow. In the present
study, directional flow is induced by the combination of the
photoinduced dielectric potential caused by the focused laser29

and the geometrical asymmetry of the environment/boundary
condition around the laser focus. On the basis of the results of
past experimental studies concerning the effect of laser
irradiation on to the mixed solution near critical condition of
phase separation,4,11,19 it is expected that the dielectric
potential caused by the focus laser is the main contributor to
generate the microphase separation. For the homogeneous
mixture between water and TEA under geometrically
symmetric condition, it has been confirmed that essentially
the same dynamical pattern of the droplets is observed with
either H2O and D2O, or with a laser wavelength of either 800
and 1064 nm.18 Here, it is noted that the absorption of D2O is
less than 1/10 compared to H2O at 1064 nm; i.e., the heating
effect is significantly different between D2O and H2O, if one
considers the microphase segregation as the main factor. It was
also found that laser focusing on a microdroplet in a solution
with lower critical solution temperature, LCST, causes
disappearance or homogenization, i.e., the opposite effect
against laser heating.19 In relation to the possible temperature
effect, it was reported that a focused IR laser caused an
apparent increase of the temperature on the laser spot, where
the irradiation was performed for a homogeneous solution
under negligible convective flow.35 On the basis of these
considerations, we conclude that the relatively fast fluid flow
caused by the continuous emergence of droplets is attributable
mainly to the dielectric effect by the focused laser.
To verify the experimental findings and pinpoint the essence

of the underlying mechanisms, we examined the simple model
shown in eq 1:

∂ ⃗
∂

+ ⃗·∇ ⃗ = −∇ + ∇ ⃗
u
t

u u p
Re

u( )
1 2

(1)

where u⃗ is the velocity of the fluid, p is the pressure, and Re is
the Reynolds number. Here, we ignored the inertia term
because of the low Reynolds number as mentioned below. To
clarify the essential mechanism of directional flow in a simple
manner, we reduce the dimentionality of the experimental
system to two-dimensions by adapting the approximation that
change in the effective Reynolds number for regions with
different heights as in the lateral view in Figure 1a. Figure 3
exemplifies the numerical simulation with eq 1 under two-
dimensional approximation. We adopted Reynolds numbers,
Re, of 8 × 10−3 for the bulk solution in the fluid field and 5 ×
10−4 for the local area, where the glass sheet was situated on
the bottom of the glass chamber, as shown in the top view in
Figure 1a. These values correspond to the experimental data
determined from the observed viscosity of a water-triethyl-
amine system.36 We adapted a simple assumption that is the
pressure at the laser focus linearly increases with reduced time
from τ = 0 to τ = 8. The point with red “x” in Figure 3a was
chosen as the laser focus on the simulation array of 100 × 100
in reduced length. The time step in caliculations is set to 10−4

to ensure numerical stability, and the differential equation is
solved by the cubic interpolated polynomial (CIP) method.37

In Figure 3b,c are shown two snapshots of the flow dynamics
at τ = 0.2 and τ = 8, respectively, close to the proximal area
around the laser spot. These numerical results reproduce the
essential aspect of the observed flow profiles in Figure 2
regardless the very simple approximation. Initially, isotropic
flow escaping from the laser spot is observed, which gradually
evolves into strongly anisotropic directed flow away from the
boundary, as indicated by the vector-field. On the basis of the
experiments and calculated results, we can conclude that the
spatial asymmetry of viscosity is essential for creating strongly
directed flow.
The present study has demonstrated the successful

generation of directed flow by a continuous laser irradiation
is achieved by introducing geometrical asymmetry in the
experimental chamber. This self-establishing directional flow is
regarded as a new type of light-driven micropump/motor,
being difficult from the past studies.38−41 The findings may
also lead to the development of microsized pumps and motors
that could not be engineered before on such a small scale.
Further studies on the development of new optical pumps
would be awaited to examine various liquidus system near
criticality, which are composed of different kinds of chemical

Figure 3. Numerical simulations on the flow pattern for a simplified 2D model. (a) The simulation was performed with a 2D square, X = [−50, 50],
Y = [−50, 50], where the focus point is at X = 0, Y = 5, which are dimensionless values in calculations. To take into account the effect of
geometrical asymmetry on depth, we adopted different Reynolds numbers, Re, as indicated in the figure: Re = 8 × 10−3 and Re = 5 × 10−4 for the
upper and lower parts in the calculation region, respectively. (b) Snapshot of the flow pattern at τ = 0.2. (c) Snapshot at τ = 8. The region in orange
corresponds to a square area around the laser spot with a width of 60.
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species, together with the investigation toward more effective
spatially asymmetric arrangements.42,43
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(10) Buttinoni, I.; Volpe, G.; Kümmel, F.; Volpe, G.; Bechinger, C.
Active Brownian Motion Tunable by Light. J. Phys.: Condens. Matter
2012, 24, 284129−284140.
(11) Sadakane, K.; Kitahata, H.; Seto, H.; Yoshikawa, K. Rhythmic
Oscillation and Dynamic Instability of Micrometer-Size Phase
Separation under Continuous Photon Flux by a Focused Laser.
Phys. Rev. E 2008, 78, 046214.
(12) Bunkin, N. F.; Lobeyev, A. V. Light-Induced Phase Transitions
in Stratifying Liquid Mixtures. Colloids Surf., A 1997, 129−130, 33−
43.
(13) Tsori, Y.; Tournilhac, F.; Leibler, L. Demixing in Simple Fluids
Induced by Electric Field Gradients. Nature 2004, 430, 544−547.

(14) Lalaude, C.; Delville, J. P.; Buil, S.; Ducasse, A. Kinetics of
Crossover in Phase-Separating Liquid Mixtures Induced by Finite-Size
Effects. Phys. Rev. Lett. 1997, 78, 2156−2159.
(15) Ashkin, A. Acceleration and Trapping of Particles by Radiation
Pressure. Phys. Rev. Lett. 1970, 24, 156−159.
(16) Ashkin, A. Forces of a Single-Beam Gradient Laser Trap on a
Dielectric Sphere in the Ray Optics Regime. Biophys. J. 1992, 61,
569−582.
(17) Svoboda, K.; Block, S. M. Biological Applications of Optical
Forces. Annu. Rev. Biophys. Biomol. Struct. 1994, 23, 247−285.
(18) Delville, J. P.; Lalaude, C.; Ducasse, A. Kinetics of Laser-Driven
Phase Separation Induced by a Tightly Focused Wave in Binary
Liquid Mixtures. Physica. A 1999, 262, 40−68.
(19) Toyama, H.; Yoshikawa, K.; Kitahata, H. Homogenization of a
Phase-Separated Droplet in a Polymer Mixture Caused by the
Dielectric Effect of a Laser. Phys. Rev. E 2008, 78, 060801.
(20) Jun, I. K.; Hess, H. A Biomimetic, Self-Pumping Membrane.
Adv. Mater. 2010, 22, 4823−4827.
(21) Sengupta, S.; Patra, D.; Ortiz-Rivera, I.; Agrawal, A.; Shklyaev,
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ABSTRACT
The direct current (DC) motor is a rotary device that converts DC electrical energy into mechanical energy. However, it is known
that, in downsizing the currently available macromotor, rotary motion of DC micromotors cannot work well due to the larger
viscous effect. Here, we report simple DC micromotors working under a new principle. We previously revealed that in an oil phase
containing an ionic surfactant, non-spherical particles exhibit various types of regular motions such as spinning and circular
orbital motions. In this study, we found that a microhelix exhibits a new type of periodic motion, namely, the cork-screw-type
rotation, in a specific direction depending on the material of the helix, metal or non-metallic organics. The results show that
a left-handed nickel helix rotates in the clockwise direction when viewed from the positive electrode, whereas an organic one
rotates in the opposite direction (anti-clockwise) under the same electrode arrangement with stationary constant DC voltage. In
addition, we demonstrate that the cork-screw rotation is switched to opposite direction by changing the handedness (chirality).
It is to be noted that the micromotors reported here maintain their stable motion without any mechanical support such as
rotational axes or electronic switching devices. The invented DC micromotor would be applicable for mechanical and fluidic
devices, being useful as a smart device in microrobots and microfluidics.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5055830

I. INTRODUCTION
Recent advancements in micro-electromechanical sys-

tems (MEMS) have led to increased attention toward microde-
vices such as microrobots and microfluidics, which have var-
ious applications in biotechnology and nanotechnology. In
practice, submillimeter-sized motors or pumps working in a
microspace can be used for propelling solid as well as liq-
uid materials.1–3 These micromotors must exhibit high per-
formance in fluids with extremely low Reynolds number,
wherein viscous forces dominate the motion instead of inertia
(Re � 1).4 This is remarkably different from conditions under
which currently available macroscopic electronic motors and
other mechanical machines operate. The significant effects of
viscosity and friction pose difficulties in downsizing currently
available motors or pumps.

During the last decade, several studies have attempted to
construct micromotors based on various types of mechanisms
such as chemical,5–7 magnetic,8–11 electric [under an alter-
nating current (AC) field],12–14 optical,15,16 and ultrasound17,18

propulsion. However, stable and sustainable motions have not
been demonstrated in most of the currently reported micro-
motor systems because of the fluctuating effect of the Brown-
ian motion. This has prompted various groups to attempt strict
directional control using a spatially confined field4,19 or with
the help of a temporal external force.20–22

It has been reported that a water-in-oil microdroplet
exhibits bouncing motion under a direct current (DC)
electric field.23–25 Subsequently, several research groups
have attempted to control the motion of a water droplet.26

However, non-spherical, asymmetric particles, instead of
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water, have exhibited unique rotations about the center of
gravity. Recently, we found that an assembly with a small num-
ber of solid microspheres exhibits spin and rotation depending
on their shape and applied voltage.27 In this paper, we attempt
to develop a micromotor system using geometrically chiral
micro-objects. We report the successful construction of a sta-
ble rotating system with helical objects under a stationary DC
voltage.

II. EXPERIMENTAL
Spiral blue-green algae, namely, Spirulina, were cultured

in 500 ml of typical Spirulina-Ogawa-Terui (SOT) media33

until a concentration of 105 Spirulina per 1 ml was reached.
The preparation process of both right- and left-handed Spir-
ulina and the control of the spiral pitch were carried out
as previously reported.28 The Spirulina in the SOT medium
was filtered using a filter fabric with 355 mesh and was
then dispersed into 100 ml of phosphate buffer solution
(PBS, pH = 7.0). An 8 ml glutaraldehyde aqueous solution
(50%) was added to fix the tissue of Spirulina with indi-
vidual spiral features. The solvent was replaced by ethanol
and later with tert-butyl alcohol (TBA) in repeated collec-
tion/dispersion cycles. The Spirulina solution was lyophilized
in a TBA freeze dryer (VFD-21S, Vacuum Device Co., Ltd.).
The resulting dried powder consisted of Spirulina with pre-
served original spiral features, which were used as the organic
microhelixes.

The fixed Spirulina was applied to the biotemplating
process using nickel electroless plating. Spirulina (20 ml)
fixed in a glutaraldehyde-PBS mixed solution with an average
Spirulina concentration of 105 ml−1 was used for one batch.
Electroless plating of the nickel onto the Spirulina surface was
performed using commercial products from Okuno Chemi-
cal Industries Co., Ltd.; OPC-370 Condiclean MA was used
for the pre-dip treatment; OPC-50 series was used for the
surface catalyzation; the Top Chem Alloy series was used
for nickel deposition. Every plating bath was prepared for
1 liter to adjust the bath load as 200 cm2/l. The Spirulina-
templated nickel microhelixes were stored in distilled water
overnight and collected using a membrane filter, yielding
approximately two million microhelixes (80 mg in weight, 80%
yield).

The experimental setup was reported previously and
is briefly described below. A sample of silicone oil (KF-56,
Shinetsu Co.) containing microhelixes was placed on a glass
slide. Cone-shaped tungsten electrodes (Unique Medial Co.,
Ltd.) were inserted into the oil. The electrodes were placed
at the same horizontal level but in a non-coaxial arrangement
(see Fig. S1 in supplementary material). A constant voltage was
applied across the particles between the electrodes. The par-
ticles were dispersed in the silicon oil by adding a surfactant,
di-(2-ethylhexyl) phosphate (0.5M) (Aldrich Chemical Co.), fol-
lowed by agitation using a vortex mixer for approximately
1 min. We observed the movement of the microhelixes at room
temperature (20–25 ◦C) using an optical microscope (Olympus
IX71, Olympus Co.).

Figure S2 shows the experimental setup, wherein an
acrylic tube is connected to a water pipe. A hand-made vinyl-
coated wire helix was placed in the tube. To maintain the posi-
tion of the helix, it was tied to a thread hanging from the water
pipe (upper stream side). Water was then poured into the tube
from the pipe.

III. RESULTS AND DISCUSSIONS
Figure 1 shows the four types of helical micromotors pre-

pared using a biotemplating process.28 We study the motions
of the prepared materials, which exhibit chiral asymmetry, i.e.,
handedness [left-hand (LH) or right-hand (RH)]. Figure 2(a)
shows the typical setup of the proposed helical micromotor
system, wherein an LH nickel microhelix dispersed in silicon
oil containing di-(2-ethylhexyl) phosphate rotates in a partic-
ular direction between two electrodes. This motion is termed
“cork-screw rotation,” which is an inherent mode for helixes.
Interestingly, the microhelix maintains its position without
any support from mechanical devices though a cork-screw
rotation can often lead to translation in helical motile systems
such as micro-organisms29 and micromotors.9,30 In this arti-
cle, the spinning direction is defined as the direction in which
the shaft rotates when viewed from the electrode (mainly pos-
itive electrode) shown at the right corners of Fig. 2(b) and

FIG. 1. Microscopic images of the prepared (a) nickel and (b) organic microhe-
lixes. They have chirality (handedness): (1) left-handed (LH) and (2) right-handed
(RH). Each sample of helixes is a little polydispersed as shown in upper right cor-
ner in each figures. We used helixes with the length between 150 and 200 µm
selectively in the experiment of a DC micromotor system because a smaller helix
(length: <100 µm) tends to not cork-screw motion but revolution motion similar to
a spherical particle.27
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FIG. 2. Microhelixes exhibiting cork-screw rotation. (a) Typical setup of the pro-
posed helical micromotor system working under a DC field. When an LH nickel
microhelix is placed between electrodes, it rotates in the clockwise direction when
viewed from the positive electrode. (b) Scheme and (c) space-time plot of the
rotation by reversing the applied voltage (140 V).

Fig. S1 in the supplementary material (or the lower part in
Video S1).

According to this definition, the spinning direction of the
helix, shown in Fig. S3, is anti-clockwise. The spinning direc-
tion can also be determined from the space-time plot, as
shown in Fig. 2(c). Theplot is prepared along the central axis of
the helix [black line in the upper snapshot of Fig. 2(c)], show-
ing a right-down stripe pattern during the time interval of 0–
15 s. This demonstrates that the helix rotates in the clockwise
direction. On the contrary, the helix can spin in the opposite
direction (anti-clockwise) by reversing the voltage (positive↔
negative). The plot for the time interval of 15–45 s exhibits
a right-up stripe pattern. Furthermore, we can evaluate the
spinning speed by measuring the intervals of the stripe. In this
experiment, the speed is in the range of 20–50 rotations per
minute (rpm).

To examine the influence of the applied voltage on the
cork-screw motion, we observed the spinning motion as a
function of the applied voltage. Figure 3(a) shows the space-
time plot of the LH nickel helix under various applied volt-
ages. When the voltage is above a certain threshold, the

FIG. 3. Dependency of the applied voltage on cork-screw rotation of LH nickel
helixes. (a) Space-time plot of cork-screw motion, obtained by changing the
applied voltage every 20 s and (b) variation in the spinning speed with respect
to the applied voltage. Note that the results of (a) and (b) are obtained from dif-
ferent trials because of technical reasons. We observed the same helix at voltage
intervals of 10 V.

speed of cork-screw rotation (frequency) is higher with an
increase in the applied voltage; however, with a hysteresis,
the threshold voltage (rest ↔ cork-screw motion) depends
on the voltage between increasing and decreasing the applied
voltage phases, as shown in Fig. 3(b). Existence of such kind
of hysteresis suggests that the transition between the sta-
tionary state and rhythmic motion is attributable to “sub-
critical bifurcation” on a nonlinear dynamical system. As for
the essence of the occurrence of sub-critical bifurcation
under DC field, we have discussed the underlying mecha-
nism in our earlier articles.23,24 It is also noted that simi-
lar transition, or sub-critical bifurcation, also appears on the
other types of motion, rotation and spinning, with assembly
of microspheres.27 We found that the speed and direction of
the cork-screw motion can be easily controlled by tuning the
voltage.

Another interesting characteristic of the proposed heli-
cal micromotors is that the spinning direction depends on
the physical property of the materials. Figure 4 shows the
cork-screw rotations of the conductive (nickel) and dielectric
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FIG. 4. Spinning direction of cork-screw rotation with respect to the type of micro-
helix material. The space-time plots of (a) nickel and (b) organic microhelixes
demonstrate that they rotate in opposite directions. Both samples are left-handed
(LH).

(organic) microhelixes. Although both the samples are left-
handed and a positive electrode exists at the right-hand side,
the spinning directions are opposite. The nickel helix rotates
in the clockwise direction, whereas the organic one rotates in
the opposite direction (anti-clockwise). In addition, we exam-
ined the relationship between the spinning direction and the
properties of the helixes by varying the handedness (LH or RH)
of the nickel and organic helixes. The experiment was car-
ried out twenty times for each helix. As listed in Table I, the
cork-screw directions of the helixes depend on the material
and handedness. In general, the LH nickel and organic helixes
spin in clockwise and anti-clockwise directions, respec-
tively. However, the spinning directions of the corresponding
RH helixes are opposite to those of the corresponding LH
helixes.

The flow induced in the medium was visualized using
carbon tracer powder under a DC voltage to investigate the
mechanism of cork-screw rotation. Figure 5(a) shows the flow
line maps obtained using particle image velocimetry (PIV) for
the nickel and organic microhelixes. The nickel helix induces
flow from the positive electrode to the negative one, whereas
the flow induced by the organic helix is opposite to this.

TABLE I. Relationship between helical properties (materials and handedness) and
spinning direction.

Material/Handedness LH (left-handed) RH (right-handed)

Nickel Clockwise Anti-clockwise
Organic Anti-clockwise Clockwise

FIG. 5. Experimental and theoretical analysis of the flow around the microhe-
lixes. (a) Flow line maps (experimental) and (b) electric force diagram (calculation)
between electrodes under DC voltage. Experiment and calculation were carried
out (1) with a nickel microhelix and (2) with an organic microhelix (or without
any helix). For the electric field calculation, the conductive helix is simplified with
a cylindrical object. The color and direction of the vector represent the relative
strength of |E | and the direction of the electrical flux line ϑ, respectively. (c)
Electric field strength along the red diagonal line from A to B in (b).

We also confirm that the flow direction does not depend
on the handedness of the helixes. These results show that
the electrical property and handedness of micromotors have
a definite influence on the flow pattern, which drives the
micromotor.

The electrophoresis of ionic surfactants in bulk may have
caused the flow. We confirmed that di-(2-ethylhexyl) phos-
phate, which is an anionic surfactant, causes flow from the
negative electrode to the positive one without any helixes. We
had previously observed an opposite flow when an anionic
surfactant was replaced by a cationic one (bis-2-ethlhexyl
amine).31 This raises a question as to why the nickel helix sys-
tem induces a flow from the positive electrode to the negative
one, especially when the solvent contains an anionic surfac-
tant. This may be a result of the perturbation of the electric
lines of force induced by the conductive material between the
electrodes. From the electric field calculation using Laplace’s
equation (∆ϕ = 0; see Calculation Procedure in the supple-
mentary material), the electric field is distorted and is low
in and around the nickel helix [Figs. 5(b) and 5(c)]. On the
other hand, the electric field strength along the axis between
the electrode tips is the highest when the organic helix is
employed. This strength is largely the same as that without the
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helixes if the electric permittivity of the microhelix is largely
the same as that of silicon oil. Thus, for the organic helix, the
main flow caused by the anionic surfactants develops simply
from the negative electrode to the positive one. By contrast,
for the nickel helix, the main flow line is in the form of an arc
outside the helix, from the negative to the positive electrode,
leading to an opposite, compensation flow in and around the
helix.

One of the authors had demonstrated that the exter-
nal force causes a torque to act on the chiral object, which
determines the spinning direction.32 To confirm the relation-
ship between the flow direction and the direction of cork-
screw rotation, we used hand-made centimeter-sized wire
helixes and observed the cork-screw direction under water
flow (Fig. S4 and Video S2 in the supplementary material).
The conditions of (a) left and (b) right panels correspond to
a nickel helix system and an organic helix system, respec-
tively. We found that the flow and cork-screw directions of the
helixes are strongly correlated. This correlation is identical to
the results of microhelixes.

IV. CONCLUSION
The proposed, novel helical micromotor exhibits inherent

cork-screw rotation under a constant DC field. The motion
is propelled by characteristic directional flows. Interestingly,
the direction of the flow depends on materials, conductive
or dielectric, of the helixes between electrodes, which is
attributable to distortion of electric fields. We conclude that
the switching of the flow direction causes the inversion of
cork-screw rotation.

Currently, the required voltage is high (>100 V). How-
ever, downsizing the system may lower this value because the
electric field strength depends on the distance between the
electrodes. We previously reported that the periodic motion
of a water droplet can be generated at a DC voltage below
10 V when the distance between the electrodes is reduced to
the order of 10 µm.24 Thus, our micromotor can be applied to
microdevices, such as microrobots and microfluidics, because
the direction and speed of the cork-screw motion can be
easily tuned by adjusting the chirality and materials of the
micromotors as well as the applied voltage.

SUPPLEMENTARY MATERIAL

See supplementary material for the procedure for
calculating the electric force diagram (4 figures and 2
videos).
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To artificially construct a three-dimensional cell assembly, we investigated the availability

of long-duration microdroplets that emerged near a critical point in an aqueous

two-phase system (ATPS) with the hydrophilic binary polymers, polyethylene glycol

(PEG), and dextran (DEX), as host containers. We found that erythrocytes (horse red

blood cells; RBCs) and NAMRU mouse mammary gland epithelial cells (NMuMG cells)

were completely and spontaneously entrapped inside DEX-rich microdroplets. RBCs

and NMuMG cells were located in the interior and at the periphery of the droplets at

PEG/DEX = 5%:5%. In contrast, the cells exhibited opposite localizations at PEG/DEX

= 10%:5%, where, interestingly, NMuMG cells apparently assembled to achieve cell

adhesion. We simply interpreted such specific localizations by considering the alternative

responses of these cells to the properties of the PEG/DEX interfaces with different

gradients in polymer concentrations.

Keywords: aqueous two-phase system, microdroplet, phase separation, cell assembly, red blood cell, epithelial

cell, polyethylene glycol, dextran

INTRODUCTION

Living organisms exhibit the self-organization of cells and intracellular organelles in a
self-consistent manner. For decades, biochemical studies have unveiled the mechanisms that
underlie such regulatory systems at the molecular level. Many macromolecules including nucleic
acids and proteins are considered to act in a well-orchestrated manner to express biological
functions, by building sophisticated structures under the specific interaction of gene products. On
the other hand, it is also considered that even a single-cell system cannot be completely controlled
through specific key-lock interactions. In these situations, the self-organization, or self-assembly, of
biomolecules is indispensable for the development of various ordered structures, like phospholipid
bilayers for cell membranes. Recently, it has been reported that membraneless organelles may
arise from the micro phase separation of cytosols, which generates submicron-scale liquid droplets
containing proteins and RNAs (Brangwynne, 2013; Courchaine et al., 2016). Since intracellular
environments are highly crowded by such macromolecules, the emergence of liquid/liquid phase
separation (LLPS) on a microscopic scale is a ubiquitous phenomenon inside living cells (Walter
and Brooks, 1995; Spitzer and Poolman, 2013; Rivas and Minton, 2016; Uversky, 2017).

Along these lines, many pioneering researchers have tried to model cellular and
intracellular microcompartments by simply using an aqueous two-phase system (ATPS)
consisting of solutions with hydrophilic polymers that exhibit LLPS on a micro-scale
(Aumiller and Keating, 2017). There are both some similarities and differences in
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the properties of micro phase separation between in vitro
ATPS droplets and actual protein/nucleic acid-based droplets
(Zaslavsky et al., 2018). Polyethylene glycol (PEG), a flexible
polymer, and dextran (DEX), a semi-flexible polymer, are
popularly selected for the preparation of a typical ATPS (Esquena,
2016). Upon the vigorous mixing of a PEG/DEX solution,
aqueous/aqueous (water-in-water) microdroplets are transiently
formed, and various biomolecules and even inorganic materials
can be partitioned into, or excluded from, these droplets, due to
the chemical and morphological characteristics of the substances
partitioned (Akbulut et al., 2012; Jia et al., 2014; Vis et al., 2015).
Generally, this behavior of LLPS droplets is sharp (Nott et al.,
2016), and could be associated with the origin of life and prebiotic
functions (Poudyal et al., 2018). Originally, ATPSs with various
hydrophilic polymers, in addition to the above PEG/DEX,
have been developed to extract molecules and supramolecules
from biological materials (Albertsson, 1971). Their simplicity
makes them suitable for harboring functional proteins and
living cells. For example, these microdroplets have been used
to promote interaction between entrapped proteins to achieve
their alignment (Monterroso et al., 2016; Song et al., 2018).
Previously, we have reported DNA entrapment (Tsumoto et al.,
2015), the formation of microparticles by crosslinking proteins
(Tsumoto and Yoshikawa, 2017), and the selective entrapment
of filamentous actin (F-actin) and subdomain formation with
dsDNAs and F-actin proteins, inside PEG/DEX microdroplets
(Nakatani et al., 2018).

ATPS is known as a useful system to get selective partition
on various biomacromolecules, DNAs, proteins, etc., under
certain compositions of polymers. As has been indicated by
Albertsson (1971), previous literatures reveal a large number
of phase diagrams for the phase separation of binary or
more-component polymer solutions. The ATPS with PEG/DEX
is popular in biochemical and biophysical research, and we
previously used this system to investigate the dynamics (time-
course development) of phase segregation of micro-scale regions
(Toyama et al., 2008), as well as the specific localization of
DNAs and proteins, such as the cytoskeletal protein actin
(Tsumoto et al., 2015; Nakatani et al., 2018). In these studies, we
observed aqueous/aqueous (water-in-water) microdroplets with
an average diameter of ∼10–100µm. Importantly, the droplets
are stably generated and remain after vigorous mixing using a
vortex mixer, etc., near the critical point in a phase diagram,
because there is only a very small difference in density between
the phases containing the two polymers in addition to the weak
surface tension, which are unique characteristics of a polymer
solution.

Compared to bulk ATPS, the above mentioned
aqueous/aqueous microdroplet is suitable for microscopic
observation; therefore, we can frequently observe intriguing
phenomena with biological macromolecules only when these
molecules are encapsulated within such microcompartments.
For example, interestingly, actin proteins apparently change
their preferred location (distributed evenly, encapsulated within
the interior, and adhered to the inner surface) in droplets in
PEG/DEX ATPS as their higher-ordered structure changes from
monomeric (G-actin) through polymeric (F-actin) to bundled

actin (Nakatani et al., 2018). DNAs and F-actin entrapped
simultaneously exclude each other to form subdomains inside
the droplets. Thus, generally, biopolymers with semi-flexible and
rigid chains are usually excluded from the PEG-rich exterior
environment to the interior of DEX-rich microdroplets. In
addition, further transformation of their structures as well as
coexistence with other polymers possessing different properties
could cause a change in their own positions.

Considering the unique characteristics to entrap certain
biomolecules, it would also be expected that in even simple
systems, living cells can find preferred locations in microdroplets
and their localization can change with a change in the
composition of the ATPS. Cells are much larger than the
biomacromolecules, and cellular systems are more complicated.
However, even though the model artificial system is quite simple,
we would expect it to mimic the migration and arrangement of
cells in an aqueous environment inside living bodies in a most
basic manner, i.e., without any specific molecular interactions
among genetic products.

Recently, Han et al. reported the formation and manipulation
of cell spheroids (Han et al., 2015), clearly indicating that ATPS
could be a powerful tool for controlling cell position without
causing important damage. In the present study, we used two
different kinds of cells, erythrocytes (horse red blood cells; RBCs)
and NAMRU mouse mammary gland epithelial cells (NMuMG
cells) as models, and investigated how these cells are localized
when entrapped inside ATPS microdroplets. Interestingly, we
found that RBCs and NMuMG cells alternatively preferred to
localize either in the interior or at the periphery of microdroplets,
and this preference could be switched by changing the PEG/DEX
ratio. We considered that the PEG/DEX interface property could
change with a change in the interface composition, and this could
affect how the interface interacts with different types of cells to
cause this switching.

MATERIALS AND METHODS

Reagents
We used polyethylene glycol (PEG) and dextran (DEX) to
form an aqueous/aqueous two-phase system (ATPS): PEG 6,000
(molecular weight (Mw) 7,300–9,300 Da) and DEX 200,000 (Mw

180,000–210,000 Da) were purchased from FUJIFILM Wako
Pure Chemical Industries (Osaka, Japan). PEG and DEX were
stocked as solutions of 20 wt% dissolved in isotonic sodium
chloride solution (0.9 wt% solution of NaCl) to regulate the
osmotic pressure similar to that of cell membranes. The isotonic
sodium chloride solution was prepared with nuclease-free water
(Milli-Q, 18.2 M�·cm). Other reagents used were of analytical
grade.

Microdroplets
A PEG/DEX solution shows the micro phase segregation at the
conditions near to the bimodal line, i.e., the boundary of the
homogeneous phase (mono-phase region) to the separated phase
(two-phase region) of the solution. Due to the micro phase
segregation of polymers, the microdroplets whose diameters
range from ∼10 to 100µm could be stable for around several
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hours after mechanical agitation. In this study, we used the two
types of conditions of PEG and DEX concentrations, PEG/DEX
= 10%:5%, 5%:5%. Details of experimental solutions used here
are described separately in the Supplementary Material.

Cells
For observations of red blood cells (RBCs), we used the preserved
blood of horse purchased from Nippon Bio-test Laboratories,
Inc. (Saitama, Japan) and gently added a small aliquot of
the blood to the PEG/DEX system without any washing. As
model epithelial cells, we used NAMRU mouse mammary gland
epithelial cells (NMuMG cells), which were cultivated from
cultured cells at regular intervals as previously reported (Yoshida
et al., 2017). For mixing in the PEG/DEX system, the epithelial
cells were separated in advance from the culture medium by
centrifuge.

Microscopy
We observed ATPS microdroplets using bright field microscopy
or confocal laser scanning microscopy (CLSM). Bright field
microscopy images were obtained with an Axio Observer.A1
(Carl Zeiss, Germany) equipped with a 40× objective and a
CCD digital camera (C11440, Hamamatsu Photonics). CLSM
images were acquired with an FV-1000 laser scanningmicroscope
(Olympus, Japan) and the images were analyzed using FV10-
ASW software (Olympus). The images acquired with the bright
field microscope were analyzed using ImageJ software (Rasband,
W.S., ImageJ, US National Institutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij/, 1997–2016). In the
CLSM observation, we used fluorescein isothiocyanate (FITC)-
dextran (average Mw 250,000, Sigma-Aldrich; Ex. 488 nm)
and the lipophilic dye Nile red (Thermo Fisher Scientific;
Ex. 543 nm) to fluorescently visualize DEX-rich domains
and RBCs, respectively. The details of experimental solutions
subjected to the aforesaid observations are described in the
Supplementary Material.

RESULTS AND DISCUSSION

In the present study, we used two kinds of mammal cells:
red blood cells (RBCs) and NMuMG cells, which are a type
of epithelial cell. As shown in typical microscopic images in
Figure 1, both RBCs and NMuMG cells were entrapped inside
DEX-rich microdroplets when they were mixed in the ATPS
with PEG/DEX = 10%:5% and 5%:5%. However, a close look at
their distribution revealed that their location switched between
the center and the periphery of the droplet with a change in
the PEG/DEX ratio. In both cases, DEX-rich microdroplets were
located on the bottom of the chamber due to their a little bit
larger density as observed in the bulk experiment. Interestingly,
these cells showed an opposite preferred distribution inside the
droplets (Figure 1); at PEG/DEX 10%:5%, RBCs gathered near
the interface, while NMuMG cells gathered inside the droplets
rather than the interface. In contrast, at PEG/DEX 5%:5%,
these preferences were reversed; i.e., RBCs were situated inner
part of the droplets, and NMuMG cells were localized at their
periphery. RBCs tended not to contact each other when they

FIGURE 1 | Specific distribution depending on the cell type and the

concentration of PEG/DEX. (A) Microscopic images of red blood cells (RBCs)

in microdroplets for each concentration of PEG/DEX (10%:5%, 5%:5%). The

scale bar corresponds to 50µm. (B) Microscopic images of mouse mammary

gland epithelial cells (NMuMG cells) in microdroplets for each concentration of

PEG/DEX (10%:5%, 5%:5%). Note that the difference in color of cells could be

due to a little variation in distance from the focus. Bar: 20µm.

were trapped inside the droplets at either concentration of the
coexisting polymers, whereas NMuMG cells positioned inside the
droplets adhered more strongly to each other. Since NMuMG
cells are adherent in their intrinsic property, encapsulationwithin
DEX-rich droplets could enhance their attachment propensities
(Yoshida et al., 2017).

Figure 2 shows histograms of the cell population vs. the
position of microdroplets. Along the radial distance (r/L)
normalized to unity by the average radius L of each droplet,
entrapped cells were counted and the numbers were converted
into a cell frequency. In both types of cells, the median location,
which is indicated by arrow, of entrapped cells shifted from
around the center (relative radial distance r/L ∼0.5) to the
periphery (relative radial distance r/L 1.0). But the preference
is opposite; i.e., RBCs and NMuMG cells (epithelial cells) were
observed adsorbed to the interfaces at PEG/DEX = 10%:5% and
5%:5%, respectively. It should be noted that if cells were included
inside a droplet without any attraction but with some repulsion
to the interface, a peak of the population may appear around r/L
∼0.5 because of the larger area compared to the region near the
center.
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FIGURE 2 | Histograms of positions where (A) RBCs and (B) NMuMG cells were distributed inside microdroplets with PEG/DEX = 10%:5% and 5%:5%. Horizontal

axes indicate normalized distances (r/L) from the center of the droplets to the positions of the entrapped cells. The relative radial distance normalized to unity by the

average radius L of each droplet is 0 at the center and 1.0 at the periphery. The average radius is calculated from the area section of each microdroplet observed by

microscopy, the distance r at which a cell was observed is divided by L of the droplet entrapping the cell to give the normalized radial distance. Some cells were

observed at normalized distances greater than unity because some droplets assumed a somewhat aspherical shape, and then the number of these cells are included

in the number at r/L of 0.9–1.0. Arrows indicate the medians to express the trends in cell localizations. The total numbers of counted cells (Ncell) and droplets

(Ndroplet) are indicated.

To further examine how cells switched their distribution
inside the droplets, we conducted CLSM observation of the
PEG/DEX ATPS containing RBCs labeled fluorescently by Nile
red (Figure 3). FITC-DEX illuminated the microdroplets and
RBCs emitting red fluorescence were fully entrapped, but their
distribution was apparently different at PEG/DEX = 10%:5%
and 5%:5%, as in Figure 1. Under the former condition, RBCs
were visualized on the inner interface of the DEX-rich droplet
emitting green fluorescence, and in the latter, RBCs were
relatively dispersed into the DEX-rich droplets. Fewer cells were
observed at the top than the middle of the droplet, indicating that
entrapped cells could fall under the present conditions. A number
of RBCs were here also found at the interface of the microdroplet
at PEG/DEX = 5%/5% (Figure 3B), and this trend is consistent
with the localization shown in Figure 2A.

We here observed the simple switching of cell localization
inside DEX-rich droplets. Both cell types, RBCs and NMuMG
cells, preferred the interior, but they exhibited opposite trends
when settling in different compartments. The preference in
cell localization may be caused by various factors related to
difference in cell properties, including their sizes, morphologies,
surface structures, adhesive (non-adhesive) behaviors, number
density, etc., so it is too complicated to permit us to give a
detailed precise explanation for the mechanism. Therefore, the
present condition we investigated is considered to be moderately
suitable for simple demonstration of switchable behavior of cell
localization inside ATPS droplets. For speculation, instead, we
try to simply discuss this different preference by imagining cells
with different dimensions under a crowded environment with
PEG/DEX schematically illustrated in Figure 4 as follows.
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FIGURE 3 | Confocal laser scanning microscopy (CLSM) images of RBCs in microdroplets. Top: RBCs labeled with Nile red. Middle: FITC-DEX. Bottom: Merged. The

focal planes of the left and right columns for each condition are around the top and below the middle, respectively, as schematically illustrated for PEG/DEX = (A)

10%: 5% and (B) 5%: 5%. Bar: 100µm.

Generally, DEX molecules have branched structures with
some room for harboring other biomacromolecules, and
PEG molecules have linear flexible structures with a high
excluded volume under concentrated conditions. Since these
polymers provide different aqueous environments, not only large
biomolecules but also cells prefer the DEX-rich phase, which
is less crowded than the PEG-rich phase. In the present study,
we used two PEG/DEX ATPSs with different conditions; one is
near the critical point in the phase diagram (5%:5%); the other is
somewhat far from that point, and accordingly, the binodal line
(10%:5%).

The surface tension with such aqueous/aqueous interfaces
is not so strong compared to oil/water interfaces (Atefi et al.,
2014). Therefore, it can be finely modulated by changing the
PEG/DEX ratio. In the present case, at PEG/DEX = 10%:5%,
the interface has a higher tension (surface energy) with a steeper
gradient of polymer concentrations, and thus RBCs, which are
relatively smaller than NMuMG cells, could keep located on the
surface, leading to reduction of the surface energy (Figure 4A).
On the other hand, at PEG/DEX = 5%:5%, the surface free
energy, or surface tension, is so low due to a small gradient of
polymer concentrations that small RBCs with weaker effects on
stabilization of the interface alternatively tend to leave and enter
the interior of DEX-rich droplets, which can accommodate these
cells (Figure 4B).

To interpret the opposite preference of NMuMG cells along
the same scenario as the case of RBCs, their larger size can
be taken into account in relation to depletion effects by PEG.

NMuMG cells appear to move to the interior of DEX-rich
droplets, avoiding the interface where PEG exists more densely
at PEG/DEX = 10%:5%. In other words, PEG could effectively
induce depletion effect on NMuMG cells due to their larger sizes
(surface areas), so these cells can be located not near a PEG-rich
surrounding but in a DEX-rich inner space, where they might be
associated with each other by moderate depletion force with DEX
polymers (Atefi et al., 2015). At PEG/DEX= 5%:5%, where most
RBCs are located inside the droplets, NMuMG cells can stand
adhering to the interface, leading to the efficient stabilization due
to their greater dimension. Note that the surface free energy of
the interface through the phase segregation of polymer solutions
is generally much smaller than those for interfaces with small
molecules, because of the small contribution of the mixing
entropy for polymer systems (Nakatani et al., 2018).

It has been shown that interface properties are in general
strongly correlated to the positioning and qualities of cells
with various origins (Atefi et al., 2015; Han et al., 2015)
with some changes in genetic activities (Yu et al., 2018). To
achieve assembly of highly organized compartments including
cells in microfluidics, interfacial environments where cells and
biopolymers are accumulated should be well-regulated (Yamada
et al., 2016). We here simply chose physiological saline for
suspending cells, but it is not suitable for cell proliferation, but,
along this line, when some conditions that facilitate micro phase
separation and cell growth are available, our results would be
expected to aid development of such techniques for constituting
assembled cell systems.
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FIGURE 4 | Schematic representation of the proposed mechanism of RBC distribution inside microdroplets generated by PEG and DEX. The leftmost illustrations

show localization of RBCs (red closed circles) in droplets of DEX (blue branching line) surrounded with PEG (green random coil). The rightmost graphs depict the

profiles of concentrations of DEX and PEG at the interfaces of droplets. (A) At PEG/DEX = 10%: 5%, the high surface energy due to the steep gradient of polymer

concentrations may cause the accumulation of RBCs at the interface to lower the tension. (B) In contrast, at PEG/DEX = 5%: 5%, the surface tension can be

moderately reduced to permit mutual invasion to some extent, and thus RBCs cannot be pushed to the interface so strongly. The pseudo three-dimensional images in

the middle show the fluorescence intensities of Nile red from RBCs entrapped inside the DEX-rich microdroplets shown in the upper-left side, also in each upper-right

panel of Figure 3. Bar: 100µm.

In conclusion, it was found that living cells exhibit specific
localization in an aqueous solution with water/water micro-
droplets generated through phase separation in the presence of
hydrophilic binary polymers. It was revealed that two type of
cells are situated either in the interior or at the periphery of the
droplets. By changing the relative ratio of the polymer content,
switching of the cell localization was observed. Themechanism of
such observations were interpreted in terms of polymer depletion
effect on the micro phase separation. It is highly expected that
the simple mixing procedure with micro water/water droplets
provides novel methodology to construct 3D cellular assembly
composed with difference cell species.
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Cracking pattern of tissue slices 
induced by external extension 
provides useful diagnostic 
information
Keisuke Danno1, Takuto Nakamura1, Natsumi Okoso1, Naohiko Nakamura2, Kohta Iguchi2, 
Yoshiaki Iwadate  3, Takahiro Kenmotsu  1, Masaya Ikegawa1, Shinji Uemoto2 & 
Kenichi Yoshikawa  1

Although biopsy is one of the most important methods for diagnosis in diseases, there is ambiguity 
based on the information obtained from the visual inspection of tissue slices. Here, we studied the 
effect of external extension on tissue slices from mouse liver with different stages of disease: Healthy 
normal state, Simple steatosis, Non-alcoholic steatohepatitis and Hepatocellular carcinoma. We 
found that the cracking pattern of a tissue slice caused by extension can provide useful information for 
distinguishing among the disease states. Interestingly, slices with Hepatocellular carcinoma showed a 
fine roughening on the cracking pattern with a characteristic length of the size of cells, which is much 
different than the cracking pattern for slices with non-cancerous steatosis, for which the cracks were 
relatively straight. The significant difference in the cracking pattern depending on the disease state 
is attributable to a difference in the strength of cell-cell adhesion, which would be very weak under 
carcinosis. As it is well known that the manner of cell-cell adhesion neatly concerns with the symptoms 
in many diseases, it may be promising to apply the proposed methodology to the diagnosis of other 
diseases.

Biopsy, or the inspection of tissue samples, is one of the most important methods for making a precise diagnosis 
in human disease, especially for evaluating the stage of malignant cancer. Various techniques for preparing tissue 
samples have been developed and pathologists describe the features of a specimen in terms of cell type, cellular 
arrangement, abnormality, morphology of the cell nucleus, etc.1–10. However, there is still some ambiguity in a 
diagnosis based on information obtained from the inspection of tissue slices. In addition, a great deal of skill is 
needed to give a precise pathological diagnosis. To realize quantitative pathological diagnosis, several attempts 
have been made to analyze images of pathological samples obtained by optical microscopy. These attempts have 
been based on pattern recognition or topology algorithms11–15, and also on information processing by so-called 
AI algorithms using “big data”16. In the present study, we tried to obtain additional information from sliced tissue 
sections for samples obtained from mice with disease in different pathological stages. We prepared sections of 
mouse liver. These mice were sacrificed to obtain whole liver samples at 36 weeks after 12 h of fasting from the 
last feeding under general anesthesia by inhalation of 1–2% isoflurane. Small pieces of the liver were cut from 
the whole liver and then snap-frozen in liquid nitrogen immediately. These sliced tissues were placed on an 
elastic sheet of polyurethane, instead of a glass slide, which is usually used in microscopic observation. Slices 
were then stretched under observation by optical microscopy. Interestingly, characteristic fine-cracking pattern 
was generated for the slice with Hepatocellular carcinoma, which is markedly different from those for the slices 
with non-cancerous steatosis. It has been shown that the analysis of cracking patterns can be used to derive index 
parameters17–24, which are quantitative parameters that are useful for obtaining a precise diagnosis.
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Materials and Methods
Animal. Male 4 to 5 weeks old C57BL/6 mice were purchased from Japan SLC, Inc. (Shizuoka, Japan). All protocols 
were approved by the Ethics Committee of Animal Care and Experimentation at Kyoto University (MedKyo14250).

Mouse NAFLD-HCC models. We examined liver tissues of mice that reflected different disease states: Healthy 
normal (Normal), Simple steatosis, Non-alcoholic steatohepatitis (NASH) and Hepatocellular carcinoma (HCC). 
Mice of the old C57BL/6 were induced to develop different disease states through a well-established procedure 
involving chemical additives in feed and other dietary interventions25,26. Mice were maintained at 24 ± 3 °C under a 
12-h light/dark cycle with free access to water. Mice were fed a control diet or high fat diet (D12331, Research Diets, 
New Brunswick, NJ, USA) combining with intraperitoneal administration of diethylnitrosamine. The physical con-
ditions and body weight of the animals were checked every week. If general fatigue, decreased activity, respiratory 
distress, or weight loss were observed, the mice were euthanized before the predetermined day. Through the above 
mentioned treatment, mice develop simple steatosis, NASH, and HCC in a definite manner under the condition 
that they were fed for the period of 36 weeks. We count on conventional histopathological findings such as steatosis, 
lobular inflammation, and ballooning as a common set of diagnostic criteria to confirm the actual types of pathol-
ogy. During the experiments, mice may sometimes deteriorate their health states because of liver dysfunction. We 
prepared sections of mouse liver. These mice were sacrificed to obtain whole liver samples at 36 weeks after 12 h of 
fasting from the last feeding under general anesthesia by inhalation of 1–2% isoflurane. Small pieces of the liver were 
cut from the whole liver and then snap-frozen in liquid nitrogen immediately. After the sampling, animals were 
killed by cutting the inferior vena cava under deep anesthesia using isoflurane.

Tissue slice preparation method. To obtain a tissue sample of mouse liver, we applied the following treat-
ment. First, we embedded a mouse liver in Optimal Cutting Temperature (OCT) compound immediately after 
the liver was removed from the mouse body and frozen in liquid nitrogen at −80 C°. The frozen sample was then 
sliced at a thickness of 20 µm using a Cryostat (Leica, Germany), which maintains samples at −20 C° for 15 minutes. 
Sample slices were then placed on a transparent urethane gel sheet (EXSEAL Corporation, Japan) in a careful manner 
so as to diminish any physical stress. It is known that polyurethane serves as tissue adhesive, and polyurethane-based 
sheets/scaffolds have been adopted to obtain tissue adhesive for application in tissue engineering27. Thus, in the 
present study we used urethane gel sheet as the adhesive material for the tissue slices. After treatment with Nile 
Blue (NB), the tissue slice was stood still for ca. 30 min at room temperature, and then we observed the tissue slice 
by optical microscopy. During such waiting period, the moisture contained in the sample slices is absorbed on the 
gel sheet, and as the result, the slices stick to the sheet in a strict manner. The tissue slices with the 10 × 10 mm size 
prepared were stretched with the experimental set-up as shown in Fig. 1. The urethane gel sheet measured 40 mm in 
length, 22 mm in width and 1 mm in thickness, and was fixed between a pair of bars, one fixed and one movable28,29. 
Extension was carried out through the use of metallic linear actuator (Toki Corporation, Japan), which shrink under 
the application of an electric current. In the experiments reported here, the gel sheet was stretched to 150%, from 
40 mm to 60 mm. As for such degree of stretch, most of the stretch stress was forced on the urethane gel sheet. The 
tissue slices were monitored by optical microscopy using a 40x objective lens.

Results
The upper rows in Fig. 2 show images of tissue samples of mouse liver on glass slides stained by Hematoxylin-Eosin (HE) 
(Norm-1, Steat-1, NASH-1, HCC-1) and Nile blue (NB) (Norm-2, Steat-2, NASH-2, HCC-2). These images indicate  
that there are rather significant differences between normal tissues and tissues with various stages of disease. 
However, it is not easy to clearly differentiate HCC (HCC-2) from simple steatosis (Steat-2) or NASH (NASH-2). 
The lower rows in Fig. 2 show images of tissue samples on a urethane gel sheet before (Norm-3, Steat-3, NASH-3, 

Figure 1. Schematic representation of the experimental set-up used to stretch a tissue slice attached to a gel 
sheet on the stage of an optical microscope.
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HCC-3) and after (Norm-4, Steat-4, NASH-4, HCC-4) stretching, under staining with NB. In this experimental 
set-up, the gel sheet to which tissue samples were attached was stretched to 150% (Norm-4, Steat-4, NASH-4, 
HCC-4). Comparison of the images obtained before and after stretching indicates a marked increase in tissue 
cracking under extension of the gel sheet. Here, it is noted that cracking appears even for the samples before the 
stretching. This is attributable to the dehydration effect caused through the hygroscopic nature of the gel sheet 
adhesive to the tissue slice. With the addition of the mechanical stress, cracking of the tissue is significantly 
enhanced as shown in Fig. 2(4). We have confirmed that the tissue slices kept to tightly stick to the gel sheet 
under stretch up to 150%. Interestingly, for the tissue with carcinoma (HCC-4), a fine cracking pattern is noted, 
whereas for the other tissues (Norm-4, Steat-4, NASH-4), the cracks appear as relatively straight lines without a 
fine pattern. Thus, stretching of the slices provides additional useful information specific to carcinoma; i.e., the 
appearance of a fine cracking pattern.

Discussion
The cracking patterns of the different tissues shown in Fig. 2 (Norm-4, Steat-4, NASH-4, HCC-4) varied according 
to the disease state, especially that of the cancerous tissue (HCC-4). Next, we will explore methods for the quanti-
tative analysis of tissue cracking patterns toward future application for the diagnosis of disease states. We will adopt 
two different methodologies: i) evaluation of the degree of cracking in terms of the total length of cracks, and ii) 
evaluation of the degree of cracking in terms of the relative surface areas of cracks and uncracked tissues. We have 
applied Tukey-Kramer procedure to the statistical analysis on the experimental data, which is known as the stand-
ard procedure of analysis for multiple comparison30–34. Figure 3 shows the procedure used for image-analysis of 
the cracking pattern through the application of a Gaussian filter, with the different values of the standard deviation 
(StDev; i.e., 1 or 6 pixels) to smooth the lines in the cracking patterns, where the number of head count of the mouse 
N = 4. After the images were smoothed by Gaussian filtering, we binarized the images to sharpen the boundaries of 
the cracking patterns. The parts in white correspond to the cracking area of the samples after binarization. Next, we 
tried to evaluate the degree of the fineness in the cracking pattern based on the images with binarization where the 
distance between the neighboring pixels is 4.6 μm. By considering the characteristic size of individual cells on the 
order of 10 μm, we imposed Gaussian filter with the length scale of 27.6 μm (6 times larger than the distance between 
the neighboring pixels); in order words, the images were course grained above the size of individual cell. Then, we 
have evaluated the total lengths of the outlines of the cracking before and after the coursing and we have denoted 
these lengths as L and L’. The lower panel (Fig. 3) shows the ratio of the length L (StDev = 1 pixel) to L’ (StDev = 6 
pixels) for each disease state. The ratio L/L’ for HCC is significantly greater (about 0.5-fold greater) than those for the 

Figure 2. Optical microscopic images of tissue slices. (Norm-) healthy normal, (Steat-) simple steatosis, 
(NASH-) non-alcoholic steatohepatitis, (HCC-) hepatocellular carcinoma. From top to bottom: (1) HE staining 
on a glass slide, (2) NB staining on a glass slide, (3) Before stretching on a urethane gel sheet, (4) Stretched state 
with mechanical extension.
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other states. In other words, the roughening of the cracking pattern becomes significant in HCC; cancerous tissue. 
The micro-roughening on the cracking patterns as in Fig. 2 (HCC-3) and (HCC-4) are on the order of ten µm, corre-
sponding to the usual cell-size in organs. In other words, the effect of coursing with the Gaussian filter is marked in 
HCC; cancerous tissue. As mentioned above, the length scale (27.6 μm) of the adapted Gaussian filter is larger than 
the cell-size in organs. Thus, the larger ratio of L/L’ implies the character of the cracking with the greater unevenness 
on the scale of individual cells. We may expect that the appearance of the fine unevenness on the cracking with the 
scale of the order of 10 μm is attributable to the decrease of cell-cell contact interaction35,36.

Figure 4 shows another method of analysis different from that in Fig. 3 that is based on an evaluation of the 
area in the cracking pattern, where the number of head count of the mouse N = 4. We applied this method to 
images that had been binarized. In the binarized image in Fig. 4, the black and white parts correspond to the 
urethane sheet without tissue and to remaining tissue respectively. To evaluate the relative area of cracking, we 
counted the numbers of white and black pixels after binarization; i.e., Nw for white pixels and NB for black pixels, 
and then used these values to calculate the ratio of NB to Nw + NB. This parameter increases gradually to the state 
of NASH. For tissue with HCC, this ratio is 0.5-fold greater than those for the other disease states. The increase 
of crack area in the stretched tissues is attributable to the weakening of adhesion strength between cells. These 
results show that it is possible to evaluate the state of a disease in a quantitative manner by using the parameters 
shown in Figs 3 and 4. The increase of the crack area in the stretched tissue of HCC is again attributable to the 
weakening of the cell-cell attractive interaction, as well as in the marked increase of L/L’ as in Fig. 3. Such weak-
ening effect of the cell-cell adhesion on the other disease states beside HCC and, thus, cracking patterns did not 
reveal large differences among them.

Conclusions
We have proposed a novel methodology for the pathological diagnosis of cancer, which involves making crack-
ing patterns in tissue samples by stretching. We have shown experimental results together with the quantita-
tive analysis on tissue samples of mouse liver in different disease states: Healthy normal state, Simple steatosis, 
Non-alcoholic steatohepatitis (NASH) and Hepatocellular carcinoma (HCC). It was revealed that the difference 
between NASH and HCC becomes significant for the tissues after mechanical stretching. The appearance of 
fine cracking on the order of cell-size in HCC implies the decrease of the strength of cell-cell attraction. Thus, 

Figure 3. Schematic illustrations of the evaluation of uneven degrees of cracking lines. The total lengths 
of the outlines in binarized images before (L) and after (L’) Gaussian filtering for a length scale of 27.6 µm 
(corresponding to 6 pixels), where the distance between neighboring pixels in the original image is 4.6 µm. The 
bar graph shows the difference in L/L’ for tissues with different disease states. (Mean ± SE, *p < 0.05, **p < 0.01, 
head count of the mouse N = 4).
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the proposed methodology involving quantitative image-analysis on the cracking pattern is expected to serve 
as a useful diagnostic tool. In conclusion, cracking information with tissue stretching will be promising for the 
development of precise diagnosis, including malignancy in other tissues. Further studies on the cracking pattern 
formation by changing the experimental conditions, such as speed and magnitude of stretching, and method of 
freezing before tissue slicing, are awaited.

References
 1. Zucman-Rossi, J., Villanueva, A., Nault, J. C. & Llovet, J. M. Genetic landscape and biomarkers of hepatocellular carcinoma. 

Gastroenterology 149, 1226–1239.e4 (2015).
 2. Yersiz, H. et al. Assessment of hepatic steatosis by transplant surgeon and expert pathologist: a prospective, double-blind evaluation 

of 201 donor livers. Liver Transpl. 19, 437–449 (2013).
 3. Tiniakos, D. G., Vos, M. B. & Brunt, E. M. Nonalcoholic fatty liver disease: pathology and pathogenesis. Annu. Rev. Pathol. 5, 

145–171 (2010).
 4. Schwenzer, N. F. et al. Non-invasive assessment and quantification of liver steatosis by ultrasound, computed tomography and 

magnetic resonance. J. Hepatol. 51, 433–445 (2009).
 5. Kudo, M. Multistep human hepatocarcinogenesis: correlation of imaging with pathology. J. Gastroenterol. 44(Suppl 19), 112–118 (2009).
 6. Takayama, T. et al. Early hepatocellular carcinoma: pathology, imaging, and therapy. Ann. Surg. Oncol. 15, 972–978 (2008).
 7. Yeh, M. M. & Brunt, E. M. Pathology of nonalcoholic fatty liver disease. Am. J. Clin. Pathol. 128, 837–847 (2007).
 8. Cormier, J. N., Thomas, K. T., Chari, R. S. & Pinson, C. W. Management of hepatocellular carcinoma. J. Gastrointest Surg. 10, 

761–780 (2006).
 9. Llovet, J. M. & Bruix, J. Systematic review of randomized trials for unresectable hepatocellular carcinoma: Chemoembolization 

improves survival. Hepatology 37, 429–442 (2003).
 10. Shimada, M. et al. Hepatocellular carcinoma in patients with non-alcoholic steatohepatitis. J. Hepatol. 37, 154–160 (2002).
 11. Jang, H. J., Kim, T. K., Burns, P. N. & Wilson, S. R. CEUS: An essential component in a multimodality approach to small nodules in 

patients at high-risk for hepatocellular carcinoma. Eur. J. Radiol. 84, 1623–1635 (2015).
 12. Wilson, S. R. & Burns, P. N. An algorithm for the diagnosis of focal liver masses using microbubble contrast-enhanced pulse-

inversion sonography. Am. J. Roentgenol 186, 1401–1412 (2006).
 13. Futterer, J. J. et al. Prostate cancer localization with dynamic contrast-enhanced MR imaging and proton MR spectroscopic imaging. 

Radiology 241, 449–458 (2006).

Figure 4. Schematic illustration of the evaluation of the cracking area. White and black pixels in the binarized 
image represent remaining tissue and cracks respectively. The bar graph shows the difference in the areas of 
cracks in tissues with different disease states. (Mean ± SE, *p < 0.05, **p < 0.01, head count of the mouse N = 4).



www.nature.com/scientificreports/

6SCienTiFiC REPORTS |  (2018) 8:12167  | DOI:10.1038/s41598-018-30662-9

 14. Quaia, E. et al. Characterization of focal liver lesions with contrast-specific US modes and a sulfur hexafluoride-filled microbubble 
contrast agent: diagnostic performance and confidence. Radiology 232, 420–430 (2004).

 15. Koda, M. et al. Qualitative assessment of tumor vascularity in hepatocellular carcinoma by contrast-enhanced coded ultrasound: 
comparison with arterial phase of dynamic CT and conventional color/power Doppler ultrasound. Eur. Radiol. 14, 1100–1108 (2004).

 16. Yoshida, H. et al. Automated histological classification of whole-slide images of gastric biopsy specimens. Gastric Cancer 21, 
249–257 (2018).

 17. Segarra, M., Shimada, Y., Sadr, A., Sumi, Y. & Tagami, J. Three-dimensional analysis of enamel crack behavior using optical 
coherence tomography. J. Dent. Res. 96, 308–314 (2017).

 18. Fochesatto, N. S., Buezas, F. S., Rosales, M. B. & Tuckart, W. R. Effect of crack patterns on the stress distribution of hard chromium 
coatings under sliding contact: stochastic modeling approach. J. Tribology 139, 061401 (2017).

 19. Vida, L. M., Ostra, M., Imaz, N., García-Lecina, E. & Ubide, C. Analysis of SEM digital images to quantify crack network pattern area 
in chromium electrodeposits. Surface Coatings Tech. 285, 289–297 (2016).

 20. Nandakishore, P. & Goehring, L. Crack patterns over uneven substrates. Soft Matter 12, 2253–2263 (2016).
 21. Ghabache, E., Josserand, C. & Seon, T. Frozen impacted drop: from fragmentation to hierarchical crack patterns. Phys. Rev. Lett. 117, 

074501 (2016).
 22. Goehring, L. & Morris, S. W. Cracking mud, freezing dirt, and breaking rocks. Phys. Today 67, 39–44 (2014).
 23. Hofacker, M. & Miehe, C. A phase field model of dynamic fracture: Robust field updates for the analysis of complex crack patterns. 

Int. J. Numerical Methods. Engineer 93, 276–301 (2013).
 24. Nakahara, A. & Matsuo, Y. Imprinting memory into paste to control crack formation in drying process. J. Statistical Mechanics: 

Theory and Experiment. P07016 (2006).
 25. Eek, J. et al. Dietary and genetic obesity promote liver iInflammation and tumorigenesis by enhancing IL-6 and TNF expression. Cell 

140, 197–208 (2009).
 26. Santhekadur, P. K., Kumar, D. P. & Sanya, A. J. Preclinical models of non-alcoholic fatty liver disease. J. Hepatol. 68, 230–237 (2018).
 27. Bhagat, V. & Becker, M. L. Degradable Adhesives for Surgery and Tissue Engineering. Biomacromolecules 18, 3009–3039 (2017).
 28. Iwadate, Y. et al. Myosin-II-mediated directional migration of Dictyostelium cells in response to cyclic stretching of substratum. 

Biophys. J. 104, 748–758 (2013).
 29. Iwadate, Y. & Yumura, S. Cyclic stretch of the substratum using a shape-memory alloy induces directional migration in dictyostelium 

cells. Biotechniques 47, 757–767 (2009).
 30. Tukey, C. W. Comparing individual means in the analysisi of variance. Biometrics 5, 99–114 (1949).
 31. Kramer, C. Y. Extension of multiple range tests to group means with unequal numbers of replications. Biometrics. 12, 307–310 

(1956).
 32. Driscoll, W. C. Robustness of the ANOVA and Tukey-Kramer statistical test. Computers ind. Engng. 31, 265–268 (1996).
 33. Rafter, J. A., Abell, M. L. & Braselton, J. P. Multiple comparison methods for means. SIAM Review 44, 259–278 (2002).
 34. Richter, S. J. & McCann, M. H. Using the Tukey-Kramer omnibus test in the Hayter-Fisher procedure. Br. J. Math. Stat. Psychol. 65, 

499–510 (2012).
 35. Wright, T. C., Ukena, T. E., Campbell, R. & Karnovsky, M. J. Rates of aggregation, loss of anchorage dependence, and tumorigenicity 

of cultured cells. Proc. Natl. Acad. Sci USA 74, 258–262 (1977).
 36. Urushihara, H., Takeichi, M., Hakura, A. & Okada, T. S. Different cation requirements for aggregation of Bhk Cells and their 

transformed derivatives. J. Cell Sci. 22, 685–695 (1976).

Acknowledgements
K.Y. is grateful for partial support from KAKENHI (Nos 15H02121, 25103012, 16K13655). T.K. is grateful 
for partial support from KAKENHI (No. 17K05615). We thank Prof. S. Kidoaki, Kyushu Univ., to the useful 
suggestion on the usage of urethane gel sheet and Prof. T. Tsumugiwa, Doshisha Univ., to the fruitful discussion 
on statistical analyses.

Author Contributions
T.K. and K.Y. conceived this research. T.N., K.D. and N.O. performed the main experiments. N.N. and K.I. 
prepared developed mice in different disease states for the research. T.N. and Y.I. developed the experimental 
setup. K.D. and N.O. analyzed the experimental data and performed image analyses. K.Y. and T.K. wrote the 
paper. K.D., T.K., N.N., K.I., Y.I. and K.Y. edited the paper. M.I., S.U. and K.Y. supervise over the research. All 
authors discussed the results and commented on the manuscript. N.O. contributed equally as a corresponding 
author to this work.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/


M. Matsumoto and H. Furuta, In situ Extractive Fermentation of Lactic Acid…, Chem. Biochem. Eng. Q., 32 (1) 275–280 (2018) 275

In situ Extractive Fermentation of Lactic Acid  
by Rhizopus oryzae in an Air-lift Bioreactor
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In this paper, the in situ extractive fermentation of lactic acid was developed with 
Rhizopus oryzae that grew in a medium without costly nutrients such as peptone or yeast 
extract. Tri-n-octylamine as an extractant and isotridecanol as a diluent were selected in 
an optimum extraction system from the viewpoint of the tolerance of organic solvents to 
R. oryzae and extraction capacity. Using this extraction system, batch fermentations were 
carried out in a stirred tank in the presence of an organic solution. It was found that a 
higher aeration rate was needed to enhance the production rate of the lactic acid and the 
extent of its extraction became relatively high due to the absence of extraction inhibitors, 
peptone and yeast extract. Finally, in situ extractive fermentation was carried out using 
pelleted R. oryzae in a fed-batch mode in an air-lift reactor. Lactic acid was successfully 
fermented and extracted from the broth to organic phase for 25 days.

Keywords: 
in situ extractive fermentation, l-lactic acid, Rhizopus oryzae, trioctylamine, air-lift reactor

Introduction

Lactic acid, which plays an important role as a 
bulk chemical in the food, pharmaceutical, and cos-
metic industries, is drawing great interest as the 
monomer of biodegradable poly-lactides1. Demand 
is increasing for optically pure lactic acid for the 
production of poly-lactides because its optical puri-
ty significantly affects the physical properties of po-
ly-lactides2. Therefore, interest in the fermentative 
production of lactic acid is growing because the lac-
tic acid produced by chemical synthesis routes is a 
racemic mixture. In addition, the biotechnological 
route has advantages for environmentally friendly 
production processes, such as low reaction tempera-
ture, low energy consumption, and the ability of us-
ing renewable resources instead of petrochemicals. 
The main biotechnological producers of lactic acid 
are bacteria and some filamentous fungi3,4.

The fungus Rhizopus oryzae is widely studied 
as an l(+)-lactic acid producer3,4. In the fermenta-
tive production of lactic acid using fungal cells, 
fungi possess better resistance to high concentra-
tions of lactic acid and low pH of the medium than 
commonly used bacteria, and use media with much 
lower auxotrophic levels compared to those re-
quired by bacteria5, which simplifies the down-
stream product separation process. Studies on the 
fermentative production of lactic acid have been 

conducted with pelleted and immobilized R. ory-
zae5–12 because free mycelia results in a highly vis-
cous broth. The accumulation of lactic acid in the 
broth and the pH decrease in the medium associated 
with it negatively affect productivity10, although the 
fungi have better tolerance to the accumulation of 
lactic acid and low pH than bacteria. In situ ex-
tractive fermentation is a promising alternative to 
the conventional process because the accumulated 
lactic acid can be removed from the broth during 
fermentation. However, only one study10 has ad-
dressed the extractive fermentation of lactic acid 
with R. oryzae. In a previous paper10, trialkylphos-
phine oxide was used as the extractant of lactic 
acid. The reactive extraction of organic acids has 
already been heavily investigated13,14. Such tertiary 
amines like tri-n-octylamine (TOA), diluted in a 
higher alcohol like 1-octanol, effectively extracted 
lactic acid15. Some studies have been conducted on 
the in situ extractive fermentation of lactic acid 
with bacteria and tertiary amines14,16. One problem 
is the high toxicity of the extractant to bacteria. In 
our previous paper16, an in situ extractive fermenta-
tion process of lactic acid with TOA was construct-
ed by co-immobilizing decanol-tolerant Lactobacil-
lus fructivorans NRIC0224 cells and calcium 
carbonate into Ca-alginate capsules without pH 
control. The toxicity was considerably alleviated, 
but a slightly negative effect remained. As medium 
components, peptone and yeast extracts were found 
to be inhibitory compounds in the reactive ex-
traction with TOA.
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This paper developed the in situ extractive fer-
mentation of lactic acid with R. oryzae in the growth 
medium which did not contain peptone or yeast ex-
tract. Firstly, the toxicity of extractants and diluents 
to R. oryzae was examined. Although some studies 
can be found on the solvent toxicity to lactic acid 
producing bacteria17, our previous study is the only 
report that is concerned with the toxicity of diluents 
to lactic acid producing fungi18. The toxicity of the 
extractant diluted in the organic solvent was studied 
in this paper. In the next section, we describe our 
extractive fermentation experiments conducted in 
situ with pelleted R. oryzae using our selected ex-
traction system.

Materials and methods

Chemicals

Tri-n-butyl phosphate (TBP), tri-n-hexylamine 
(THA), and tri-n-octylamine (TOA) were used as 
extractants of lactic acid. The diluents for the ex-
tractant were 1-octanol, 1-decanol, isotridecanol 
and oleyl alcohol. All the chemicals of GR grade 
having purity of > 99 % were used as received from 
the suppliers.

Organisms and cultivation

We used a lactic acid producing mold: Rhizo-
pus oryzae IAM 6022. The microorganisms were 
maintained on potato dextrose agar (PDA, Nissui) 
slants. The production medium consisted of glucose 
20 g L–1, (NH4)2SO4 1.35 g L–1, K2HPO4 0.3 g L–1, 
MgSO4∙7H2O 0.25 g L–1 and ZnSO4∙7H2O 0.04 g L–1 6,9. 
Cultivations were performed at 30 °C.

Production in the presence of organic solvents

Lactate production in the presence of a second 
phase was determined based on a previous meth-
od16. A spore suspension from a PDA slant was 
transferred to a 100 mL production medium in a 
250-mL culture bottle. The culture bottle was shak-
ing-incubated for 24 h at 30 °C and 100 rpm 
(BW201, Yamato, Tokyo Japan). After pH of the 
medium was adjusted to 6 by adding a 5 mol L–1 
NaOH aqueous solution, we added 30 mL of each 
organic solvent listed in Table 1 to form the second 
phase. The culture bottles were sealed with Teflon 
valves to prevent evaporation and incubated for 48 
h at 30 °C. The glucose concentration was then 
measured.

Batch fermentation in a stirred tank

Batch fermentations were performed with a 
working volume of 600 mL at 30 °C in 1-L stirred 
tank (MBF, EYELA, Tokyo Japan). A spore suspen-

sion from a PDA slant was transferred to a 600 mL 
production medium. The aeration rate and agitation 
speed were 1.0 L min–1 and 70 rpm. In the anaero-
bic condition, air was not bubbled. Samples were 
withdrawn periodically during the fermentation, an-
alysed for glucose and lactic acid and measured pH 
value. In the absence of an organic phase, the pH of 
the broth was manually kept at the initial pH by 
adding a 5 mol L–1 NaOH solution. In the case of 
extractive fermentation, 200 mL of organic solu-
tion, which consisted of 0.5 mol L–1 TOA in isotri-
decanol, was added to the broth. Extractive fermen-
tation was conducted without pH control.

Pellet formation

A spore suspension from a PDA slant was 
transferred to a 100 mL production medium in a 
250-mL culture bottle, which was shaking-incubat-
ed for 72 h at 28 °C and 100 rpm (BW201, Yamato, 
Tokyo Japan). During the incubation, the pH was 
kept at the initial pH level of the culture by adding 
calcium carbonate to prompt a morphology change 
from dispersed filamentous to a pellet form 3 to 4 
mm in diameter. Pellet formation was confirmed vi-
sually.

Extractive fermentation of lactic acid with 
pelleted R. oryzae in air-lift reactor

We also carried out lactic acid production using 
pelleted R. oryzae in an air-lift reactor (diameter 
120 mm, length 250 mm) in a batch mode as illus-
trated in Fig. 1. The volumes of culture including 5 
mL of antifoaming agent (Tween 80) and extraction 
phase were initially 2 L and 500 mL, respectively. 
The broth in the tank was held at 28 °C and the 
aeration rate from annular air tube was 6.0 L min–1. 
In extractive fermentation, 500 mL of isotridecanol 
solution containing 0.5 mol L–1 TOA was placed on 

Ta b l e  1  – Toxicity of organic solvents to Rhizopus oryzae 
IAM 6022

Solvent Log Po/w Relative activity

1-Octanol 2.9 ≈0

1-Decanol 3.8 0.21

Isotridecanol 5.2 0.70

Oleyl alcohol 7.5 1.09

Trioctylamine (TOA) 10.3 0.056

Trihexylamine 7.4 0.005

Tributyl phosphate 3.8 ≈0

0.5 mol L–1 TOA in isotridecanol – 0.99

0.5 mol L–1 TOA in 1-decanol – 0.35

Relative activity is defined as ratio of glucose consumption of 
sample to that of control.
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top of the medium solution. Samples were with-
drawn periodically from the medium and the organ-
ic phase during fermentation, and analysed for pH, 
glucose and lactic acid. When the pH of the broth 
decreased to 3, the extraction phase was exchanged 
with a fresh one. When the glucose was depleted, 
an enriched 100 mL glucose solution was added to 
become an initial glucose concentration.

Analysis

The lactic acid in the organic phase was 
stripped with a 1 mol L–1 NaOH solution. The con-
centrations of the lactic acid, glucose and ethanol in 
the resultant aqueous solutions were determined by 
HPLC (Shimadzu LC-10ADvp) with a Shodex SH-
1011 column and a 5 mmol L–1 H2SO4 solution as a 
mobile phase. Lactic acid, glucose and ethanol were 
detected with an RI detector (Shimadzu RID10A).

Results and discussion

Tolerance of R. oryzae to organic solvent

We previously18 investigated the tolerance of 
lactic acid-producing fungi R. oryzae JCM 5568 to 
organic solvents. A solvent with a high log Po/w ex-
hibited the highest metabolic activities and solvents 
with a lower log Po/w (Po/w is the partition coefficient 
of a molecule between 1-octanol and water) were 
toxic to R. oryzae JCM 5568, which showed higher 
tolerance to aliphatic alcohols than to aliphatic hy-
drocarbons. Furthermore, long-chain aliphatic alco-
hols, such as octanol and decanol, were reported to 

be active diluents for lactic acid extraction19. We 
examined the tolerance of R. oryzae IAM 6022 to 
long-chain aliphatic alcohols as diluents and ex-
tractants such as TBP, THA and TOA. Table 1 
shows the relationship between the relative activity 
retained by cells exposed to long-chain aliphatic al-
cohols and extractants, and their log Po/w values. 
Relative activity in the presence of organic solvents 
was determined on the basis of the concentration of 
the glucose consumed after adding an organic sol-
vent, where the relative activity was defined as the 
ratio of the glucose concentration of the sample to 
that of the control. Aliphatic alcohols with higher 
log Po/w were less toxic to R. oryzae IAM 602218. 
All the extractants used in this study showed high 
toxicity to R. oryzae IAM 6022. Although oleyl al-
cohol produced the highest activity, one of its disad-
vantage is its relatively high viscosity of 28.32 mPa s 
at 25 °C20. Therefore, we examined the tolerance of 
a mixture of TOA and isotridecanol or 1-decanol. In 
the case of TOA (0.5 mol L–1) and isotridecanol, its 
relative activity is comparable to that of control. In 
the following experiment, this extraction system 
was employed.

Extractive fermentation in a stirred tank

Based on the above results, batch fermentations 
were carried out in a stirred tank to examine the 
effect of the addition of an organic solution on fer-
mentation. Figs. 2 and 3 show the time courses of 
the concentrations of glucose, lactic acid and etha-
nol, and pH during fermentation in the absence and 
presence of an organic solution, respectively. In 
pH-controlled fermentation without an organic 
solution, the glucose was completely depleted at 
68.5 h, and lactic acid and ethanol were produced 
(YP/S = lactic acid produced/glucose consumed = 
0.492 g-lactic acid g–1-glucose). For the extractive 
fermentation, pH was uncontrolled because the con-
dition of the lower pH was preferable for the ex-
traction16. Lactic acid was successfully produced by 
fermentation in the presence of an organic solution. 
However, the fermentation rate was slower than that 
of the control, and the time required to deplete the 
glucose was extended to 120 h, although the pres-
ence of 0.5 mol L–1 TOA in the isotridecanol had 
little effect on the lactic acid production as de-
scribed above. This suggests that air supply for R. 
oryzae was insufficient because the layered organic 
phase cut off the air contact. Fig. 4 shows extractive 
fermentation under anaerobic conditions. As is evi-
dent from Figs. 2 and 4, the anaerobic fermentation 
is slower than the aerobic fermentation. Therefore, 
a higher aeration rate is needed to enhance the fer-
mentation rate. After 120 h, 55 % of lactic acid pro-
duced was extracted to the organic phase at pH 4. In 
our previous paper16, it was reported that yeast ex-

F i g .  1  – Schematic diagram of extractive fermentation with 
air-lift reactor
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tract and peptone in the broth considerably inter-
fered with the extraction of lactic acid and extracta-
bility in the broth decreased to 1/10 compared to 
that of the model solution in the absence of yeast 
extract and peptone. In this experiment, relatively 
high extractability was obtained, because the medi-
um did not contain yeast extract or peptone.

Extractive fermentation in an air-lift reactor

The application of fungi such as Rhizopus for 
the commercial production of lactic acid was con-
sidered using air-lift reactors because of their low 
energy consumption4. As described above, a high 
aeration rate is needed to enhance the fermentation 

rate. In this study, in situ extractive fermentation 
was carried out using pellets of R. oryzae in a fed-
batch mode in air-lift reactor shown in Fig. 1.

Fig. 5 shows the time courses of the glucose 
and lactic acid concentrations in the extractive fer-
mentation of lactic acid in an air-lift bioreactor 
without pH control. When the glucose was depleted 
in the broth, 100 mL enriched glucose solution was 
added so that it became an initial glucose concen-
tration. We continued the fermentation until the glu-
cose was depleted in the third cycle. Yield, YP/S, glu-
cose consumption rate, vglu, fermentation time (FT), 
and efficiency of extraction, E, in each cycle are 
listed in Table 2. These constants were defined by 
the following equations.

F i g .  2  – lactic acid fermentation by Rhizopus oryzae IAM 
6022 in stirred tank under aerobic conditions

F i g .  3  – Extractive fermentation of lactic acid by Rhizopus 
oryzae IAM 6022 in stirred tank under aerobic con-
ditions (*lactic acid produced considering lactic 
acid extracted in the organic phase)

F i g .  4  – lactic acid fermentation by Rhizopus oryzae IAM 
6022 in stirred tank under anaerobic conditions

F i g .  5  – Extractive fermentation of lactic acid by Rhizopus 
oryzae IAM 6022 in air-lift reactor (*lactic acid 
produced considering lactic acid extracted in organ-
ic phase)
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From Fig. 5, the lactic acid was successfully 
fermented during each cycle and extracted to the or-
ganic phase for 600 h. The yield in an air-lift biore-
actor exceeded that (= 98 %) in an aerobic batch 
reactor shown in Fig. 2. In an air-lift bioreactor, the 
pH gradually decreased after the initial stage, and 
when it fell to 3.3, the organic phase was replaced 
with a fresh one, because an extraction equilibrium 
was achieved. As is evident from Table 2, however, 
after repeated cycles, the yield and glucose con-
sumption rate slightly decreased, and the fermenta-
tion time was prolonged, probably due to the slight 
toxicity of the organic phase. The extractability of 
lactic acid from the broth remained unchanged from 
the model solution described in the previous paper16.

Future work will introduce a circulation system 
of an organic solution combined with a stripping 
process to continuously recover lactic acid from the 
fermentation broth.

Conclusion

This paper developed the in situ extractive fer-
mentation of lactic acid with Rhizopus oryzae that 
grew in a medium without costly nutrients, such as 
peptone and yeast extract. Firstly, we examined a 
suitable organic solution for this fermentation sys-
tem, and selected tri-n-octylamine as an extractant 
and isotridecanol as a diluent based on the tolerance 
of organic solvents to R. oryzae and extraction ca-
pacity. Using this extraction system, batch fermen-
tations were carried out in a stirred tank to examine 
the effect of the addition of an organic solution on 
the fermentation. We found that a higher aeration 
rate was needed to enhance the production rate of 
the lactic acid and the extent of lactic acid extracted 
became relatively high due to the absence of ex-
traction inhibitors such as peptone and yeast extract. 
Finally, in situ extractive fermentation was carried 
out using pellets of R. oryzae in a fed-batch mode in 
an air-lift reactor. Lactic acid was successfully fer-
mented and extracted to an organic phase for 600 h. 

Having developed optimal fungi for lactic acid pro-
duction, this paper demonstrates that extractive fer-
mentation is a promising method.
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Abstract 

Chitosan–cellulose gel beads were regenerated from an ionic liquid, 

and their application to a metal adsorbent was examined. The chitosan–

cellulose gel beads, which were prepared from 1-ethyl-3-methyl 

imidazolium acetate, were more stable in the acidic and basic aqueous 

solutions than cellulose or chitosan. The adsorption of copper on chitosan–

cellulose gel beads was examined, and the adsorption amount of copper ion 

increased with pH, suggesting that amino groups on chitosan were related 

to adsorption. The adsorption isotherm of copper, zinc, and nickel ions was 

well described by the Langmuir model, and the adsorption ability of these 

metal ions obeyed the Irving-Williams series. Fe3+, Mn2+, and Co2+ from a 

buffer solution and Pt4+, Au3+, and Pd2+ from a hydrochloric acid solution 

were not adsorbed on the chitosan–cellulose gel beads. 
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1. Introduction 
Chitosan, which consists of D-glucosamine with β-(1,4) bonds, is a superior metal 

adsorbent and is expected to be used in the removal of metallic ions in wastewater. Its 

adsorption capacity and selectivity can be enhanced by chemical modification [1]. 

However, chitosan is easily soluble in dilute acidic solutions because of the protonation of 

the amino group. In most cases, crosslinking among amino groups of chitosan is carried 

out for insolubilization. The metal adsorption capacity generally decreases with an 

increase in the extent of crosslinking because amino groups on chitosan bind the metal 

ions. Recently, the preparation of chitosan–cellulose hydrogel beads enhanced the 

mechanical and chemical strength. Li and Bai mechanically prepared chitosan–cellulose 

hydrogel beads [2]. The prepared gel beads were also soluble in the acidic solution, and 

crosslinking of the gels was needed as an adsorbent. Because an ionic liquid can dissolve 

polysaccharides such as cellulose and chitosan, Sun et al. prepared chitosan–cellulose 

beads by regeneration from the ionic liquid 1-butyl-3-methyl imidazolium chloride 

([Bmim][Cl]) [3]. Their gel beads were stable in a 0.1 mol/dm3 HCl solution and were 

applied to Ni adsorption. Chitosan–cellulose gel beads, regenerated from [Bmim][Cl], 

were also applied to microcystin adsorption [4]. Moreover, to easily recover the gel beads, 

magnetic cellulose–chitosan hydrogels were prepared as a metal adsorbent [5,6]. 

Chitosan–cellulose gel beads that were regenerated from 1-ethyl-3-methyl imidazolium 

acetate ([Emim][Ac]) were prepared and applied to dye adsorption [7]. The preparation 

condition of the chitosan–cellulose gel beads regenerated from [Emim][Ac] was milder 

than those of [Bmim][Cl].  
In this study, we prepared chitosan–cellulose gel beads regenerated from [Emim][Ac] 

and examined their durability in acidic and basic solutions and the adsorptive 

characteristics of the metal ions. 
 
2. Materials and Methods 
2.1. Chemicals 

Cellulose powder (type C; Advantec, Japan) and chitosan (low molecular weight, 75–

85% deacetylated, Sigma-Aldrich, USA) were used. The ionic liquid used in this study 

was 1-ethyl-3-methyl imidazolium acetate ([Emim][Ac]) (IOLITEC Ionic Liquid 

Technology, Germany). All the remaining reagents were of analytical grade and were used 

without further purification. 
 
2.2. Preparation of Chitosan–Cellulose Hydrogel Beads 

Chitosan–cellulose hydrogel beads were prepared by modifying a previously reported 

procedure [7]. Cellulose and chitosan were added to [Emim][Ac] and stirred at 80°C to 

form a homogeneous solution with a total concentration of 5–10% (w/w). Using a Terumo 

1-mL syringe, the obtained solution was extruded dropwise into water and left to stand for 

1 h for the beads to harden. Then, the hydrogel beads were collected and thoroughly rinsed 

with deionized water. The obtained hydrogel beads were stored in the deionized water and 

filtered just before use. Although cellulose hydrogel beads were prepared in a similar 

procedure, chitosan gel beads could not be prepared. 
 
2.3. Characteristic of Chitosan–Cellulose Hydrogel Beads 

Both the specific surface area and the pore size of the hydrogel beads were measured 

by micromeritics automatic surface area and a porosimetry analyser  (Tristar 

3000, Shimadzu, Japan). The surface of the adsorbent was observed by electron 

microscopy (JSM7500 FD, JEOL, Japan). The hydration rates of the hydrogel beads were 

measured by a moisture analyser (MOC63u, Shimadzu, Japan). The durability tests of the 
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hydrogel beads were conducted in 0.1 mol/dm3 acetic acid, 0.1 mol/dm3 HCl, 0.1 mol/dm3 

H2SO4, and 0.1 mol/dm3 NaOH solutions. 
 
2.4. Adsorption of Metals on Hydrogel Beads 

The adsorption tests of various metal ions, including Fe(III), Cu(II), Co(II), Ni(II), 

Zn(II), Mn(II), Pt(IV), Au(III), and Pd(II), on hydrogel beads were measured to evaluate 

the adsorption ability by shaking 250 mg of gel beads in 20 mL of the test solution that 

contained 1.0 mmol/dm3 of the individual metal ions at 100 rpm for 24 h at 30°C. It was 

confirmed that an adsorption equilibrium was attained within 12 h. The pH values and 

acidities were adjusted using the following solution: 0.1 mol/dm3 

HCl/CH3COOH/CH3COONa for Fe(III), Cu(II), Co(II), Ni(II), Zn(II), and Mn(II) and 1–

5 mol/dm3 HC for Pt(IV), Au(III), and Pd(II). After attaining equilibrium, the mixtures 

were filtered to separate the gel beads.  
The adsorption isotherms were measured to evaluate the maximum adsorption capacity 

of both adsorbents by shaking 250 mg of the adsorbents with 10 mL of the test solutions 

containing individual metals that ranged from 0.5 to 40 mmol/dm3. The initial and residual 

concentrations of the metal ions in the filtrate were measured by inductively coupled 

plasma atomic emission spectrometry (ICPS-8100, Shimadzu, Japan). The pH values of 

the solution were measured with a pH meter (F-52, Horiba, Japan) before and after the 

adsorption experiment. The amount of adsorbed metal ions was calculated from the 

difference in metal concentration between the initial solution and the filtrate. The amount 

of the metal adsorbed on the adsorbent [q (mmol/g-adsorbent)] was calculated using the 

following equation: 

V
M

CC
q 


 fi

        (1) 

where Ci and Cf are the metal concentrations (mmol/dm3) before and after adsorption, V 

is the volume of the test solution (L), and M is the dry mass of the adsorbent (g). 
 
3. Results and Discussion 
3.1 Characteristics of Chitosan–Cellulose Hydrogel Beads 

Figure 1 shows photo images of the chitosan–cellulose gel beads before and after 

copper adsorption. The shapes were almost spherical, and the mean diameter of the beads 

was ca 4 mm. After Cu adsorption, the colour of the beads uniformly changed to blue, 

suggesting that copper was adsorbed on the chitosan–cellulose hydrogel beads. The 

average pore sizes and the specific surface areas of the cellulose beads and the chitosan–

cellulose beads are listed in Table 1 with the hydration rates of the beads. The hydration 

rate of the chitosan–cellulose hydrogel beads exceeded that of cellulose. This result 

corresponds to a previous work, where adding cellulose in the chitosan reduced the water 

content [2]. 
 

 
Table 1. Characteristics of gel beads 

 
 

Specific surface area (m2/g) 
Pore size 

(nm) 
Hydration rate 

(%) 
Cellulose 4 wt% 44.77 17.23 86.3 
Cellulose 4 wt%  
+ Chitosan 2 wt% 

7.05 26.34 90.1 
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(A)                                      (B)    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              

Figure 1. Images of chitosan–cellulose gel beads before (A) and after (B) copper 

adsorption. 
 
3.2 Durability of Chitosan–Cellulose Hydrogel Beads 

The chitosan–cellulose hydrogel beads, the cellulose beads, and the chitosan flakes 

were tested for durability in the acidic and basic solutions. Table 2 lists the ratio of the 

weights of the beads or flakes after being placed in water, 0.1 mol/dm3 acetic acid, 0.1 

mol/dm3 hydrochloric acid, 0.1 mol/dm3 sulfuric acid, and 0.1 mol/dm3 sodium hydroxide 

solutions for 24 h to the initial weights of the beads. After 24 h, chitosan was completely 

dissolved in the acetic acid and hydrochloric acid solutions and the shapes of the cellulose–

chitosan gel beads were maintained in all the tested solutions. The cellulose–chitosan gel 

beads that were formed by blending chitosan and cellulose were dissolved in an acetic acid 

solution [2], and the gels that were regenerated from [Bmim][Cl] were stable in the HCl 

aqueous solution with pH=1 [3]. The present gels regenerated from [Emim][Ac] were 

stable even in the acidic acid and basic solutions. This suggests that the interaction of 

cellulose and chitosan in the gel beads regenerated from the ionic liquid solution was 

critical for the durability. 
 

Table 2. Durability of gel beads and flakes 
 

 Water Acetic acid HCl H2SO4 NaOH 
Cellulose gel beads 1.00 0.98 1.00 1.00 0.68 
Chitosan flakes 1.00 0.00 0.00 0.32 0.99 
Cellulose–chitosan beads 1.00 1.00 0.99 0.94 0.93 

 
3.3 Adsorption of Metallic Ions on Chitosan-Cellulose Hydrogel Beads 

Figure 2 shows the effect of pH on Cu adsorption on the chitosan–cellulose and 

cellulose gel beads, as well as chitosan flakes. As described above, chitosan flakes were 

dissolved in the acidic solution (pH=3 and 4). The Cu adsorption was attributed to chitosan 

[1]. The adsorption capacities of the chitosan–cellulose gel beads and the chitosan flakes 

increased with pH because of the protonation of the amino groups on chitosan at a lower 

pH [2,3].   
The adsorption ability of the chitosan–cellulose hydrogels for metals from the aqueous 

solution were examined. We observed no appreciable adsorption of Fe3+, Mn2+, and Co2+ 



DURABILITY OF CHITOSAN/CELLULOSE HYDROGEL BEADS REGENERATED  
FROM AN IONIC LIQUID IN ACIDIC AND BASIC MEDIA AND THEIR METAL ADSORPTIVE 

CHARACTERISTICS 

   Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIV, 2019 
149 DOI: 10.15259/PCACD.24.013 

 

from the buffer solution and Pt4+, Au3+, and Pd2+ from the hydrochloric acid solution. 

However, an adsorption affinity to Cu2+, Zn2+, and Ni2+ was exhibited. Figure 3 shows the 

adsorption isotherms of these metals. The data were analysed by the Langmuir isotherm. 

The parameters, the maximum amount of adsorption (qmax), and a constant of the Langmuir 

model (K) were determined by a non-linear regression program included in the Sigmaplot 

14 software. Solid lines in Figure 3 were calculated by these parameters. The calculated 

lines agree well with the experimental results. The obtained parameters are listed in Table 

3. The order of the qmax values was Cu2+ >Zn2+ > Ni2+ and obeyed the Irving-Williams 

series, which refers to the stabilities between metal cations and ligands. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2. Effect of pH on adsorption of Cu2+ on cellulose, cellulose (4%)–chitosan (2%) 

hydrogel beads, and chitosan flakes (initial Cu2+ concentration of 1.0 mmol/dm3) 
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Figure 3. Adsorption isotherm of metallic ions on cellulose (4%)–chitosan (2%) 

hydrogel beads 
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Table 3. Langmuir parameters 

 
 102qmax (mmol/g) 102K (dm3/mmol) 

Cu 56.7±3.2 1.21±0.92 

Zn 5.28±0.92 17.1±9.1 

Ni 3.76±0.65 16.2±8.5 

 
 
4. Conclusion 

Chitosan–cellulose gel beads were regenerated from an ionic liquid ([Emim][Ac]) and 

used as an adsorbent for metal removal. The prepared cellulose–chitosan gel beads had 

higher stability in the acidic and basic aqueous solutions than cellulose or chitosan. The 

adsorption of Cu on the chitosan–cellulose gel beads increased with pH, suggesting that 

the amino groups on chitosan were concerned with adsorption. The adsorption isotherm of 

the metal ions was well described by the Langmuir model, and the adsorption ability of 

the metal ions obeyed the Irving-Williams series. The chitosan–cellulose gel regenerated 

from [Emim][Ac] had high chemical stability and excellent metal adsorption ability. 
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ABSTRACT: Mechanical buckling is a ubiquitous phenom-
enon of elastic bodies like core−shell microgels. Although
conventional theory predicts that sufficiently high pressure is
the primary factor inducing the buckling of core−shell
microgels, they often buckle spontaneously without applying
pressure. We explored such spontaneous buckling of micro-
gels by introducing interfacial tension between the gel phase
of the shell and sol phase of the core. Thus, we found that the
core−shell microgels in a sol−gel coexisting phase with a
certain shell thickness ratio exhibit spontaneous buckling. According to our theoretical analysis, spontaneous buckling occurs
due to the balance between the gel elasticity E and interfacial tension γ when the characteristic length γ/E is comparable to the
microgel size R. Moreover, we found that the ratio between γ/E and R determines the buckling condition of the shell thickness
ratio. Our findings establish an important framework for applying spontaneous buckling to the shape control of elastic bodies.

■ INTRODUCTION
Wrinkling in elastic bodies such as fruits, vegetables, biological
tissues, and polymer gels is known to be related to the buckling
phenomenon caused bymechanical instability on the surface.1−3

The buckling phenomenon attracts much attention for
numerous applications such as tunable surface fabrication,4−7

optics,8−10 bioengineering,11 stretchable electronics,12,13 and
mechanical measurements.14

Compared to stress-driven buckling (constrained swelling in
response to environmental stimuli), pressure-driven buckling
exhibits a simpler mechanism: buckling occurs when the external
pressure exceeds a critical pressure Pc. In the case of a spherical
shell with an outer radius R and a shell thickness h, the value of Pc
is described by using two parameters: (i) the shell thickness
ratio, h/R, and (ii) the Young’s modulus of the shell, E, as
follows:15−17
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where μ is Poisson’s ratio of the elastic shell.
Although elastic bodies show buckling under a sufficiently

large pressure, the critical pressure at which buckling occurs is
often lower than the theoretical value. In the case of spherical
shells of polymer gels (core−shell microgels), one of the reasons
is the inhomogeneity of the elastic shells. The influence of
spatially varying thickness h and elasticity E on the buckling

mechanism of the shell has been investigated experimentally18

and theoretically.19 Another reason is inhomogeneity in the
internal structure of the elastic bodies. Spherical microgels
prepared from emulsion polymerization often buckle sponta-
neously without applying pressure.20−23 Sacanna et al. explained
that spontaneous buckling might occur when the remaining
polymer polymerizes inside previously cross-linked spherical
shells.20,21 This indicates that the inhomogeneous internal
structure of microgels in the sol−gel coexisting phase plays an
important role in the spontaneous buckling. However, how the
sol−gel coexisting phase in elastic bodies causes the buckling is
still elusive.
Here, we aimed to elucidate the underlying mechanism by

which the inhomogeneous internal structure of polymer gels in a
sol−gel coexisting phase causes spontaneous buckling without
applying pressure. For this purpose, we used core−shell
microgels prepared from phase separation solutions of poly-
(ethylene glycol) (PEG) and gelatin confined within lipid
droplets.24 The gelatin/PEG system enabled us to regulate the
sol−gel coexisting phase by changing the quenching rate
because both phase separation with complete wetting of gelatin
on the lipid membrane and gelation of the gelatin proceed with a
decrease in temperature.24−26 We demonstrated that the
interfacial tension between the gel phase of the shell and sol
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phase of the core is responsible for the spontaneous buckling of
the core−shell microgels. Our theoretical analysis reveals that
spontaneous buckling occurs due to the balance between the gel
elasticity and interfacial tension when the characteristic length is
comparable to the microgel size. Our findings provide new
insights into the mechanism by which the inhomogeneous
internal structure of elastic bodies causes buckling during
polymerization20−23,27,28 and phase separation.29,30

■ EXPERIMENTAL SECTION
Materials. 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (PE)

was purchased from Wako Pure Chemical Industries (Osaka, Japan).
Mineral oil was purchased from Nacalai Tesque (Kyoto, Japan), while
alkali-treated gelatin was supplied by Merck (Darmstadt, Germany).
The average molecular weight determined by gel permeation
chromatography was 69000. Poly(ethylene glycol) (molecular weight
1000; PEG 1k) was purchased from Sigma-Aldrich. Thioflavin T (ThT;
Wako) and fluorescein isothiocyanate isomer I (FITC; Sigma-Aldrich
Japan; Tokyo, Japan) were used as a fluorescent dye for the gelatin-rich
gel phase. All the materials were used without further purification.
Preparation of Core−Shell Microgels. For preparing core−shell

microgels, we confined a gelatin/PEG solution inside lipid droplets in
oil. The gelatin/PEG solution underwent phase separation and gelation
with a decrease in temperature (Figure 1a). The droplets were coated

with a lipid layer in an oil phase. First, dry films of the lipid PE formed at
the bottom of a glass tube. The mineral oil was added to the lipid films
followed by 90 min of sonication. The final concentration of the lipid/
oil solution was ∼1 mM. The gelatin and PEG 1k were dissolved in
water at 70 °C (above the gelation temperatureTg and phase separation
temperature Tp: Figure 1a) for 1 h. To prepare droplets, a binary
polymer solution of 10 wt % PEG 1k and 9 wt % gelatin was added to
the lipid/oil solution at 70 °C and emulsified via pipetting. We placed

an aliquot containing the droplets on a silicone-coated cover glass to
prevent the droplets from sticking to the glass plate. Owing to the
temperature quenching below Tp and Tg, the gelatin/PEG droplets
transited to core−shell microgels, as reported previously24 (Figure 1b).

Fluorescence Observation of Microgels. The microgels were
observed by fluorescence microscopy (Olympus IX81; Olympus) and
confocal laser scanning fluorescence microscopy (CLSM) (Olympus
IX83 with FV1200). Fluorescent images of fluorescein-tagged gelatin
and thioflavin (ThT), which were excited by a mercury lamp or laser at
488 nm, were obtained using fluorescence filter sets (U-FBNA and U-
MNIBA3; from 510 to 550 nm). The sample was cooled from 70 to 4
°C (below Tg) at a rate of ∼0.01−40 °C/min using a Peltier-type
cooling heating stage (10021, Linkam; Scientific Instruments, Ltd.,
UK). The pinhole size was fixed to be 1 μm. The obtained images were
analyzed by “National Institutes of Health ImageJ” software.

■ RESULTS AND DISCUSSION

Buckling of Core−Shell Microgels in Sol−Gel Coexist-
ing Phase. To regulate the inhomogeneous internal structure
of microgels in the coexisting sol−gel phase, we prepared core−
shell microgels from gelatin/PEG droplets. The gelatin/PEG
solution simultaneously caused phase separation and gelation
with a decrease in temperature (Figure 1a). For 10 wt % PEG 1k
and 9 wt % gelatin solutions, the phase separation temperature
Tp was slightly higher than the gelation temperature Tg. Upon
temperature quenching, the one-phase gelatin/PEG solution
first separated into two liquid phases below Tp, following which
the gelatin-rich phase turned into a gel phase below Tg.

31 The
higher quenching rate prevented coarsening from the earlier
stage of phase separation upon gelation. By changing the
quenching rate for the gelatin/PEG solution with Tp > Tg, we
regulated the inhomogeneity derived from the coexisting sol−
gel phase.
The gelatin/PEG solution in one phase (at above Tp) was

confined inside the droplets covered with a lipid layer of
phosphatidylethanolamine (PE) (Figure 1b). The radius of the
obtained droplets was in the range 5−50 μm. Given that gelatin
has a high affinity for a PE membrane compared to PEG, the
gelatin-rich phase localized near the droplet PE surface and
finally formed a spherical shell of gelatin gel with the PEG
solution at the core, as reported previously.24

To modify the inner structure of the core−shell microgels, we
increased the temperature quenching rate from 70 to 4 °C (from
above Tp to below Tg) to 0.1 to 50 °C/min. Under a certain
quenching rate, the gelatin/PEG microgels underwent a sudden
buckling transition without applying pressure (Movie S1).
Figure 2a (left) shows a differential interference contrast (DIC)
image of a buckling microgel. The buckling microgels quickly
recovered the initial spherical shape upon temperature increase
above Tg (Figure 2a (right) and Movie S2). When the
temperature quenched below Tg, the microgels buckled again
(Movie S1 shows the second buckling). This means that the
observed buckling is a reversible phenomenon caused by the
temperature change across Tg. The reversible buckling is due to
the inner coexisting phase of the microgel which reversibly
changes with temperature shift. The overall size of the buckling
microgels was similar to the initial size of spherical droplets at
above Tp. Hereinafter, the outer radii (R) of the droplet in the
liquid phase and the microgel in the sol−gel phase are identical.
Such buckling of microgels and volume change by temperature
quenching were not observed for homogeneous microgels of
gelatin without PEG (Figure S1).
By visualizing the inhomogeneous inner structure of the

microgels,32 we obtained cross-sectional images and three-

Figure 1. (a) Schematic illustrations of (left) phase diagram of 10 wt %
PEG 1k and various concentrations of gelatin and of (right) three
different phases appeared with a decrease in temperature along the
arrow. The solid and dashed lines indicate the phase separation pointTp
and the gelation point Tg, respectively. (b) Preparation of core−shell
microgels. Above Tp, the gelatin/PEG solution was entrapped in lipid-
coated droplets via pipetting. After the cooling, the gelatin/PEG
droplets transit to core−shell microgel of gelatin with PEG liquid core.
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dimensional (3D) images of the buckling microgels with a
fluorescent dye for the gelatin-rich phase, namely Thioflavin T
(ThT) (Figure 2b). We confirmed that the ThT was localized
and visualized in the gelatin-rich phase, like FITC-conjugated
gelatin (Figure S2). The gelatin-rich phase formed core−shell
microgels with the PEG solution at the core. Given that the
thickness of the shell was spatially uniform, this buckling was not
caused by the stress concentration on the thin part of the
inhomogeneous shell. Themost possible trigger for spontaneous
buckling is the inhomogeneous inner structure in the sol−gel
coexisting phase upon gelatin during phase separation.
Inhomogeneous Inner Structure of Buckling Micro-

gels. To clarify the relation between the quenching rate and
internal structure of the buckling microgels, the fluorescence
images of the microgels were compared for several conditions
associated with different quenching rates. When the quenching
rate is low enough to complete phase separation into two liquid
phases before gelation, a thick shell capsule is obtained, as
depicted in Figure 3a (low quenching rate, 0.1 °C/min). Under
this condition, the shell thickness is 2 μm< h < 7 μm for droplets
with 5 μm < R < 50 μm, which corresponds to the h value
estimated from the volume fraction of the gelatin-rich phase
(30−45 vol %). With an increase in the quenching rate up to 30
°C/min (moderate quenching rate, Figure 3b), we observed
spontaneous buckling of microgels. The shells of the buckling
microgels were thinner than those of microgels for the low
quenching rate because the gelation prevented coarsening from
the initial stage of phase separation. Resultant domains of the
gelatin-rich phase formed isolated domains inside the gelatin
capsules without coalescence with the capsule wall. For a high
quenching rate (50 °C/min), the shell was much thinner, as
shown in Figure 3c (h ≪ 0.8 μm). In the fast quenching
condition, buckling was not observed, as was the case with the
slow quenching condition. These results clearly show that the
spontaneous buckling condition of the shell thickness has an
adequate value.

To clarify the spontaneous buckling condition of the shell
thickness h, the h of microgels with and without buckling is
plotted against the microgel size R in Figure 4a. The quenching
rate is 30 °C/min (moderate quenching rate). It clearly
demonstrates that buckling is not observed for core−shell

Figure 2. (a) Reversible buckling phenomena by changing temperature
across the phase separation temperature and the gelation temperature
Tg (<Tp). (b) An example of buckling microgels is shown as the DIC
image (left), confocal cross-sectional fluorescence (FL) image of the
gelatin-rich phase (center), and the 3D FL image (right). Figure 3.Quench rate dependence of buckling of core−shell microgels

and the shell thickness. An example of gelatin/PEG microgels is shown
as confocal cross-sectional fluorescence (FL) image of gelatin-rich
phase (left) and the schematic image (center). The gelatin-rich gel
phase and PEG-rich liquid phase are shown in white (yellow) and black
(blue), respectively. (right) Intensity profiles along the dotted lines in
the FL images. The yellow regions correspond to the shell of gelatin gel.

Figure 4. (a) Microgel size R dependence of shell thickness h for
buckling core−shell microgels (closed yellow circles) and for
nonbuckling core−shell microgels (triangles). (b) Histogram of shell
thickness ratio, h/R, for buckling core−shell microgels.
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microgels with large shell thickness (h > 2.5 μm) and with small
shell thickness (h≪ 1 μm). Only microgels with medium shell
thickness (average ± SE = 1.2 ± 0.2; N = 17) exhibit buckling.
Moreover, small microgels (R = 12.5 ± 1.9 μm; Rmin = 7 μm)
seem more likely to buckle than large microgels (R ≫ 20 μm),
and the reduced volume of such buckling microgels is increased
up to 40 vol % (Figure S3). Compared to localized buckling with
the large reduced volume, the presence of slight buckling at the
surface is difficult to judge, especially for small microgels. This
may be the reason that buckling and nonbuckling microgels
seem to coexist under the same shell thickness and microgel
radius conditions. The histogram of the shell thickness ratio h/R
has a peak, as shown in Figure 4b (0.11 ± 0.01 (average ± SE)).
In the conventional buckling theory (eq 1), pressure-induced
buckling under a constant pressure is observed for spherical
shells with a smaller shell thickness ratio than a certain value.
Therefore, the existence of a lower limit for h/R constitutes a
unique condition for the spontaneous buckling of microgels in
the sol−gel coexisting phase.
Mechanism of Spontaneous Buckling for Core−Shell

Microgels. To explain the observed spontaneous buckling
without applying pressure, we calculated the force balance for
core−shell microgels with a liquid core. The extended critical
pressure P should be composed of two factors: gel elasticity Pc
(eq 1) and interfacial tension Pint as illustrated in Figure 5a.
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where E, μ, and γ are the Young’s modulus of the shell in the gel
phase, Poisson’s ratio of the elastic shell, and interfacial tension
between gel phase at the skin shell (gelatin-rich phase) and sol
phase at the core (PEG-rich phase), respectively. These values of
Pc and −Pint are plotted against the shell thickness ratio h/R in

Figure 5b, where E, μ, R, and γ are fixed to 100 Pa, 0.5, 10 μm,
and 100 μN/m, respectively.26,32 With an increase in h/R, the Pc
increases as well, whereas −Pint decreases, because the surface
area at the phase interface becomes smaller. Therefore, the
extended critical pressure P (= Pc − Pint) becomes a downward-
convex function of h/R depending on the values of E and γ.
In our experimental results, the core−shell microgels show

spontaneous buckling when h/R reaches a certain value (h/R =
0.11 ± 0.01; see Figure 4b). We interpret this in terms of the
extended critical pressure P of a downward-convex function
reaching a minimum at a certain h/R value (h/R = 0.11) and the
core−shell microgels having that h/R value tending to buckle
more easily than microgels having smaller and larger values of h/
R.
To derive the condition of P with a minimum point, we

rewrite eq 2 as a function of h/R (≡ x) as follows:
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We plot P(x)/E for various A in Figure 5c. Depending on the
value of A, the minimum point of P(x) changes, and its x value
increases with A. The relation between the parameter A and x
value at the minimum point, xm, is derived from eq 3 as follows:
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Thus, the parameter A has a positive correlation with the shell
thickness ratio xm. The value of A is plotted against xm under the
experimental condition (x < 0.3) in Figure 5d. It shows that the
value of A should be smaller than 0.5 for P(x) to have a
minimum point.
We assume that the ratio γ/E is independent of the microgel

size R because the confined polymer composition is
independent of the confined size R. Figure 5d shows that the
value of A (= 2γ/ER), which is a decreasing function of R,
increases with increasing xm at the minimum point of P(x).
Therefore, we expect that a larger buckling microgel has a
smaller shell thickness ratio; i.e., h/R at the minimum point is a
decreasing function ofR. To verify this, we plot them as shown in
Figure 6 (closed circles; by using the data in Figure 4a) and fit
the data with eq 6, rewriting eq 5 to R:

Figure 5. (a) Schematic illustration of force balance between elastic
pressure Pc and interfacial tension pressure −Pint. R and h denote the
outer radius of the core−shell microgel and shell thickness of the gel
capsule (yellow). (b) Values of Pc and−Pint are plotted against the shell
thickness ratio h/R. The values of E, γ, R, and μ are 100 Pa, 100 μN/m,
10 μm, and 0.5, respectively. (c) Normalized extended critical pressure
P(x)/E (= (Pc − Pint)/E) with various A (= 2γ/ER) is plotted against
the shell thickness ratio, x (= h/R). The allows to denote the minimum
points. (d) The relation between the A and the x value at the minimum
point, xm.

Figure 6. Relation between the size R of buckling microgels and the
shell thickness ratio h/R for single quenching (SQ; circles) and double
quenching with 10−30 min incubation time at Tp (DQ; squares). The
solid and dashed lines are the fitting lines of eq 6 for SQ and DQ,
respectively.
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Figure 6 clearly demonstrates that the relation between h/R and
R of the buckling microgels satisfies the theoretically obtained
relation of eq 6. After fitting with μ fixed at 0.5, we found that the
characteristic length γ/E is ∼0.6 μm.
Furthermore, Figure 5d suggests that the h/R of buckling

microgels increases when increasing γ/E for fixed R conditions
becauseA (= 2γ/ER) is an increasing function of h/R. To change
the value of γ/E, we performed double-quenching experiments
where the sample was incubated for 10−30 min at the phase
separation point Tp before the second quenching below the
gelation point Tg occurred. As phase separation proceeded with
an incubation process above Tg, we expected that the value of γ/
E became greater than that of the single quenching experiment.
This is because the interfacial tension γ increases until the
progress of phase separation is inhibited by gelation. As plotted
in Figure 6 (closed square), the h/R of buckling microgels with
similar R for the double quenching was greater than that for
single quenching. The fitting-derived γ/E was found to be >1.5
μm (dashed line in Figure 6), which is larger than that of single
quenching (∼0.6 μm), as we expected. Accordingly, the
minimum R for satisfying A (= 2γ/ER) < 0.5 (Figure 5d)
increases with an increase of γ/E. In fact, the minimum R of
buckling microgels for double quenching (12.5 μm) is larger
than that of single quenching (7 μm). These tendencies support
our theoretical model.
This spontaneous buckling resulting from the balance

between the gel elasticity E and interfacial tension γ brings a
new insight into the shape change of various elastic bodies with
an inhomogeneous inner structure in the sol−gel coexisting
phase, for example, microgels during polymerization (sol−gel
transition)20−23,27,28 and phase separation.29,30 The buckling
condition of the shell thickness ratio depending on the size of the
elastic bodies and the characteristic size of γ/E derived from
both experimental and theoretical analysis make it possible to
apply spontaneous buckling for the morphological regulation of
elastic bodies.
To focus on the condition of spontaneous buckling

occurrence, we ignored the influence of core elasticity derived
from the isolated domain of gelatin gel in the PEG solution.
However, the core elasticity also becomes important, like shell
elasticity and interfacial tension, in discussing the shape of
buckling microgels (buckling mode). Compared to large
microgels, small microgels tend to show a localized buckling
with a large reduced volume (Figure 4a and Figure S3). It has
been reported that as the elasticity ratio between the shell and
core increases, the buckling depth increases and localized
buckling tends to occur.2,3,33 For small microgels where phase
separation completes faster,24 the core elasticity might be
effectively reduced and finally lead to localized buckling. For a
comprehensive understanding of the buckling pattern that is
beyond the scope here, it will be necessary to consider the
mechanical properties of the core depending on the microgel
size.

■ CONCLUSION
We explored the influence of the inhomogeneous inner structure
of microgels in a sol−gel coexisting phase on buckling by using
core−shell microgels of a polymer solution that exhibits phase
separation and gelation with a decrease in temperature. By

preventing phase separation with gelation upon temperature
quenching, we varied the shell thickness ratio h/R of the core−
shell microgels. We found that the microgels with a certain h/R
ratio spontaneously buckle without applying pressure. To
explain this buckling condition of h/R, we analyzed the extended
critical pressure for buckling by taking into account the gel
elasticity E and interfacial tension between the sol−gel
coexisting phase γ. The extended critical pressure is a
downward-convex function with respect to the h/R ratio,
which implies that the microgel having a certain h/R ratio at
which the critical pressure reaches a minimum tends to buckle
spontaneously. Moreover, the buckling condition of h/R
depends on the ratio between the characteristic length γ/E
and microgel radius R. The derived condition of spontaneous
buckling contributes to establishing amethod formicrogel shape
control through the inner structure in a sol−gel coexisting phase
(e.g., emulsion polymerization).
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ABSTRACT: The rotational dynamics of carbon monoxide
(CO) in a molten salt, ionic liquids (ILs), and alkanes were
investigated by 17O NMR T1 measurements using labeled
C17O. The molten salt and the studied ILs have the
bis(trifluoromethanesulfonyl)imide anion ([NTf2]

−) in com-
mon. In hexane near room temperature, the rotational
relaxation times are close to the values predicted from the
slip boundary condition in the Stokes−Einstein−Debye (SED)
theory. However, in contradiction to the theoretical prediction,
the rotational relaxation times decrease as the value of η/T
increases, where η and T are the viscosity and absolute
temperature, respectively. In other alkanes and ILs used in this
study, the rotational relaxation times are much faster than
those predicted by SED, and show a unique dependence on the number of alkyl carbons. For the same value of η/T, the CO
rotational relaxation times in ILs composed of short-alkyl-chain-length imidazolium cations (1-ethyl-3-methylimidazolium and 1-
butyl-3-methylimidazolium) are close to those for a molten salt (Cs[NTf2]). On the other hand, the rotational relaxation times in
ILs composed of long-chain-length imidazolium (1-methyl-3-octylimidazolium) and phosphonium (tributylmethylphosphonium
and tetraoctylphosphonium) cations are much shorter than the SED predictions. This deviation from theory increases as the alkyl
chain length increases. We also found that the rotational relaxation times in dodecane and squalane are similar to those in ILs
with a similar number of alkyl carbons. These results are discussed in terms of heterogeneous solvation and in comparison with
the translational diffusion of CO in ILs.

1. INTRODUCTION

From the early stages of research on ionic liquids (ILs),
molecular dynamics of solutes dissolved in ILs has been
extensively studied.1,2 Solute dynamics is strongly influenced by
molecular interactions, and thus can serve as a microscopic
probe into a liquid’s structure. The strong Coulomb forces
between charged species (cation−anion, etc.) or charged and
dipolar species (cation−solute, etc.) generally make the
dynamics of molecules in ILs slow and complex due to the
correlated motions of interacting species. In addition, the
cations and anions of ILs may carry noncharged “tails” (e.g., the
butyl chain in 1-butyl-3-methylimidazolium ([C4C1im]+)
cation). These groups introduce an additional uniqueness
into the liquid structure of ILs. X-ray analysis, neutron
scattering studies, and computer simulations have revealed
that the charged head groups and noncharged tails tend to
aggregate separately. It has been proposed that ILs with longer
tails form a segregated structure.3−7 Recently, attention has
been paid to how this kind of heterogeneity contributes to the
solvation environment and the molecular dynamics of solutes in
ILs.
The rotational dynamics of solutes can be investigated by

time-resolved fluorescence anisotropy measurements,8−25 as

well as by magnetic resonance measurements such as
NMR26−28 and electron paramagnetic resonance (EPR).29,30

Each of these methods targets different types of solutes. By
studying solutes that are different in size and polarity, a wide
range of time/space domains of an IL structure can be
investigated. Standard fluorescent probes are ∼1 nm in size,
and rotate on the sub-ns to several ns time frame. The rotation
of nonfluorescent smaller molecules is much faster (on the
order of a few ps) and, hence, can be studied using NMR spin−
lattice relaxation measurements. The rotational relaxation time,
τR, is often discussed on the basis of hydrodynamic theory,
represented by the Stokes−Einstein−Debye (SED) equation
shown in eq 1

τ
η

=
fVC
k TR

B (1)

where η is the viscosity of the solvent, V is the van der Waals
volume of the solute, C is the boundary condition parameter,
which has a value between 0 and 1, kB is the Boltzmann
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constant, T is the absolute temperature, and f is the shape
parameter introduced to account for the nonspherical solute
molecule. The parameters V and f are determined by the
geometry of the solute molecule, whereas the theory gives only
the lower (C = Cslip; slip conditions) and upper limit (C = 1;
stick conditions) for C. It is common to attribute the
magnitude of C to the strength of the solute−solvent
interaction. For small-sized nonpolar solute molecules, τR
observed is sometimes faster than predictions from the slip
boundary condition, termed superslip.15,19 In contrast, for
charged solutes, C may be larger than 1 (superstick conditions)
for some systems.15,25 The rotational relaxation times lie
between the values of the stick and the slip boundary
conditions for a number of dipolar molecules.10,17,19,21 In
recent studies, deviations from SED theory for some
fluorescent solutes in ILs have been interpreted by considering
the heterogeneous structure of ILs. For example, Samanta et al.
measured τR for three different probe molecules, 4-amino-
pyridine (4AP), 6-propionyl-2-dimethylaminonaphthalene
(PRODAN), and anthracence, in N-alkyl-N-methylmorpholi-
nium ILs with different alkyl chain lengths.19 The τR’s of these
three probe molecules lie on different boundary conditions,
indicating that the effect of microheterogeneity of solvation
becomes evident at different magnitudes depending on the
solute molecules studied.
All of these preceding works indicate that rotational

dynamics sharply reflects the local environment caused by
heterogeneous solvation. To the best of our knowledge from
the viewpoint of rotational dynamics, however, testing has not
been done to determine whether the IL environment is polar or
nonpolar in comparison with conventional liquid solvents. In
this work, we present our studies of the rotational dynamics of
carbon monoxide (CO) in ILs, which is a nearly nonpolar
molecule, using 17O NMR. Due to its small size, CO can more
sharply reflect the local molecular environments in which it is
solvated than standard fluorescent probes. The dipole moment
of CO is small (0.122 D),31 and the dispersion force between
CO and other molecules is expected to be small, as is
represented by the Lennard-Jones attractive parameter (ε/kB)
for CO (91.7 K).32 In the segregated picture of the IL structure,
the volume occupied by the “tail” domain increases as the
length (number of carbons) of the alkyl chains attached on the
cation increases. At a certain point, the nonpolar domain of the
IL is large enough to look like a liquid alkane. In this case, we
would like to learn how CO is solvated, and how the liquid
structure of the IL changes, by measuring the τR of CO as a
function of the number of alkyl carbons (#Calkyl) in the liquid
alkane. More specifically, we determine τR in ILs comprised of
standard imidazolium cations, such as 1-ethyl-3-methylimida-
zolium ([C2C1im], #Calkyl = 3), 1-butyl-3-methylimidazolium
([C4C1im], #Calkyl = 5), and 1-methyl-3-octylimidazolium
([C8C1im], #Calkyl = 9). We also evaluate tetraalkylphospho-
nium cations with shorter (#Calkyl = 13) and longer (#Calkyl =
32) alkyl chains by using common anionic species of
bis(trifluoromethanesulfonyl)imide ([NTf2]

−). One molten
inorganic salt, Cs[NTf2], is chosen as an example of the
“polar” limit for ILs. These results will be compared with those
for alkanes with different alkyl chain lengths (hexane (C6H14),
dodecane (C12H26), and squalane (C30H62)). To anticipate our
results, there is a threshold for the number of carbons making
up a nonpolar environment around CO. As the number of
cation alkyl carbon increases, the rotational dynamics of CO
resembles that of alkanes having a similar number of carbons.

2. EXPERIMENTAL SECTION

2.1. Materials. [C2C1im][NTf2] (>99.99%), [C4C1im]-
[NTf2] (>99.99%), and [P4441][NTf2] (>99.98%) were
purchased from Kanto Kagaku. [C8C1im][NTf2] (>99%) was
purchased from Iolitec. Cs[NTf2] was synthesized in our lab by
metathesis of Li[NTf2] (Tokyo Kasei) and CsCl (Cooper
Chemical Company) in water. [P8888][NTf2] was synthesized
according to a procedure described previously.33 The purity of
[P8888][NTf2] (>99%) was confirmed by NMR. The ILs were
dried under a vacuum at 100 °C for 1 day before use. All ILs
were handled in a glovebox. 17O-Labeled water (40% isotopic
purity) was obtained from Chembridge Isotope Laboratory.
Sodium hydride (60% in mineral oil), tetrahydrofuran (THF),
chloral hydrate, and phosphorus(V) oxide (P2O5) were
obtained from Nacalai and used without purification. Hexane
(>99%, Nacalai), dodecane (>99%, Nacalai), and squalane
(>99%, Aldrich) were used as received. Viscosities of
[P4441][NTf2], [P8888][NTf2], and Cs[NTf2] at elevated
temperatures (up to 180 °C) were measured using an Electro
Magnetically Spinning (EMS) Viscometer (EMS-1000, Kyoto
Electronics Manufacturing Co. Ltd.).

2.2. Sample Preparation of 17O-Enriched CO. 17O-
Enriched CO was prepared by thermal decomposition of 17O-
enriched sodium formate in a sealed quartz tube containing an
aliquot of studied liquid (IL or alkane), as shown in Figure 1.

17O-Enriched sodium formate was synthesized according to
eqs 2−5.

· ⎯ →⎯⎯⎯⎯
−

CCl CHO H O CCl CHO3 2 H SO

H O
3

2 4

2

(2)

⎯ →⎯⎯⎯⎯ *· *
*

CCl CHO CCl CHO H O3
H O

3 2
2

(3)

+ * ⎯ →⎯⎯⎯ *
−

NaH H O NaO H2 THF

H2

(4)

*· * ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ + * *
*

*
CCl CHO H O CHCl HCO O Na3 2 H O ,THF

NaO H
3

2 (5)

In eqs 2−5, asterisks denote an 17O isotopic label. In eq 2,
chloral hydrate was distilled from sulfuric acid at 115 °C and
ambient pressure to obtain anhydrous chloral (75% purity,
contaminated mainly by chloral hydrate). The latter was then
turned back into chloral hydrate in eq 3 by treatment with 17O-
labeled water. The 17O (40%)-labeled chloral hydrate was then
reacted at room temperature with 17O-labeled sodium
hydroxide, which was prepared according to eq 4 from sodium
hydride and 17O-labeled water. In this manner, we obtained

Figure 1. Schematic illustration of the sample tube. The quartz tube is
40 cm long and 2.3 mm in inner diameter. The tube contains liquid
sample, phosphorus oxide (as a desiccant), and a powder mixture of
17O-enriched sodium formate and phosphorus oxide for the
preparation of 17O-enriched carbon monoxide. Each component is
separated by glass wool (not shown). Both ends of the tube are
measured by NMR.
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17O-labeled sodium formate as a precipitate from THF solution
(see eq 5). The 17O isotopic purity of sodium formate was
determined to be 25% by 1H and 17O NMR.
Approximately 60 mg of 17O-enriched sodium formate,

powdered and dried, was mixed with 50−100 mg of P2O5 in a
drybox, and loaded into a quartz tube (2.3 mm i.d., 4.0 mm o.d.,
and 40 cm long), as shown in Figure 1. This powder mixture
was placed >8 cm away from one end of the tube and
sandwiched by glass wool. An aliquot of the liquid (IL or
alkane) was placed at the opposite end of the quartz tube. The
liquid occupied 4 cm of the tube so that high-resolution NMR
signals could be obtained. Between the powder mixture and the
IL solvent, 0.1 g of P2O5 was placed as a desiccant.
After the quartz tube was sealed at both ends, the left part of

the tube was heated at 250 °C for 10 min to synthesize 17O-
labeled CO. The evolution of gaseous CO and its isotopic
purity were confirmed by 13C and 17O NMR measurement at
the (empty) left end of the sample tube. The 17O NMR signal
for gaseous C17O was observed at 350.4 ppm (Figure 2, upper

trace) using D2O as an external reference, which is consistent
with the literature value.34 The 17O isotopic purity was about
15%, which is lower than that of the precursor (sodium
formate). This is presumably due to reactive oxygen exchange
between sodium formate and P2O5. The partial pressure of
C17O was typically 0.2 MPa, and the total pressure of CO
(C16O and C17O) was 2 MPa. The gaseous CO thus prepared
was allowed to dissolve in the liquid phase by keeping the
sample at 100 °C for 24 h except for hexane (room
temperature) and Cs[NTf2] (180 °C). The 17O NMR signal
for C17O in [P8888][NTf2] was observed at 353.9 ppm using
D2O as an external reference (Figure 2, lower trace). The
concentration of C17O was 6 mM. The Ostwald constant (the
gas phase concentration divided by the liquid phase
concentration) was about 10. The Ostwald constants and the
liquid phase concentrations of CO in each liquid studied are
summarized in Table SI in the Supporting Information.
2.3. T1 Measurements. The T1 of the 17O nucleus for

C17O dissolved in ILs and alkanes was measured using a JEOL
ECA300 (8.4 T) equipped with a standard 5 mm probe
(TH5AT). The inversion−recovery method (π-td-π/2 pulse
sequence) was applied using 16 delay times of td. The number
of scans was varied (500−10000 for each td) depending on the
CO concentration and temperature. At low temperatures, the
CO signal was broad and, hence, a higher number of scans

showed an acceptable signal-to-noise ratio (∼20). A typical
example of the inversion recovery data is shown in Figure 3.

T1 measurements were carried out in the temperature range
183−413 K. T1 measurements at different temperatures were
done successively for each sample. The sample temperature was
equilibrated for at least 60 min before scans were started. The
CO concentration was checked during the scan to make sure it
did not change in the middle of a scan. A change in CO
concentration may occur during a scan because changing the
sample temperature forces the CO dissolution equilibrium to
rebalance. This rebalancing may take a significant amount of
time due to the thickness of the liquid phase region and the
slow diffusion that occurs in ILs. Any increase/decrease of CO
concentration while the scans are running for inversion
recovery experiments would likely distort the inversion
recovery curve. We compared the CO concentration in
[P8888][NTf2] at 20 °C before and after heating the sample
at 80 °C for 9 h. As expected from the lower gas solubility at
high temperatures, the CO concentration after heating was
slightly lower (∼5%) than before heating. This level of error
was acceptable, since we are interested in the solvent effect on
T1, which is much larger in magnitude.
To determine T1, the inversion recovery data with respect to

the delay time, td, were fitted using eq 6

= − − −f t A B t T( ) {1 (2 ) exp( / )}d d 1 (6)

where A is a constant dependent on the signal intensity and B is
a small (0.05−0.15) empirical correction factor for the
imperfectness of the pulse. The fit typically gives a standard
deviation of ±3% for T1. The values of T1 thus obtained are
summarized in Table SII in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Analysis. The main relaxation mechanism for the 17O

nucleus is quadrupolar relaxation. T1 is expressed in eq 7,34

under the extreme narrowing condition, i.e., τ2Rω0 ≪ 1,

π τ= +
−

⎛
⎝⎜

⎞
⎠⎟T

I
I I

e Qq
h

1 3
10

2 3
(2 1)1

2

2

2 2

2R
(7)

where ω0 is the Larmor frequency (40.7 MHz or 2.55 × 108 rad
s−1 at a magnetic field strength of 8.4 T), I is the nuclear spin
(5/2 for 17O), and e2Qq/h is the quardrupolar coupling
constant (QCC). Here we denote the rotational relaxation time
as τ2R following the convention and indicating that the time
constant is obtained by the integral of the orientational

Figure 2. 17O NMR signal of C17O in [P8888][NTf2] at 294 K. The
upper trace shows the spectrum in the gaseous phase and the lower
trace in [P8888][NTf2].

Figure 3. 17O NMR inversion recovery data for C17O in [P8888][NTf2]
at 313 K.
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correlation function of the second order Legendre polynomial.
In the following, we will use τ2R instead of τR, which are the
same meaning in the present paper. The QCC value (4.34
MHz) for CO was adopted using a literature value.35 As shown
below, τ2R for CO in the ILs studied in this work is ≤10 ps.
This validates our adoption of the extreme narrowing
condition.
The τ2R values of CO versus temperature for various ILs are

plotted in Figure 4. The numerical values for the data in Figure

4 are tabulated in the Supporting Information (Table SIII). For
all of the ILs studied here, the τ2R values change by an order of
magnitude within the temperature range studied (295−413 K).
This large temperature effect is related to a change in viscosity.
Thus, in section 3.2, we analyze the τ2R values in relation to the
Stokes−Einstein−Debye (SED) model. It is to be noted that
the τ2R value in hexane shows a weak inverse temperature
dependence above room temperature.
3.2. Correlation of the Rotational Relaxation Time

with Viscosity (Hydrodynamic Theory). The standard way
to estimate rotational relaxation time is to use the SED
equation (eq 1). In order to use this equation, the van der
Waals volume of CO was estimated using the atomic increment
method, and was found to be 27 Å3.36 The CO molecule was
modeled as an ellipsoid. The long axis (2b) and the short axis
(2a) were calculated to reproduce the volume and surface area
of CO derived from the van der Waals spheres of the C and O
atoms. In the latter calculation, the radii of C and O were
assumed to be 1.72 and 1.50 Å, respectively, and the bond
length 1.10 Å. The values of a and b were calculated to be 1.65
and 2.34 Å, respectively. From these values, the shape factor, f,
and the slip boundary condition, Cslip, were calculated to be
1.18 and 0.086, respectively.37−39

Figure 5 shows the plot of τ2R versus η/T. The viscosities of
conventional liquids are taken from the literature.40,41 The
viscosities of imidazolium-cation-based ILs are calculated from
empirical equations.2,42 Although the data range of the
reference is limited to 353 K, we applied the equation up to
393 K. Viscosities of [P4441][NTf2], [P8888][NTf2], and
Cs[NTf2] were measured by us in the present study (see
Table SIV in the Supporting Information), since high-
temperature data were not available. The viscosity data were
fit to the empirical equation shown in eq 8

η η=
−

⎛
⎝⎜

⎞
⎠⎟

B
T T

exp0
0 (8)

where η0, B, and T0 are the fitting parameters. Best fit
parameters are given in Table 1. The viscosities of [P4441]-
[NTf2] and [P8888][NTf2] at room temperature are in
agreement with literature values.33

As shown in Figure 5, the rotational relaxation time, τ2R, for
CO in hexane near room temperature was found to be very
close to the prediction of SED theory using the slip boundary
condition. For all other solvents, τ2R was more or less below the
prediction (superslip). In squalane and [P8888][NTf2], the
deviation from theory is especially large. As for the temperature
dependence of τ2R, hexane is extraordinary in that τ2R slightly
decreases with increasing η/T (from 60 to 20 °C) and then
increases (from 0 to −80 °C), which is not expected from the
theory. For other solvents, the values increase with increasing
η/T, as predicted by the theory. The functional form with
respect to η/T is not linear, however. As was done in previous
papers,33 we made the correlation of τ2R with η/T in ILs using
eq 9

τ τ η=
⎛
⎝⎜

⎞
⎠⎟T

(mPa s)
(K)

P

2R 2R
0

(9)

where τ2R
0 and P are constants depending on the solvent ILs.

Best-fit parameters are given in Table 2, and the fitting curves
are shown in Figure S1 in the Supporting Information. The
values of the exponent decrease as the size of the solvent
molecules increases. The values of the exponent are similar to
those reported for the translational diffusion of CO (0.64)
except for the phosphonium-cation-based ILs.33

Figure 4. τ2R of C17O in various solvents at different temperatures.

Figure 5. τ2R of C17O in various solvents against η/T. The black
broken line represents the prediction from the SED relation with the
stick boundary condition, and the black solid line represents that with
the slip boundary condition. The green and red lines represent the
predictions from the GW theory for the corresponding ILs of the same
color notations.

Table 1. Parameters of the Viscosities Obtained by the Fit to
eq 8

η0 (mPa s) B (K) T0 (K)

[P4441][NTf2] 0.0680 1038 168.9
[P8888][NTf2] 0.0325 1484 137.0
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The superslip behavior of a nonpolar solute is often
attributed to the ratio of the van der Waals volumes of the
solvent and solute. In fact, CO is a small diatomic molecule and
the solvent species are bulky in our systems. According to the
Gierer−Wirtz (GW) quasi-hydrodynamic model, the boundary
condition parameter CGW is given by eq 1019,43

σ=C CGW 0 0 (10)

where σ0 is the sticking factor given by eq 11

σ = +
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and where C0 is given by eq 12.
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In these equations, VS and VP are the van der Waals volumes of
the solvent and solute, respectively. VS is the sum of the cation
and anion volumes.19 The van der Waals volumes of the solvent
cation and anion were calculated by the atom increment
method and taken from the literature.36,44,45 The values of CGW
were calculated to be 0.077 and 0.055 for [C2C1im][NTf2] (the
smallest IL in this study) and [P8888][NTf2] (the largest one),
respectively. As shown in Figure 5, the correction to the
hydrodynamic theory using the GW model was too small to
account for the rotational dynamics of CO in ILs. The failure of
hydrodynamic theory suggests that friction acting on the
rotational motion of CO is separate from the forces between
the solvent ions, which brings about the high viscosity.
3.3. Effect of Alkyl Carbons on the CO Rotational

Relaxation. The importance of the nonhydrodynamic effect
on CO dynamics in ILs reminds us about the segregated picture
of the liquid structure of ionic liquids, which was first proposed
by computer simulation46,47 and later verified by experi-
ment.3−7 In this segregated picture, the longer alkyl chains on
the cation enhance formation of a nonpolar domain. In this
domain, molecular dynamics is believed to be controlled by
“microviscosity”, an effective viscosity that is consistent with
experimentally observed dynamics (but is not the bulk
viscosity). Thus, in this section, we focus on the effect of
alkyl chain length on CO dynamics. We studied three
imidazolium and two phosphonium ILs that have the
[NTf2]

− anion in common. In addition, we studied molten
Cs[NTf2] just above its melting point (140 °C). In this salt, no
alkyl carbon exists.
Surprisingly, two imidazolium ILs that have shorter alkyl

chains ([C2C1im][NTf2] and [C4C1im][NTf2]) and Cs[NTf2]
showed similar τ2R’s (see Figure 5). Apparently, these liquids
provide similar solvation environments for CO. The ionic
radius of Cs+ is 1.81 Å,48 while that of [C2C1im]+ is 3.0 Å, as
estimated from the van der Waals volume. This difference in
ionic radius, in fact, brings about different viscosities at the

same temperature (Cs[NTf2] is more viscous). However, when
scaled by η/T, both liquids look very similar with respect to CO
rotational dynamics.
On the other hand, the effect of alkyl chain length emerges

for ILs that have more alkyl carbons. The imidazolium and
phosphonium cations have a different number of alkyl chains,
so we count all the carbons in two alkyl chains (in the case of
imidazolium ILs) or four (in the case of phosphonium ILs).
This count is denoted by #Calkyl, the number of alkyl carbons in
ILs. Note that ring carbons in imidazolium cations are not
counted. As the #Calkyl increases from [C4C1im]

+ (5) to
[C8C1im]

+ (9), [P4441]
+ (13), and [P8888]

+ (32), the τ2R at a
fixed η/T decreases (faster rotation) in the same order.
In Figure 6, we plot the rotational relaxation rate, τ2R

−1, as a
function of the number of alkyl carbons in the solvent. Note

that the comparison is made at a constant η/T = 0.118 mPa s
K−1 (where τ2R for Cs[NTf2] is available). Data for hexane and
dodecane at this η/T were not measured due to freezing. From
Figure 6, the CO rotational relaxation rate begins to rise in ILs
that have ∼5 alkyl carbons. It seems that, under this threshold,
the alkyl carbons do not play a role in the solvation of CO.
Then, τ2R

−1 monotonously increases as the number of alkyl
carbons increases, as if the CO molecules can count the number
of alkyl carbons in the ILs. Apparently, the type of cation
(imidazolium or phosphonium) does not matter.
At this point, our data are not what we expect from the

segregated picture. If CO molecules are preferentially solvated
in the nonpolar domain formed by the alkyl carbons when
#Calkyl ≥ 5, we expect that its dynamics would be nearly
invariable, whether the nonpolar domain is small (but not too
small) or large in volume. What we actually observed is that
CO rotates faster as the nonpolar domain becomes larger.
To interpret these results, we paid attention to CO rotational

dynamics in alkanes. If nonpolar domains made up of alkyl
carbons exist in ILs, the environment should resemble that in
liquid alkanes. Thus, we compared the CO rotational relaxation
times in hexane (C6H14), dodecane (C12H26), and squalane

Table 2. Parameters Obtained by the Fit of τ2R to eq 9

[C2C1im][NTf2] [C4C1im][NTf2] [C8C1im][NTf2] [P4441][NTf2] [P8888][NTf2]

τ2R
0 (ps) 10.20 7.96 5.40 3.11 1.49

P 0.77 0.73 0.69 0.57 0.49

Figure 6. Comparison of the rotational relaxation rate at the same
values of η/T. The circles are the results at η/T = 0.118 mPa s K−1,
and the squares are those at 0.00724 mPa s K−1. Red symbols are those
in ILs, and blue ones are those in alkanes. The lines are drawn to guide
the eye.
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(C30H62). As seen from Figure 6 (lower trend line), the alkyl
chain length in fact influences the CO rotational dynamics (the
comparison is made at η/T = 0.00724 mPa s K−1 corresponding
to the lowest temperature of hexane). As the number of
carbons increases, CO rotates faster in liquid alkanes.
In Figure 5, the τ2R values in ILs and alkanes are plotted

together., Remarkably, the data points for [P8888][NTf2]
(#Calkyl = 32) and squalane (#Calkyl = 30) overlap. The plots
of [P4441][NTf2] (#Calkyl = 13) and dodecane (#Calkyl = 12) are
also about to overlap (due to freezing, data for dodecane are
missing in the larger η/T region). These results suggest that the
solvation environment of CO is very similar in ILs and alkanes
if they have a similar number of alkyl carbons. An interesting
question follows: Does this similarity hold only between
phosphonium cations and alkanes, or does it also hold for
imidazolium cations and alkanes? Although we do not have a
clear answer to this question, the linear relation in Figure 6
(including [C8C1im][NTf2], [P4441][NTf2], and [P8888][NTf2])
suggests that the type of cation is unimportant.
In addition to rotational dynamics, 17O chemical shift (δ) of

CO reflects intermolecular interactions in the solvent. The
observed δ for the liquids studied was in the range from 351
([C2C1im][NTf2]) to 355 ppm (squalane); see Table S1.
When compared within the same group (i.e., imidazoilum ILs,
phosphonium ILs, alkanes), the chemical shift showed positive
correlation to the number of alkyl carbons. For ILs, this may be
interpreted by the charge shielding of the cation center by the
alkyl chains. Alkanes tend to have slightly larger δ than ILs that
have a similar number of carbons probably because they do not
have electro-withdrawing atoms. However, detailed interpreta-
tions require rigorous classical and ab initio computations.
The superslip behavior of the rotational dynamics of

nonpolar solutes in alkanes has already been reported by
several groups.49,50 Tiffon and Ancian have studied the
rotational dynamics of acetonitrile in n-alkanes from #Calkyl =
6 to 16.49 According to their results, the plot of the rotational
relaxation time against η/T was almost linear and has a
common intercept, although the slope decreases with increasing
#Calkyl. The slope was smaller than the prediction of the slip
boundary condition in SED theory, although GW theory did
not explain the experimental results. Similar to the latter work,
the deviation from SED theory for the slip boundary condition
is more evident in our work with increasing #Calkyl.

49 However,
the rotational relaxation time in alkanes is not a linear function
of η/T in our case, and the dependence of the rotational
relaxation time on η/T becomes lower at lower values of η/T
(high temperature or low viscosity). Further, the rotational
relaxation time of CO in different solvents seems to merge to
the same value near η/T = 0.001, and the slope becomes
inverted around η/T = 0.001 mPa s K−1 for hexane.
The inversion of the viscosity (or solvent density) depend-

ence of τ2R has been reported for several molecular liquids
under supercritical conditions. For example, the τ2R value of
water determined by NMR shows inversion of the density
dependence in a very low density region.51 Similar behavior has
been reported for the rotational dynamics of CO2 under
supercritical conditions.52,53 The τ2R value shows a shallow
minimum around the critical density of carbon dioxide.
These phenomena are ascribed to a change in the functional

form of the rotational correlation function as demonstrated by
MD simulations.54 As the rotational dynamics changes from a
diffusive motion to free rotational motion, the functional form
of the rotational correlation function changes from an

exponential decay to a nonexponential decay, which shows a
minimum after the first initial decay and then approaches an
asymptotic value. Therefore, the integral of the rotational
correlation function increases in the lower density region.
The free-rotor correlation time (τFR) of CO is given by eq

1355,56 assuming rotation with the mean angular velocity, (kT/
I)1/2,

τ π≈ I kT(2 /9)( / )FR
1/2

(13)

where I is the moment of inertia. Using the value of the
rotational constant for CO (57635 MHz) in the gaseous
phase,57 τFR ranges from 0.163 ps (193 K) to 0.112 ps (413 K).
These values are close to τ2R in alkanes, suggesting a rotational
dynamics approach to nondiffusive, free-rotational motion in
alkanes at low viscosity. We consider, therefore, that the
inversion of the η/T dependence of τ2R is caused by a change of
the rotational relaxation mechanism. Further details should be
pursued in the future with the aid of computer simulations.

3.4. Comparison between Rotational Dynamics and
Translational Dynamics. Translational and rotational
dynamics are linearly correlated under the hydrodynamic
model, since dynamics (translational and rotational diffusion
coefficients) are dependent on the temperature and solvent
viscosity in the form of η/T. Unexpectedly, we noticed a nearly
linear relationship between the translational and rotational
dynamics of CO in ILs despite the fact that the hydrodynamic
model is not strictly obeyed for either dynamics mode.
In a previous paper,33 we measured the diffusion coefficients

of CO (DCO) for the same ILs studied here. A linearity between
DCO and η/T was not found for any of these systems. Instead,
DCO was well correlated by a fractional power of T/η. DCO in
[C2C1im][NTf2] and [C4C1im][NTf2] can be regressed using
almost the same function of T/η. These two ILs show similar
DCO values when compared with the same T/η value. However,
[P4441][NTf2] and [P8888][NTf2] give significantly larger DCO
values than the two imidazolium ILs when compared with a
fixed T/η value. This situation is very similar to what we
encountered for the rotational dynamics of CO. To make it
more clear, we normalized all the τ2R data by an arbitrary
chosen reference value, τ2R

0, which is the τ2R in [C2C1im]-
[NTf2] at 298 K. Similarly, we normalized DCO with respect to
the diffusion coefficient (DCO

0) of CO in [C2C1im][NTf2] at
298 K and 0.1 MPa. In this way, we can compare the translation
and rotational dynamics in one plot. Figure 7 shows the plot of
DCO/DCO

0 and τ2R
0/τ2R versus T/η. Surprisingly good overlap

between the translational diffusion and rotational diffusion is
obtained for [C2C1im][NTf2] and [C4C1im][NTf2]. Two
phosphonium ILs also show fair coincidence, but hexane
(295 K) does not. The exceptional behavior found in hexane
may be ascribed to its relaxation mechanism, as mentioned in
section 3.3. That is, the rotational correlation of CO in hexane
at room temperature is approaching free-rotor diffusion. On the
other hand, the velocity correlation function, of which the
integration gives the translational diffusion coefficient,58 still
shows a diffusive decay as is usual in other liquids.
Until now, direct comparisons between rotational and

translational dynamics have rarely been carried out in ILs.
Guo et al. studied the rotational and translational dynamics of
rhodamine 6G (R6G) in N-butyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide ([P13][NTf2]).

17 R6G is a
relatively large charged molecule, and its rotational relaxation
time was found to lie between the slip and stick boundary
conditions of SED theory (near stick rotational behavior). The
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rotational relaxation time obeyed the power law of η/T, and its
exponent was 0.66. On the other hand, the translational
diffusion coefficients of R6G are linearly dependent on T/η, as
predicted by SED theory. The Coulomb interaction between
the positively charged R6G and [NTf2]

− anion was thought to
be the reason for the near-stick boundary condition of
rotational dynamics.
The present situation is quite different from the case of R6G.

As discussed in section 3.3, CO molecules may prefer to stay in
the nonpolar region of ILs and rotate within the time scale of
solvent reorientation. On the other hand, the time scale of
translational diffusion is longer. During the measuring time of
the transient grating signal, due to CO diffusion (sub ms), the
CO molecules travel over μm-scale distances. Therefore, CO
molecules have chances to exist in different solvation states.
Very recently, Araque et al. ran MD simulations to determine

the different diffusivities between a small charged molecule and
a small nonpolar molecule in 1-butyl-1-methylpyrrolidinium
[NTf2]

−.59 According to their results, small nonpolar molecules
probe both locally “stiff” (mostly charged) regions and locally
“soft” (mostly nonpolar) regions. The faster diffusion of the
small nonpolar solute molecules is attributed to the
contribution of the lower friction of the nonpolar region,
although the small nonpolar solute molecules remain in stiff
regions for quite a long time. The similarity between the
translational and rotational dynamics results obtained here
suggests that a similar explanation may hold for the rotational
dynamics of CO for shorter alkyl chain ILs. That is, the
contribution from the nonpolar region dominates the rotational
dynamics of CO, while CO stays in locally stiff and locally soft
regions. As the number of alkyl chains increases, the probability
of finding CO in locally soft regions is expected to increase,
which results in further deviation from the hydrodynamic
theory.

4. CONCLUSION
We determined the rotational relaxation time of the CO
molecule in ILs and alkanes by measuring the T1 value from
17O NMR experiments using 17O-labeled CO. The rotational
relaxation time of CO is generally much faster than predicted

by the hydrodynamic theory. Viewing the η/T dependence of
rotational dynamics, [C2C1im]

+ and [C4C1im]
+ resemble Cs+,

[P4441]
+ resembles dodecane, and [P8888]

+ resembles squalane.
We found a good linear relationship between the rotational
relaxation rate and the number of alkyl carbon atoms in cations
with more than five carbons, as if CO can count the number of
alkyl carbons. The dependence of the rotational relaxation rate
on η/T is also found to be quite similar to that of the
translational diffusion coefficient. From these results, we
conclude that CO molecules are preferentially located in the
nonpolar part of ILs, when nonpolar regions exist, in space and
in time. A more systematic investigation using ILs with different
numbers of alkyl chains will be needed in the future to
demonstrate the universality of our results.
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ABSTRACT: Translational diffusion coefficients of diphenylcyclopropenone (DPCP),
diphenylacetylene (DPA), and carbon monoxide (CO) in 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide ([BMIm][NTf2]) and 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide ([EMIm][NTf2]) were determined by the transient
grating (TG) spectroscopy under pressure from 0.1 to 200 MPa at 298 K and from 298
to 373 K under 0.1 MPa. Diffusion coefficients of these molecules at high temperatures
in tributylmethylphosphonium bis(trifluoromethanesulfonyl)imide ([P4441][NTf2]),
and tetraoctylphosphonium bis(trifluoromethanesulfonyl)imide ([P8888][NTf2]), and
also in the mixtures of [BMIm][NTf2], N-methyl-N-propylpiperidinium bis-
(trifluoromethanesulfonyl)imide ([Pp13][NTf2]), and trihexyltetradecylphosphonium
bis(trifluoromethanesulfonyl)imide ([P66614][NTf2]) with ethanol or chloroform have
been determined. Diffusion coefficients except in ILs of phosphonium cations were well
scaled by the power law of T/η, i.e., (T/η)P, where T and η are the absolute
temperature and the viscosity, irrespective of the solvent species, pressure and temperature, and the compositions of mixtures.
The values of the exponent P were smaller for the smaller size of the molecules. On the other hand, the diffusion coefficients in
ILs of phosphonium cations with longer alkyl chains were larger than the values expected from the correlation obtained by other
ILs and conventional liquids. The deviation becomes larger with increasing the number of carbon atoms of alkyl-chain of cation,
and with decreasing the molecular size of diffusing molecules. The molecular size dependence of the diffusion coefficient was
correlated by the ratio of the volume of the solute to that of the solvent as demonstrated by the preceding work (Kaintz et al., J.
Phys. Chem. B 2013, 117, 11697). Diffusion coefficients have been well correlated with the power laws of both T/η and the
relative volume of the solute to the solvent.

1. INTRODUCTION

Translational mobility of a molecule dissolved in ionic liquids
(ILs) has attracted much attention of a lot of chemists due to
its importance for application, and numerous researches have
been performed on the mobility of ions and neutral molecules
dissolved in ILs by using various kinds of methods such as
conductivity, pulse−field gradient (PFG) NMR, transient
grating spectroscopy, and so on.1,2 Watanabe’s group has
compared the mobility of ion estimated from the conductivity
with the translational diffusion coefficient derived from the
PFG-NMR method, and discussed the iconicity of ionic liquids
by taking the ratio of them.3−7 They considered that the ratio
represents the correlated motion between cations and anions
and that the ionic liquid has high iconicity if the ratio is close to
1. Through these works it has been found that the diffusion
coefficients of the solvent ion are almost proportional to the
reciprocal viscosity (η−1, η the viscosity of the solvent) as is
expected by the Stokes−Einstein (SE) relationship, although
the proportional constant is not exactly the same as the
molecular radius estimated by the van der Waals volume. For

neutral solute molecules in ionic liquids, several interesting
properties have been revealed until now. Diffusion coefficients
of small neutral molecules such as gases (oxygen, carbon
monoxide, carbon dioxide, and so on) are much larger than
expected from the SE predictions by an order of magni-
tude.8−13 The diffusion coefficients of nonpolar solute
molecules are generally not proportional to η−1, but rather
expressed by η‑P, where P is the constant dependent on the
molecular size of the solute. Recently Kaintz et al. reported a
detailed collection of the translational diffusion coefficients in
various kinds of ILs together with new data measured by PFG-
NMR.14,15 They evaluated the ratio of the diffusion coefficient
determined experimentally to that estimated from the SE
relation, and showed a good correlation of the ratio to the
relative volume of the solute molecule to that of the solvent
ions.
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In this paper, we have investigated the pressure and
temperature dependence of the translational diffusion of
nonpolar solute molecules (tracer diffusion) in imidazolium-
based ionic liquids; 1-butyl-3-methylimidazolium bis-
(trifluoromethanesulfonyl)imide ([BMIm][NTf2]) and 1-
ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([EMIm][NTf2]) by using the transient grating spectroscopy.
One of the authors previously investigated the translational
diffusion coefficients of the molecules associated with the
photodissociation of diphenylcyclopropenone (DPCP) in
various kinds of ILs.13 DPCP is photodissociated into carbon
monoxide (CO) and diphenylacetylene (DPA) by UV light. By
using the transient grating spectroscopy, the diffusion
coefficients of these three chemical species were determined
simultaneously. Since the molecular size of CO is quite
different from those of DPA and DPCP, the reaction system is
suitable for the investigation of the molecular size effect on the
translational diffusion. It has been reported that the diffusion
coefficients of CO were much larger than those predicted by SE
relation, and the deviation from the SE prediction became
smaller for DPA and DPCP.13 In this work, we use a high-
pressure optical cell designed for the TG measurement, and
report the translational diffusion coefficients of CO, DPA, and
DPCP under pressure up to 200 MPa. We have also measured
the temperature effect on the diffusion coefficients up to 373 K
for the same system under ambient pressure. By the
combination of pressure and temperature variations, we can
change the value of T/η (T the absolute temperature), which is
a key factor affecting the diffusion, by 2 orders of magnitude.
There are several reports on the temperature dependence of the
diffusion coefficients on neutral molecules in ILs, and it has
been reported that the activation energy of the diffusion
coefficient is not exactly the same as that of 1/η.14 However,
the pressure effect on the translational diffusion has scarcely
been reported,16 although there are several reports on
thermodynamic data such as density and viscosity under
pressure.17−21 It is an interesting issue how the effects of
pressure and temperature will appear in the different sizes of
solute molecules.
In parallel with the study on the pressure and the

temperature effects in the imidazolium cation-based ionic
liquids, we have performed a study on the solvent molecular
size effect on the solute diffusion coefficient using phospho-
nium cation-based ILs with longer alkyl chains and the mixtures
of the ILs with conventional liquid solvents. As mentioned, it
has been known that molecules in ILs with longer alkyl chains
s u c h a s t r i h e x y l t e t r a d e c y l p h o s p h o n i um b i s -
(trifluoromethanesulfonyl)imide ([P66614][NTf2]) diffuse
much faster than expected from the SE relationship.11,13 The
report by Kaintz et al. indicated that the relative volume of the
solvent ions to that of the solute is the determining factor.14 In
order to pursue this issue and compare the results with the
imidazolium-cation cases, we have measured the DPCP system
in two different phosphonium cation-based ILs (tributylme-
thylphosphonium bis(trifluoromethanesulfonyl)imide ([P4441]-
[ N T f 2 ] ) a n d t e t r a o c t y l p h o s p h o n i u m b i s -
(trifluoromethanesulfonyl)imide ([P8888][NTf2])), and in the
mixture of several ILs with conventional liquid solvents. We
chose three ILs of different cations as [BMIm]+, N-methyl-N-
propylpiperidinium ([Pp13]+), and [P66614]

+. By using the
mixture, the relative size of the solvent molecules can be
continuously varied. For the better understanding of the size
effect of the diffusion coefficient, the effects of temperature and

pressure should be taken into account separately, although we
found that the molecular size dependence is well explained by
the correlation found in the previous work.14

2. EXPERIMENTAL SECTION
2.1. Materials. DPCP was purchased from Nacalai Tesque

or Aldrich and used without further purification. Bromocre-
solpurple (BCP) and methanol were purchased from Nacalai
Tesque and used without further purification. [P4441][NTf2]
(>99.98%, product of Nippon Chemical Industrial Co.),
[Pp13][NTf2] (>98%, product of Merck), [P66614][NTf2]
(>98%, product of Cytec), ethanol (>99.5%), and chloroform
(>99.5%) were purchased from Kanto Kagaku. For the
measurements of the high pressure or the high temperature
solutions, specially prepared high purity grade of [EMIm]-
[NTf2] and [BMIm][NTf2] (>99.99%), supplied from Kanto
Kagaku were used for the measurements. For the measure-
ments of the mixture solution, products of Merck (>98%) were
used. [P8888][NTf2] were synthesized as is described in the
Supporting Information. The purity of [P8888][NTf2] (>99%)
was confirmed by NMR. All ILs were transparent at 355 nm
(the excitation wavelength of the laser). For the measurements
under high pressure or high temperature, ILs were evacuated
under 0.4 Pa overnight at about 50 °C. The concentrations of
DPCP were typically 30 mM, and the solutions were evacuated
for more than 2 h before use. The solution was kept in a drybox
under argon atmosphere. The ILs used for the measurements of
the mixtures contained somewhat large amount of water
(<1%), and the overnight evacuation resulted in typically 350
ppm water contamination. Dehydrated grade of ethanol and
chloroform were used for experiments, and the solutions of
different molar fraction of ILs and ethanol or chloroform were
prepared by measuring the weight. These mixtures were used
for the TG measurement and the viscosity measurement.

2.2. Transient Grating Measurement. The experimental
setup for the transient grating measurements is described
elsewhere.13,22 Briefly the third harmonic output from a pulsed
Nd:YAG laser (Continuum Surelite II, Continuum Minilight, or
LOTIS TII LS-2136D) was used for the excitation pulse. The
pulse was divided into two pulses by a beam splitter and
simultaneously introduced into the sample cell with a certain
angle (θ) which produced the transient grating in the sample.
Photodissociation reaction of DPCP occurred in the bright
fringe of the optical grating, which produced the population
grating of CO, DPA, and DPCP. These population gratings
produced the refractive index modulation in the sample
solution, which was detected by the diffraction of probe
beam (the CW output of a He−Ne laser) introduced into the
sample solution with a Bragg diffraction angle. The diffracted
light was detected by a photomultiplier, and transferred into an
oscilloscope (Tektronix DPO7104, Agilent DSO-X 2014A, or
Tektronix 2024B). The decay of the signal, which represents the
translational diffusions of the molecules across the grating
fringe, was transferred into the PC and analyzed as will be
described later.
For the measurement under high pressure, a specially

designed high pressure optical cell was used, which was
manufactured by Syn-Corporation. A schematic illustration of
the high pressure cell is given in Figure S1, Supporting
Information. The cell has two optical windows made of
sapphire, and contains the inner cell between the optical
windows. The inner cell is made of quartz, and the optical path
length of the inner cell is 2 mm. The inner cell has a cap seal
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made of Kalrez tube, and the external pressure is applied to the
sample of the inner cell by shrinking the tube due to the
hydrostatic pressure applied to the cell. The temperature of the
cell is controlled by the thermostated water running through
the cell. The hydrostatic pressure is applied to the cell via water
by a screw pump (Nova Swiss Type 550.0301.1) connected by
1/16 in. tube. The pressure of the system is measured by a
strain gage (Kyowa Electronic Instruments Co PG-2TH).
Although the cell is designed for the use up to 400 MPa, all
experiments were performed up to 200 MPa due to the
limitation of the pressure gage.
For the measurement under high temperature, a quartz cell

of 2 mm path length with sample solution was placed in the
temperature-controlled cell made of a brass block, which is
reported elsewhere.23,24 The temperature of the cell was
controlled by cartridge heaters immersed into the brass block
and a PID regulator. For the measurements of the TG signal in
mixture solvents, the solution was kept in a quartz cell of 1 cm
path length, and the measurements were performed at room
temperature (typically 23 °C).
The experiments were performed as follows. At first, the TG

signal of the solution of BCP in methanol or ethanol was
measured under the certain crossing angle of the excitation
pulses at room temperature. Then the TG signals of the DPCP
solution of IL under high pressure or high temperature were
measured successively under the same angle of the excitation
pulse. We have performed this series of experiments at different
angles of the excitation pulses (at least five different angles).
The repetition rate of the laser was adjusted from 5 to 0.01 Hz
depending on the pressure and/or temperature (i.e., viscosity).
If the repetition rate was too fast, the photoproducts were
accumulated at the spot of the laser, and the signal-to-noise
ratio became worse. Because of this reason, the TG
measurements in [P4441][NTf2] and [P8888][NTf2] were limited
above 60 °C. Above 100 °C, it was impossible to apply the TG
measurement due to the thermal decomposition of DPCP.
The viscosities of [P4441][NTf2] and [P8888][NTf2] at high

temperatures, and of the mixtures of ILs with ethanol or
chloroform were measured by a viscometer of the cone plate
type (Brookfield DVII+ Pro).

3. RESULTS AND DISCUSSION
3.1. Analysis. Typical TG signals of DPCP in [EMIm]-

[NTf2] under different pressures are shown in Figure 1. The
time profile of the TG signal under high pressure is similar to
those reported for the results under ambient condition.13 After

the initial very fast decay of the thermal grating signal, there are
three components of the exponentials due to the translational
diffusion of CO, DPA and DPCP, respectively. By applying the
pressure, the signal decay becomes slow. The time profile of the
TG signal due to the molecular diffusions is well simulated by
the following equation:13

= − + −

− −

I t a k t a k t

a k t

( ) { exp( ) exp( )

exp( )}
TG CO CO DPA DPA

DPCP DPCP
2

(1)

where

=k D qi i
2

(2)

Here ai, Di, and q are the constant depending on the peak-null
difference of the refractive index of the molecular species i, the
translational diffusion coefficient of molecular species (tracer
diffusion coefficient) i, and the grating lattice vector defined by

π θ
λ

=q
4 sin( /2)

P (3)

where θ and λP are the crossing angle and the wavelength of the
excitation pulse, respectively. In the signal fitting, we have
assumed the ratio aDPCP/aDPA is equal to 1.15 as was done in
the previous paper.13 The simulated curves are shown by the
solid lines in the figure, which reproduce the experimental
results well.
In order to determine the diffusion coefficient of each

species, the TG signals were measured at different crossing
angle θ, i.e., different q. Then the decay rate of each component
ki was plotted against q2 as is shown in Figures 2(a) and (b).
The value of q was determined by the decay of the thermal
grating signal (kth) obtained for the solution of BCP measured
at the same optical geometry, using the relation

=k D qth th
2

(4)

Here Dth is the thermal diffusivity given by λ/Cpρ where λ is the
thermal conductivity, Cp the isobaric heat capacity, and ρ the
density, respectively. The data in the figure are well fit by a
straight line passing through the origin, and from the slope of
the plot we determined the diffusion coefficient at each
experimental condition. The results are summarized in Tables
S1 to S10. The results of [BMIm][NTf2] coincide with the
values reported previously within experimental errors.13

3.2. Correlation of Diffusion Coefficients with
Viscosities. According to the SE relationship, the diffusion
coefficients are given by

πη
=D

k T
C Ri

B

i (5)

where Ri is the radius of the molecular species i, kB the
Boltzmann constant, and C the constant depending on the
boundary condition of the molecular surface (4 for slip and 6
for stick), respectively. Therefore, we have checked the
correlation of the diffusion coefficients with T/η of the solvent.
The viscosity of the solvent at high temperature was calculated
by the empirical equations given in refs 3 and 4. The viscosity
under high pressure was calculated by the empirical equations
given in refs 17 and 25. In ref 17, the experimental data of the
viscosity of [EMIm][NTf2] are given up to 122 MPa, and in ref
25, the data for [BMIm][NTf2] are given up to 150 MPa. We
simply used the same equations (eq 11 in ref 17 and eq 8 in ref
25) to calculate the viscosity under higher pressure which is not

Figure 1. Typical TG signals of DPCP in [EMIm][NTf2] under
different pressures (0.1, 100, 200 MPa) at 298.2 K.
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guaranteed by the original papers, since these equations
represent the pressure dependence of the viscosity fairly well.
Since we could not find the temperature dependence of the
viscosity of [P4441][NTf2] and [P8888][NTf2], the viscosities at
high temperatures were measured by viscometer. The results
are given in Tables S11 and S12. The temperature dependence
of viscosity was simulated by the following equation

η η=
−

⎛
⎝⎜

⎞
⎠⎟

B
T T

exp0
0 (6)

where η0, B, and T0 are the parameters determined by the fit.
The parameters obtained by the fit are listed in Table S13. The
viscosity at each temperature was calculated by eq 6. The
viscosity of [P4441][NTf2] at 25 °C was reported to be 207 mPa
s,26 which is close to the value calculated by the equation
determined here (201 mPa s). The viscosities of the mixture of
ILs with conventional liquids were also measured by
viscometer, of which the values are listed in Tables S5−S10.
In the cases of the mixture solutions, we measured the viscosity
of the solution of DPCP dissolved in the mixture, which was
used for the TG measurements.
Figures 3−5 show the plot of the diffusion coefficients

against T/η. In the plot, both scales are presented in
logarithmic. The black broken lines in the figures represent
the prediction from the SE relation. In the calculation, we
assumed the stick boundary condition (C = 6 in eq 5) and used
the Stokes radius calculated from the van der Waals volume
(CO 1.86 Å, DPA 3.50 Å, and DPCP 3.54 Å).27 Interestingly,
pressure and temperature dependences of the diffusion

coefficients are well scaled by the function of T/η irrespective
of the temperature, the pressure, the molecular species, and the
compositions of mixtures, with a few exceptions. The
exceptions are strongly hydrogen-bonding solvents such as
ethylene glycol and glycerol (two blue closed circles at the
highest and the second highest viscosities), and ILs with long
alkyl chains such as [P4441][NTf2], [P8888][NTf2], and [P66614]-
[NTf2] (closed triangles).

Figure 2. Typical examples of q2-plot. [EMIm][NTf2] at 100 MPa and
298.2 K.

Figure 3. Plot of diffusion coefficients of CO in various liquids against
T/η: (red ■) under high pressures and high temperatures in
[EMIm][NTf2]; (■) under high pressures and high temperatures in
[BMIm][NTf2]; (blue ●) in various molecular liquids;13 (green ●) in
various ILs;13 (blue ▲) in [P4441][NTf2] at high temperatures; (red
▲) in [P8888][NTf2] at high temperatures; (green ▲)in [P66614]-
[NTf2]; (□) in the mixtures of [BMIm][NTf2] with chloroform; (red
□) in the mixtures of [BMIm][NTf2] with ethanol; (▽) in the
mixtures of [Pp13][NTf2] with chloroform; (red ▽) in the mixtures of
[Pp13][NTf2] with ethanol; (△) in the mixtures of [P66614][NTf2]
with chloroform; (red △) in the mixtures of [P66614][NTf2] with
ethanol. The black broken line represents the prediction from SE
relation. The black solid line represents the fit to eq 7. The two red
broken lines are the fits to eq 7 of the data in [P4441][NTf2] and in
[P8888][NTf2], respectively.

Figure 4. Plot of diffusion coefficients of DPA in various liquids
against T/η. The legends of the symbols are the same as those in
Figure 3. The black broken line represents the prediction from SE
relation. The black solid line represents the fit to eq 7. The red broken
lines are the fits to eq 7 of the data in [P4441][NTf2] and in
[P8888][NTf2], respectively.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b02898
J. Phys. Chem. B 2015, 119, 8096−8103

8099

http://dx.doi.org/10.1021/acs.jpcb.5b02898


The deviations of the tracer diffusion coefficients from the SE
relationship have often been reported, and various empirical
equations have been proposed.28,29 Among them, fractional
power of the reciprocal viscosity has been tested from the very
early stage of the study on the diffusion coefficients.30 The
applicability of the functional form has been tested recently for
various kinds of fluids including ionic liquids, and it have been
shown that the fractional power works well except for protic
solvents.31 In the present case, we have made the correlation of
the diffusion coefficients with T/η by the following formula, as
was done previously13

η
=− ⎛

⎝⎜
⎞
⎠⎟D D

T
(m s )

(K)
(mPa s)

P

i
2 1

i
0

(7)

where Di
0 and P are the constants depending on the molecular

species. In the fitting, we omit the data in ethylene glycol,
glycerol, [P4441][NTf2], [P8888][NTf2], [P66614][NTf2], and the
mixtures of [P66614][NTf2] with conventional liquids. Best fit
curves are given by the solid black lines in the figures. All results
lie on a single fitting curve quite well as shown in the figures.
The correlation is somewhat worse for DPA in conventional
liquids. In conventional liquids such as alkanes, the TG signals
due to DPA and DPCP were not well separated and a single
exponential decay due to these two species were detected,
because the diffusion coefficients of these species are close to
each other in nonpolar solvents.32,33 This may be the reason for
some discrepancy. The optimized values of P are 0.64, 0.86, and
0.91, and those of D0 are 1.51 × 10−10, 8.67 × 10−12, and 4.93 ×
10−12 for CO, DPA, and DPCP, respectively. The parameter P
decreases with decreasing the molecular size of the solute,
indicating that the deviation from the SE relation becomes
more evident. This tendency is similar to those reported
previously.28,34 Evans et al. have shown a very good linear
correlation of the exponent P with the solute reciprocal radius
in various conventional aprotic solvents.34 The correlation has
been tested for the solute diffusion in a wider range of the
viscosity of the solvent using supercritical fluids as solvents.35

The value of P for CO (0.64) obtained here is close to the value
of CO2 (0.54) or xenon (0.70) in various liquids and
supercritical fluids.

It is quite interesting that a single correlation as eq 7 holds
over the wide range of T/η (nearly 3 orders of magnitude),
irrespective of the temperature, the pressure, the molecular
species, and the compositions of mixtures. Recently various
kinds of high pressure phase transition of ILs have been
reported above GPa range, and the high pressure phase is
reported to be unique only under high pressure, which is
different from the phases observed in the temperature
variation.36−41 High pressure phase changes are generally
confirmed more than 0.5 GPa, although higher frequency shifts
of the C−H stretching vibrations of cations are evident from
ambient pressure to 0.3 GPa in the cases of [BMIm]+ and
[EMIm]+.38,41 The fact that the pressure and the temperature
effects are connected smoothly in this study suggests that a
phase transition unlikely occurs by 0.2 GPa. Since the
molecules used here are weakly polar (CO and DPCP), and
have π-electrons (DPA and DPCP), there may be some specific
interaction between solute and solvent. For example, the
carbonyl group of DPCP shows a spectroscopic sign of strong
hydrogen bondings with the solvent.42−44 However, these
differences in the solute−solvent interactions do not appear
within the logarithmic scale of three orders of difference. The
difference of each datum from the correlation line may reflect
the individual interaction between the solute and the solvent.

3.3. Correlation of Diffusion Coefficients with Molec-
ular Volumes. Now the question is what is the origin for the
deviations of ILs with longer alkyl chains, ethylene glycol and
glycerol. Ethylene glycol and glycerol are poly ols and they are
strongly hydrogen-bonding solvents. The network of the
hydrogen-bonding is considered to be the origin of the higher
viscosity of the solvent. The deviation from the correlation
predicted by eq 7 in the case of the self-diffusion of alcohols is
reported in ref 31. The mechanism of the solute diffusion in
these liquids may be different from that in ILs, and we will not
discuss these solvents further in this paper. As shown in Figures
3−5, the diffusion coefficients of solute molecules in
phosphonium-cation-based ionic liquids are relatively larger
than those in other liquids. The deviation is more evident for
the smaller solute molecule such as CO. However, the
dependence on T/η is quite similar to that obtained for other
liquids. The red-broken lines in each figure show the fits to eq 7
of the diffusion coefficients in [P4441][NTf2] and [P8888][NTf2],
respectively, by fixing the value of P to those determined by
other liquids. The fit works well for all solutes studied here.
Interestingly, the diffusion coefficients in [P66614][NTf2] lie on
the fitting line for [P8888][NTf2] for all solutes. The results of
the mixture of [P66614][NTf2] with conventional liquids
approach to the line of the general correlation with increasing
the composition of the latter.
In order to explain the specialty observed for the smaller

solute molecule, Kaintz et al. proposed the relative van der
Waals volume of the solute (VU) to that of the solvent (VV) as
an key factor.14 They evaluated the ratio of the friction for the
translational diffusion (ζobs) experimentally determined (ζobs =
kBT/D) to that determined from the SE relation (ζSE = kBT/
DSE, where DSE is the diffusion coefficient estimated from eq 5
with stick boundary condition) and made the correlation of
ζobs/ζSE with VU/VV by the following equation14,15

ζ ζ = + − −a V V/ {1 ( / ) }bobs SE U V
1

(8)

where a and b are parameters determined by the fitting. By
using the collections of the diffusion coefficients (distinct 323
solute/solvent pairs), they obtained a = 1.93 and b = 1.88.

Figure 5. Plot of diffusion coefficients of DPCP in various liquids
against T/η. The legends of the symbols are the same as those in
Figure 3. The black broken line represents the prediction from SE
relation. The black solid line represents the fit to eq 7. The red broken
lines are the fits to eq 7 of the data in [P4441][NTf2] and in
[P8888][NTf2], respectively.
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Figure 6 shows the plot of ζobs/ζSE against VU/VV for all data
presented in Figures 3 to 5. Here the values of VV for ILs are

the average values of the cation and the anion as in the previous
report.14 For the mixture of an IL with a conventional liquid
solvent, the values of VV are calculated by (1 − Fx)
VV(IL)+FxVV(x), where Fx, VV(x), and VV(IL) are the mole fraction
of the conventional liquid (ethanol or chloroform), the van der
Waals volume of the conventional liquid and that of the IL,
respectively. The van der Waals volumes of the solute are taken
from ref 27 (CO 27 Å3, DPA 179 Å3, and DPCP 186 Å3). The
black broken line in the figure shows the fitting curve given by
the previous work.14 As shown in the figure, our results almost
follow the fitting curve, especially the results for the CO
diffusion in the mixed solvent of ILs with conventional liquids
(data from 0.07 to 0.5 of VU/VV). These results strongly
indicate that the relative molecular size of the solvent to the
solute is important factor in determining the translational
diffusion. The solid line in the figure is the best fit curve of our
data to eq 8 (a = 3.66 and b = 1.28). We also made a plot of the
similar correlation considering only the van der Waals volume
of the cation in the case of ILs. The plot is shown in Figure S2,
where the fitting quality to eq 8 is slightly better (a = 3.17 and b
= 1.19). Therefore, we consider that the existence of the large
molecule (cation) in the solution is the key to understand the
smaller friction for the smaller molecule.
ILs with longer alkyl chains are said to have a segregated

structure according to studies on X-ray scattering and neutron
scattering.45−49 The contrast of charged-part and nonpolar part
of the cation molecule is considered to be the origin of the
segregated structure of ILs, although the detail of the structure
is still under debate. It has been suggested that the domain
structure is related to the heterogeneous solvation of solute
molecule dissolved in ILs.44,50−52 In relation to the diffusional
motion, Patra and Samanta have found that the diffusion
coefficient of the solute molecule is affected by the
heterogeneity of the solvation by using the fluorescence
correlation spectroscopy.53 The general trend of the relative
volume dependence of the relative friction shown in Figure 6
indicates that the heterogeneous structure of ILs may not
strongly contribute the diffusional motion of the solute

molecule dissolved in ILs, as suggested by Kaintz et al.14 If
the heterogeneous structure of ILs is a dominant factor, the
dilution of [P66614][NTf2] with conventional liquid solvents
may result in the different correlation with the case of pure ILs.
To address this issue further, more detailed investigation using
phosphonium or ammonium cation based ILs with different
alkyl-chain lengths will be desirable together with the studies of
conventional liquid solvents with longer alkyl chains.
Figure 6 indicates that the relative volume is not the only

determining factor of the friction. As expected from the good
correlation to eq 7, the magnitude of T/η also strongly affects
the deviation from the SE prediction. A series of the pressure or
the temperature dependence of the same IL cannot be totally
explained by the relative volume model. The deviation from the
SE prediction is more pronounced for the smaller molecule and
for the solvent with smaller value of T/η. In order to take both
effects into consideration, we tested the following functional
form to simulate all data presented here:

η
=

α β
− ⎛

⎝⎜
⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟D A

T V
V

(m s )
(K)

(mPa s)calc
2 1 U

V (9)

where A, α, and β are the constants determined by the fitting.
The best fit parameters are A = 1.16 × 10−11, α = 0.95, and β
=-1.17, respectively. Figure 7 shows the plot of the calculated

values of the diffusion coefficients Dcalc against the observed
values Dobs. The model function works fairly well to simulate
the diffusion coefficients although the quality of the fitting is
somewhat worse than that of the fitting of each solute molecule
separately (Figures 3−5). It is to be noted that α is close to 1,
indicating that the correction of the relative volume size leads
to the better correlation with the hydrodynamic prediction (α =
1). On the other hand, the effect of the size of the solute
molecule (β = −1.17) is more enhanced in this model than in
the hydrodynamic theory (β = −1/3).

4. CONCLUSION
Translational diffusion coefficients (tracer diffusion coeffi-
cients) of CO, DPA, and DPCP have been determined under
various conditions of ILs. It has been revealed that the diffusion
coefficients are well scaled by the power law of T/η over nearly
3 orders of magnitude, irrespective of the pressure, temper-

Figure 6. Correlation of the friction ratio with the volume ratio of the
solute to the solvent. The legends of the symbols are the same as those
in Figure 3. The black broken line represents the prediction from the
literature.14 The black solid line represents the fit to eq 8

Figure 7. Correlation of calculated diffusion coefficients by eq 9
against observed diffusion coefficients.
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ature, and the compositions of ILs. The exponent of the power
law was smaller for the smaller solute, indicating a significant
deviation from the SE prediction. It has also been revealed that
the diffusion coefficients in ILs with longer alkyl-chains do not
obey the same power law, and show much larger values. By
taking the relative volume of the solute to that of the solvent
into consideration, the different behavior of the solute in ILs
with longer alkyl chain is explained as was done previously.14

The result of the mixture of ILs with conventional liquid
solvents suggests that the heterogeneous structure of ILs may
not contribute the faster diffusion of the smaller solute in ILs
with longer alkyl chains. For the detailed study on the
translation diffusion in the domain structure; however, more
examples with different alkyl chain lengths and mechanistic
study using molecular dynamics simulations will be desirable in
the future.
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A B S T R A C T

Photosynthetic pigment-protein complexes are highly concentrated in thylakoid membranes of chloroplasts and
cyanobacteria that emit strong autofluorescence (mainly 600–800 nm). In Raman scattering microscopy that
enables imaging of pigment concentrations of thylakoid membranes, near infrared laser excitation at 1064 nm or
visible laser excitation at 488–532 nm has been often employed in order to avoid the autofluorescence. Here we
explored a new approach to Raman imaging of thylakoid membranes by using excitation wavelength of 976 nm.
Two types of differentiated cells, heterocysts and vegetative cells, in two diazotrophic filamentous cyano-
bacteria, Anabaena variabilis, and Rivularia M-261, were characterized. Relative Raman scattering intensities of
phycobilisomes of the heterocyst in comparison with the nearest vegetative cells of Rivularia remained at a
significantly higher level than those of A. variabilis. It was also found that the 976 nm excitation induces pho-
toluminescence around 1017–1175 nm from the two cyanobacteria, green alga (Parachlorella kessleri) and plant
(Arabidopsis thaliana). We propose that this photoluminescence can be used as an index of concentration of
chlorophyll a that has relatively small Raman scattering cross-sections. The Rivularia heterocysts that we ana-
lyzed were clearly classified into at least two subgroups based on the Chla-associated photoluminescence and
carotenoid Raman bands, indicating two physiologically distinct states in the development or aging of the
terminal heterocyst.

1. Introduction

The thylakoid membranes (TM) in chloroplasts of plants and algae
or in cyanobacterial cells are highly enriched in the pigment-protein
complexes containing photosynthetic pigments, majority of which are
working for absorbing light and transferring electronic excitation en-
ergy to the reaction centers that drives the primary charge separations
for the oxygenic photosynthesis [1,2]. Although the conversions from
the fluorescent electronic excited states to the stable charge separated
states are highly efficient (> 80%), the high concentration of the pig-
ments enables one to study the photochemical events in the TM in live
cells by observing autofluorescence from the photosynthetic pigments,
especially chlorophyll a (Chla) by various fluorescence microscopic
techniques [3–7].

In fluorescence microscopy, the signal at a spatial point is generally
given by the product of molecular concentration and fluorescence
quantum yield. With an image of fluorescence intensity alone, the two
quantities are inseparable. Fluorescence lifetime imaging microscopy

(FLIM) can in principle indicate the two quantities separately as images
of amplitude and (average) decay time constant of time-dependent
fluorescence [3,8–11], but the former is still often distorted by position-
dependence and wavelength dependence of reabsorption/scattering/
reflection between the focus point of interest and microscope objective.
The reabsorption effects are particularly serious for Chla fluorescence
because of its small Stokes shift [12,13]. On the other hand, sponta-
neous Raman scattering signal is proportional to the concentration of
molecules [14]. It also suffers from reabsorption effects, but the Raman
scattering signal can be tuned to wavelength regions with a high
transmission like near infrared region by changing the excitation wa-
velength. One significant merit of Raman scattering for the imaging of
TM is that non- or weakly fluorescent carotenoids are very sensitively
detected and differentiated with highly characteristic fingerprints of
molecular vibrational spectra [15–21]. Carotenoid molecules in TM
play important roles in both light-harvesting and protective energy
dissipation under strong light conditions [22–24].

Avoidance of autofluorescence around 600–800 nm region from
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TMs can be commonly achieved by shorter or longer excitation wave-
lengths. The relatively short wavelength excitation should be favorable
for resonance enhancements of the Raman scattering and resultant se-
lectivities of target molecules [14,17]. One drawback of the resonance
effects is excessive excitation that may result in disturbance of visible-
light-induced physiological phenomena and/or damages in viability of
cells [25,26]. Optical absorption of Chla-based TM, especially by the
absorption of photosystem I (PSI), seem to be extended up to at least
740 nm [27]. Recent studies have shown that excitations of PSI and
photosystem II (PSII), both of which are the most essential Chla-con-
taining pigment-protein complexes in TM for the oxygenic photo-
synthesis, seem to be possible at least up to 840 and 820 nm, respec-
tively [28–32]. Some previous works using spontaneous Raman
scattering microscopy have reported bleaching effects of chloroplasts
and cyanobacteria by 785 nm laser [33,34]. Plants, algae and cyano-
bacteria or their symbiotic forms in lichens have been, thus, often
studied by 1064 nm laser excitation, by which autofluorescence is
minimized [33,35–37]. Relatively high transmission and low scattering
of the near infrared light through plant tissues full of photosynthetic
pigments should be advantageous for imaging of deep tissues [38].

In this study, we have aimed at extending the range of possible
excitation wavelengths for Raman (micro)spectroscopy by choosing a
near-infrared (NIR) excitation at 976 nm. Excitation at 976 nm has
several advantages over the one at 1064 nm. First, non-resonant Raman
scattering cross-sections with excitation wavelength at 976 nm is about
40–50% greater than those at 1064 nm by the high frequency effects for
the Stokes Raman scattering between 1000 and 2000 cm−1 [39].
Second, typical array detector or camera for the wavelength range of
0.9–1.6 μm is InGaAs sensors [40], with which Raman bands of higher
vibrational frequencies can be obtained by 976 nm than by 1064 nm,
especially when the quantum yield of the detector at the long-wave-
length edge drops by cooling of the detector. One possible drawback of
the 976 nm excitation is relatively high absorption by water in com-
parison with 1064 nm [41]. However, use of 976 nm beam certainly
provides an additional degree of freedom in the design of microscope
optics. For example, two beams of 976 and 1064 nm may be simulta-
neously used for different purposes like optical trapping of cells [42],
inducing genes in cells by local heating [43], as well as Raman scat-
terings.

When some filamentous cyanobacteria sense a shortage of fixed
nitrogen, approximately 1 in 10 to 20 vegetative cells differentiates into
a heterocyst, in which oxygenic photosynthesis is suppressed through
(at least partial) degradation of oxygen-evolving PSII while nitrogenase,
nitrogen-fixing enzyme sensitive to oxygen, becomes operative
[44–47]. On the other hand, the other cells, vegetative cells, continue
oxygenic photosynthesis. The TMs in vegetative cells thus contain both
PSI and PSII, while those in heterocysts contain predominantly PSI. The
PSI in the heterocysts produce ATP by cyclic electron transport, because
nitrogen fixation demands a large amount of ATP [31,45]. These drastic
differences between heterocysts and vegetative cells have been fre-
quently studied by fluorescence microscopy [4,31,48–51]. To the best
of our knowledge, however, investigations on heterocyst-forming cya-
nobacteria by Raman scattering spectral microscopy have been rela-
tively limited [52,53]. Here, we have successfully estimated the dif-
ferences in amounts and/or concentrations of photosynthetic pigments
between heterocysts and nearest vegetative cells in two genetically and
morphologically distinct cyanobacteria, Anabaena variabilis and Rivu-
laria M-261 [54]. It was unexpectedly found that 976 nm laser light
actually induces a significant luminescence attributable to Chla not
only from the cyanobacterial cells but also from chloroplasts in a green
alga and plant. Correlations between the Chla-associated photo-
luminescence and Raman bands of carotenoids or phycobilins helped us
understand the differences in pigment compositions between the two
cyanobacteria and multiple physiological phases of Rivularia hetero-
cysts.

2. Experimental

2.1. Raman microspectroscopy based on 976 nm excitation

A schematic diagram of our deep NIR multichannel Raman micro-
spectrometer is shown in Fig. 1. When samples were illuminated by a
halogen lamp, the transmitted light through the short-pass dichroic
mirror (SP1, edge wavelength (λedge)≈ 1000 nm) was focused on a
color CMOS camera (SILICON VIDEO 9M001, EPIX, Illinois, USA) after
reflection by a long-pass dichroic mirror (LP1, λedge≈ 900 nm) for a
bright-field imaging in the visible region. A narrow-band diode laser
(center wavelength of 976 nm, frequency band width < 1MHz,
I0976SA0200B-THTK, Innovative photonics solutions) was used as the
excitation source for the Raman scattering. The 976 nm laser beam,
after transmission through a spectral clean-up (CUF) and neutral den-
sity filters (NDF), was first magnified by a telescope and focused onto a
sample with a water-immersion microscope objective lens with a
magnification of ×60 and numerical aperture of 1.27 (Nikon, CFI
PlanApo IR60XWI). Raman scattering signals were collected by the
same objective lens. The short-pass mirror (SP1) reflected the signals
toward a home-made achromatic-lens-based imaging polychromator
with a focal length of 250mm and 1:1 magnification. The entrance slit
of the polychromator was set to be 0.12mm width. The blaze wave-
length of the grading was 1000 nm or 1200 nm and the number of
grooves was 300/mm (Thorlabs GR50-0310 or Photon Design, Tokyo,
Japan). An electrically cooled InGaAs camera (−80 °C, 640×512
pixels, pixel size= 20×20 μm, DMDIR-640, Photon Design, Tokyo)
was fixed at the exit port of the polychromator. Residual laser light was
rejected by two long-pass filters (LP2 and LP3, λedge≈ 980 nm) that
were located outside and inside the polychromator. The laser power at
the sample position was most typically 10–14mW unless otherwise
specified. In the imaging measurement, the sample was horizontally
and/or vertically translated by a piezoelectric stage (PK3L150-100UA,
Nanocontrol, Tokyo) with a typical step of 0.4 μm and 1.0 μm, respec-
tively. At each spatial point, one Raman scattering spectrum was ob-
tained with an exposure time of 2.0 s.

Fig. 1. Schematic diagram of the Raman microspectrometer. WI-MO: water-
immersion microscope objective, AL1–AL3: achromatic lenses for the near in-
frared light, AL4: achromatic lens for the visible light, LP1: long-pass mirror
with an edge wavelength of 900 nm, LP2 and LP3: long-pass filters with an edge
wavelength at 980 nm, SP1: short-pass mirror with an edge wavelength of
1000 nm, M: mirror, GR: grating, CUF: narrow band transmission filter (laser
clean up filter), NDF: neutral density filter, IR Cut: IR-absorbing filter, HL:
halogen lamp, CL: condenser lens, L1 and L2: pair of lenses for a telescope, 3D-
piezo: piezo actuator stage to move the sample positions, dish: glass-bottomed
dish.
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2.2. Cyanobacterial cells, unicellular green alga and plant leaf

A filamentous cyanobacterium, Anabaena variabilis (A. variabilis
strain NIES-2095), was purchased from the microbial culture collection
at the National Institute of Environmental Studies in Tsukuba, Japan.
The filamentous cells were grown photoautotrophically under fix-
ed‑nitrogen-deprived conditions in a nitrogen-free BG-11 liquid
medium [55] for 5 to 76 days at 29 °C with a 15-h-light/9-h-dark
photoperiod. The medium was prepared by removing NaNO3 and re-
placing ferric ammonium citrate with ferric citrate in the BG-11 for-
mulation. The flux density of photosynthetic photon at the sample po-
sition in the incubator was about 20 μmol photons m−2 s−1.

Rivularia sp. IAM M-261 was obtained from the culture collection of
Institute of Molecular and Cellular Biosciences, the University of Tokyo
(IAM Collection), which has been transferred to Microbial Culture
Collection at the National Institute for Environmental Studies (NIES
Collection Tsukuba, Ibaraki, Japan). Rivularia filaments were grown on
agar media based on the nitrogen-free BG-11 at about 20 μmol pho-
tons m−2 s−1 without any dark period for 9 to 23 days. Both A. variabilis
and Rivularia cells were precultured in the fixed-nitrogen-free BG11
media for longer than 14 days and inoculated to fixed-nitrogen-free
BG11 media that were maintained for the above-mentioned durations
until the microscopic observations.

Unicellular green alga, Parachlorella kessleri (P. kessleri), was pur-
chased from the IAM culture collection as IAM C-531 (now maintained
as NIES-2160). The cells were grown photoautotrophically in 40 cm3 of
BG-11 liquid medium (including fixed nitrogen) in the same incubator
as A. variabilis. The preparation for the microscopic observation was
also the same as used for A. variabilis cells. Arabidopsis thaliana plants
were grown in soil in chambers at 21–23 °C under a 12-h-light/12-h-
dark photoperiod using fluorescent lamps (about 100 μmol m−2 s−1).

For the Raman microscopic imaging of A. variabilis and chloroplasts
of green alga (P. kessleri), the cell suspensions were transferred to glass-
bottomed dishes (Matsunami, D111505). The upper surface of the glass
was coated with poly‑L‑Lysine to immobilize the cells before addition of
the cell suspensions. About 10min after the cell suspension was added,
a block of solidified growth-medium-based agarose was put on the
adsorbed cells to fix the cells better. In the case of Rivularia, a piece of
agar block was transferred from the agar plates to the cover-glass-bot-
tomed dishes for observing cells on the agar surface.

For microscopic imaging of A. thaliana chloroplasts, one green leaf
was sandwiched by a cover glass (No.1, Matsunami) and optical
window with a thickness of 1.0mm. A home-made aluminum sample
holder was used to fix the leaf and two glass plates with a help of Teflon
spacers. The internal space of the sample holder was filled with tap
water. Microscopic observations of chloroplasts in mesophyll cells of A.
thaliana leaf were conducted from the adaxial surface.

2.3. Reference pigments and pigment-protein complex

Raman scattering spectra of representative photosynthetic pigments
and pigment-protein complexes were obtained by using powders of
β‑carotene (Nacalai tesque, 07312-81), C‑phycocyanin (from Spirulina,
Sigma-Aldrich, P2172), and Chla (Wako Pure Chemical Industries, 034-
21361). These were used as received by placing them between cover
and slide glass plates, in the same sample holder as used for the A.
thaliana leaf.

3. Results

3.1. Raman scattering spectral imaging of Anabaena variabilis cells

The bright field image of some filaments of A. variabilis grown in the
fixed-nitrogen-depleted medium typically showed a terminal heterocyst
that was located at the end of the filament (designated as het in Fig. 2A
or S1B). The heterocyst was connected to vegetative cells (in the order

of het, veg1, veg2, veg3, as in Fig. 2A). The heterocyst was character-
ized by a higher optical transmission than the vegetative cells, because
of a decrease in the amount of photosynthetic pigments, especially
phycobilisome [31,49,54,56]. The total intensity of the Raman scat-
terings and/or photoluminescence signals integrated over all detected
wavelength range (1017–1175 nm) was calculated in each pixel and
shown as a monochromatic image (Fig. 2B). It should be noted that the
heterocyst and vegetative cells were comparable in the brightness of the
total Raman scattering and photoluminescence signals. This is in con-
trast to conventional fluorescence images of heterocysts and neigh-
boring vegetative cells of filamentous cyanobacteria (including A. var-
iabilis), in which fluorescence of heterocyst is far weaker than that of
vegetative cells [10,31,49,54].

Raman scattering signals of individual single cells were extracted
semiautomatically in an analogous way that was previously described
for fluorescence spectral microscopy (Fig. 2C) [54]. The average Raman
spectra of heterocysts and vegetative cells that were obtained from 31
A. variabilis filaments, each containing one heterocyst (only one fila-
ment contained intercalary heterocyst, see Fig. S1), are shown in Fig. 3.
The Raman band assignments were mainly based on the Raman spectra
of the powders of β‑carotene, C‑phycocyanin (phycobilin-protein
complex) and Chla (Fig. 4A–D) obtained with the same setup, which
seemed to be consistent with several references (Table S1) [33,57–59].
The phycobilin bands that were clearly visible in vegetative cells were
almost totally absent in the heterocysts (Figs. 2F and 3). The carotenoid
bands were slightly decreased in the heterocysts in comparison with the
vegetative cells (Figs. 2E and 3). The Raman scattering spectra of both
the heterocysts and vegetative cells were superimposed on a broad
photoluminescence spectrum (Fig. 3). The spectral features of het, veg1
and veg2 were thus consistent with the selective images of individual
Raman bands and photoluminescence (Fig. 2D–F). Although at least
three Raman bands were ascribed to Chla in the average spectra of the
31 cells (Fig. 3), the signal-to-noise ratios of the single Raman bands
were insufficient to produce Chla selective image with a reasonable
contrast.

3.2. Raman scattering spectral imaging of Rivularia cells

Analogous analysis was also performed on Raman/photo-
luminescence spectra of 34 Rivularia filaments. Only major differences
between A. variabilis and Rivularia are described here. In terms of re-
lative signals of the heterocysts in comparison with the nearby vege-
tative cells, photoluminescence signals in Rivularia heterocysts were on
average weaker than those of A. variabilis (Tables 1, 2, Figs. 2D, J, 3,
S2). Phycobilin Raman signals in Rivularia heterocysts were stronger
than those of A. variabilis (Tables 1, 2, Figs. 2F, L, 3, S2). The latter
feature is consistent with our previous study with microscopic absorp-
tion spectroscopy showing that there remains a substantial amount of
phycocyanin in the Rivularia heterocysts, while mature heterocysts of A.
variabilis are virtually free from phycobilisomes [54].

3.3. Photoluminescence of the cyanobacterial cells excited by 976 nm is
attributable to chlorophyll a

The Raman spectrum of β‑carotene was virtually free from any
broad luminescence component (Fig. 4A). C‑phycocyanin is a subunit of
phycobilisome that works as extra light-harvesting antenna mainly for
PSII but also for PSI [60,61]. Although C‑phycocyanin containing
phycobilins as light-harvesting chromophores showed some broad
photoluminescence superimposed on the narrow banded Raman sig-
nals, the intensity ratio of luminescence to Raman of C‑phycocyanin
seemed to be far lower than that of Chla (Fig. 4B, C). Moreover, phy-
cobilin contribution to the photoluminescence of the A. variabilis cell
can be estimated as follows. After magnification of the heterocyst
spectrum by 1.59 in Fig. 3, the normalized spectrum becomes very si-
milar to that of veg1, except in the wavelength regions in which
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Fig. 2. Typical microscopic images of a filament of A.
variabilis (A–F) and Rivularia cells (G–L). (A, G) Bright
field image of a filament with a heterocyst at the ter-
minus. The colors of these images are artificial due to
applications of auto-contrast and auto-level functions of a
software (XnView) and yellowish illumination of the ha-
logen lamp, while the darkness of the pixels reflects ab-
sorption, reflection, and scattering at some visible wave-
lengths of the cells. The magenta arrow head indicates a
heterocyst, and the vegetative cells marked by the three
arrow heads of green, black and white are designated
veg1, veg2 and veg3, respectively. Scale bar= 5 μm in
both (A) and (G), which is also applicable to the other
panels. (B, H) Image of the total intensity of Raman
scattering and photoluminescence signals integrated over
all the detected wavelength range. (C, I) Map of selected
areas of individual cells for spectral analysis. Blue and
green regions alternately show selected regions of in-
dividual cells. The triangular area in purple (in C) or red
(in I) shows a cell-free background region. Four magenta
points surrounding individual cells were given by visual
inspections, and they worked as reference points to locate
cell junctions. (D, J) Image of the photoluminescence
detected in the Raman shift range between 1707 and
1736 cm−1 (between 1171 and 1175 nm in wavelength).
(E, K) Image of a carotenoid Raman band between 1513
and 1528 cm−1. (F, L) Image of a phycobilin Raman band
between 1618 and 1633 cm−1. For both (E, F) and (K, L),
photoluminescence signals were subtracted (see Fig. S3).

Fig. 3. Cell-type specific average single-cell
spectra of A. variabilis cells in which Raman scat-
tering and photoluminescence signals are present.
The intensities of the spectra are based on the
“whole-cell-integrated intensities” in the Tables 1
and S2, which are functions of cell sizes. The two
plots in magenta represent average spectra of
heterocysts, among which one spectrum (het
(×1.59)) is magnified by 1.59 times from the
other spectrum (het (×1.00)) preserving the ori-
ginal intensities. The plot in green (veg1) re-
presents the vegetative cell that is directly ad-
jacent to the heterocysts. The plot in black (veg2)
indicates the vegetative cell that is directly ad-
jacent to veg1 but not to heterocyst (see Fig. 2A).
Upward arrows with broken lines, downward ar-
rows with solid lines and downward triangular
arrow heads indicate Raman bands attributable to
carotenoids, Chla and phycobilin molecules, re-
spectively. See Table 1 for cell-by-cell variations of
signal intensities.
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C‑phycocyanin Raman bands are prominent (cf. Fig. 4B). Given the
nearly total disappearance of phycobilins Raman bands in the transition
from the vegetative cells to the heterocysts, this situation indicates that
photoluminescence of phycobilisome does not contribute to the

observed broad photoluminescence of the A. variabilis cells. Overall, the
whole situation is best represented by the idea that photoluminescence
in both the vegetative cells and heterocysts of A. variabilis is exclusively
attributable to Chla.

It should be here noted that some photoluminescence was also ob-
served when the 976 nm laser focus was near the cover glass (plot in
magenta, Fig. 4C) [62,63], which probably indicates impurities, de-
fects, and/or doped elements in the glass [64]. The spectral shape of the
cover glass luminescence was clearly different from those of Chla and
cyanobacterial cells (Figs. 3, 4C). Its contribution to the Raman scat-
tering/photoluminescence spectra of the reference chemicals and cells
was always subtracted before analysis (see caption of Fig. S3).

3.4. Single cell amount and average intracellular concentration of
photosynthetic pigments in the neighboring cells

The intensities of the Raman bands of β‑carotene and phycobilins as
well as the photoluminescence attributable to Chla were estimated from
the Raman spectra of single cells or single pixels in the way described in
the caption of Fig. S3. The axial spatial resolution of our Raman mi-
croscopy setup was well approximated by a Gaussian function with a
full width at half maximum of 3.7 μm (Fig. S4), which was comparable
to the thickness of the A. variabilis cells (≈2–4 μm, Figs. 2A–F and S1).
It is thus concluded that the Raman signal intensity of an A. variabilis
image per single pixel (corresponding to Isig in Table 1) is largely pro-
portional to the integrated amount of pigments along the depth axis (z
axis, which is perpendicular to the plane of the images in Fig. 2A–F).
The integration of the signals in the whole two-dimensional area (Scell)
of an A. variabilis cell (as in the case of the spectra in Fig. 3 and cor-
responding to Isig× Scell in Table 1), thus, reflects the whole single-cell
amount of the pigments. Average concentration of a pigment inside the
A. variabilis cell is approximately proportional to the average signal
intensity per single pixel divided by the thickness of the cell (corre-
sponding to Isig× (Scell)−1/2 in Table 1), as far as we neglect the het-
erogeneous distribution of TM in the A. variabilis cell. The above-
mentioned three quantities reflecting integrated amounts or con-
centrations of photosynthetic pigments in the specified cell types
(heterocyst and veg1, see Fig. 2A) are summarized in Table 1, after they
were normalized by the corresponding quantities in veg2 (see Fig. 2A
and Table S2 for veg3).

Among the three connected cells designated as het, veg1, veg2, and
veg3 (Fig. 2A), the A. variabilis heterocyst showed the least amount of
photosynthetic pigments (Tables 1 and S2). Relative amount of phy-
cobilins in heterocyst on average was only 6% of veg2 cell. Because of
the signal-to-noise ratio and unavoidable arbitrariness in the subtrac-
tion of photoluminescence background, we regard this 6% as an upper
limit of the phycobilin amount on average (Fig. S3). The nearly com-
plete disappearance of phycobilin was in good agreement with our own
previous study on A. variabilis, in which heterocysts and its neighboring
vegetative cells were analyzed by microscopic absorption spectroscopy

Fig. 4. Raman scattering and photoluminescence spectra of powders of pho-
tosynthetic pigments, cover glass, cyanobacterial cells and chloroplasts of green
alga and plant that were obtained with excitation at 976 nm. (A) β‑Carotene,
(B) C‑phycocyanin, (C) Chla and cover glass. In (D), the same spectrum of Chla
in (C) is shown after a broad photoluminescence spectrum was subtracted. The
luminescence spectrum contained in the Chla spectrum was approximated by a
seventh-degree univariate polynomial fitted to the whole Chla spectrum in (C).
The Raman bands marked by arrows in (A), (B) and (D) indicate those that are
marked by the arrows or arrow heads in the cell-type specific spectra in Fig. 3.
(E) Comparison of the average Raman and photoluminescence spectra of
Parachlorella kessleri cells (two cells) in magenta, two chloroplasts inside a
mesophyll cell in a leaf of Arabidopsis thaliana in green and vegetative cells in
five filaments of A. variabilis in black. The three spectra were arbitrarily mag-
nified so that the broad photoluminescence components overlap with each
other.
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[54]. Although a small portion of PSII may remain in the heterocysts
[4,10,31,47], degradation of PSII during the heterocyst differentiation
of A. variabilis seems to be accompanied by nearly complete degrada-
tion of its light-harvesting phycobilisomes containing phycobilins.
Statistically significant differences were found between veg1 and veg2
(Tables 1 and S2) of A. variabilis. The differences between veg2 and
veg3 were less significant than those between veg1 and veg2. To the
best of our knowledge, such gradients in the properties of TM of ve-
getative cells near heterocysts have not been reported previously for
Anabaena and genetically similar Nostoc [65].

In the case of Rivularia cells, the thickness (dimension perpendicular
to filament axis) near the heterocyst terminal was typically 7–10 μm
(Figs. 2G, S1), which was longer than the above-mentioned full width at
half maximum of the axial point-spread function (3.7 μm). Given the
imaging at only a single depth under these conditions, only “whole-TM-
cross-section-integrated intensity” and “average intensity per single
pixel in the region occupied by TM” were given as in Table 2.

3.5. Correlations among pigments in the same cell

Correlation among intracellular pigment concentrations were ana-
lyzed on the basis of average intensities per single pixel in the TM-
occupied regions of single cells (Fig. 5, c.f. Fig. S5). In the case of the
vegetative cells of both A. variabilis and Rivularia, moderate to high
correlations (r≈0.4–0.8) were found in all three combinations. This
must reflect a certain level of stability in ratios among PSI, PSII and
phycobilisome in the vegetative cells under our growth conditions as

well as those of photosynthetic pigments in the individual pigment-
protein complexes of PSI, PSII (see also Tables S3, S4).

In the heterocysts of A. variabilis, low or almost no correlation was
found among all three combinations (−0.22 < r < 0.11 in
Fig. 5A–C). The low correlations associated with phycobilins are un-
derstandable, because most phycobilisomes are degraded in matured A.
variabilis heterocyst [54]. Remaining phycobilisomes in the heterocysts
of A. variabilis, if any, are probably not forming stable complex with
PSI. On the other hand, the low correlation between Chla-associated
photoluminescence and carotenoid in the A. variabilis heterocyst
(r=−0.003) cannot be explained by only the changes in the stoi-
chiometry of PSII and PSI between vegetative cells and heterocysts
(Tables S3, S4). It is noteworthy that a high correlation coefficient was
found if these signals were plotted on the basis of whole-cell integrated
intensities (Fig. S5A). The correlation plots in Fig. 5 are thus sub-
stantially free from effects coming from cell sizes.

Compared to A. variabilis heterocyst, substantially higher correla-
tions in all three combinations were found in the case of Rivularia
heterocyst (0.470≤ r≤0.793 in Fig. 5D–F). These are at least in part
explained by the PSI-phycocyanin complex previously found in the
Rivularia heterocysts [54,61]. It is to be noted that there seem to be at
least two distinct subgroups of Rivularia heterocysts in terms of the ratio
of the photoluminescence to carotenoid signals (Fig. 5D). One subgroup
of heterocysts was aligned near the line in which Chla/carotenoid ratio
in the vegetative cells are conserved (the diagonal line, y= x in the
Fig. 5D), while the other was aligned near the line in which lumines-
cence/carotenoid ratio is about 0.35 (magenta line with a relatively low

Table 1
Ratio of Raman band and luminescence intensities of specified cell types to the corresponding values of veg2 (vegetative cell) in the same A. variabilis filament, for
which at least three consecutive cells, one heterocyst and two vegetative cells (het, veg1, and veg2) were imaged by our spectro-microscope (e.g., Fig. 2A). Number of
analyzed filaments was 31 including the 21 filaments analyzed in the Supplemental Table S2. See the captions of Figs. 2 and S3 for the selected Raman shift or
wavelength regions. According to paired t-tests with the corresponding values of the veg2 cell in the same filament, statistical significance is indicated by the
following symbols. *: p < 0.05, **: p < 0.01, ***: p < 0.005, ****: p < 0.001, #: p < 0.0005, ##: p < 0.0001. Even smaller p values are not distinguished.

Component Cell type Whole-cell integrated
intensity (± s.e.),
Isig × Scell

Average intensity per single pixel in
the region occupied by TM (± s.e.)
Isig

Average intensity per unit volume
occupied by TM (± s.e.) Isig× (Scell)−1/2

Average cross-section of TM-
occupied region in the image
(± s.e.) Scell

Luminescence het 0.584## (±0.066) 0.733## (± 0.046) 0.878* (±0.045) 0.733# (± 0.058)
veg1 0.936 (± 0.054) 0.940* (± 0.023) 0.964 (± 0.023) 0.984 (± 0.046)

Carotenoid het 0.599## (±0.051) 0.826## (± 0.026) 1.073 (± 0.081)
veg1 0.915 (± 0.052) 0.922*** (± 0.022) 0.950 (± 0.026)

Phycobilin het 0.063## (±0.009) 0.090## (± 0.013) 0.095## (± 0.014)
veg1 0.896* (±0.049) 0.903## (± 0.016) 0.929*** (± 0.021)

Table 2
Ratio of Raman band and luminescence intensities of specified cell types to the corresponding values of veg2 (vegetative cell) in the same Rivularia filament. The
definitions of signals and symbols are the same as in Table 1, unless otherwise mentioned. Total number of analyzed filaments was 34, and they were classified into
two subgroups of A (N=16) and B (N=18) according to photoluminescence/carotenoid Raman intensity ratio (see Figs. 5D, S2, S7). See Fig. 2G in the main text for
the notations of het, veg1, and veg2.

Component Cell type Subgroup Whole-TM-cross-section-integrated
intensity (Isig × Scell)

Average intensity per single pixel in the region
occupied by TM (Isig)

Average cross-section of TM-occupied
region in the image (Scell)

Luminescence het all(1) 0.277 (± 0.034)## 0.452 (± 0.044)##[##(3)] 0.609 (± 0.050)##
A(2) 0.408 (± 0.048)##(2) 0.665 (± 0.052)## (2) 0.653 (± 0.077)
B(2) 0.161 (± 0.029)##(2) 0.262 (± 0.019)## (2) 0.569 (± 0.061)

veg1 all(1) 1.05 (± 0.090) 0.923 (± 0.018)# 1.12 (± 0.082)
Carotenoid het all(1) 0.440 (± 0.041)## 0.731 (± 0.032)##[*(3)]

A(2) 0.448 (± 0.051) 0.728 (± 0.048)
B(2) 0.433 (± 0.064) 0.732 (± 0.044)

veg1 all(1) 1.06 (± 0.086) 0.946 (± 0.015)***
Phycobilin het all(1) 0.311 (± 0.034)## 0.528 (± 0.041)##[##(3)]

A(2) 0.358 (± 0.053) 0.622 (± 0.077)*(2)

B(2) 0.270 (± 0.044) 0.446 (± 0.027)*(2)

veg1 all(1) 1.05 (± 0.082) 0.938 (± 0.018)*

Notes: (1) When all Rivularia filaments are concerned, statistically significant differences between het and veg2, or between veg1 and veg2, are shown in the same
way as in the case of A. variabilis (Tables 1 and S2).
(2) The statistical significance associated with the subgroups A or B were given by t-tests between the heterocysts of the subgroups A and B.
(3) The symbols in the bracket, like [##], indicate statistically significant differences in the heterocyst between Rivularia and A. variabilis.
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gradient, y= 0.35x in the Fig. 5D). Based on the luminescence/car-
otenoid signal ratio, Rivularia heterocysts were classified into two
subgroups A and B, in which heterocysts of the subgroup A were located
above y=0.6x and those of the subgroup B were located below
y=0.5x in the Fig. 5D (see also Fig. S7). The two subgroups of het-
erocysts are also well separated in the phycobilin Raman/Chla-asso-
ciated photoluminescence correlation plot (Fig. 5F). Differences in the
average values of the two subgroups are summarized in Table 2, and
representative average single-cell spectra are shown in Fig. S2.

3.6. Laser power dependence of the photoluminescence

The excitation mechanism leading to the photoluminescence of the
cyanobacterial cells was also investigated through laser power depen-
dence of the signal amplitude in the case of A. variabilis (Table S6).
Contribution ratios of apparently one-photon and two-photon excita-
tions at 13.5 mW was estimated to be between 77:23 and 53:47 in five
spectral regions that were relatively free from obvious Raman compo-
nents. It is noteworthy that one-photon excitation at 976 nm is not

negligible at all.

3.7. Photoluminescence of chloroplasts of plant and green alga induced by
the 976 nm continuous wave excitation

The TMs in the chloroplasts of plants and eukaryotic green algae are
also highly enriched in Chla [12]. The generality of the broad photo-
luminescence attributed to Chla in the above section was also tested by
applying the same spectromicroscopic setup to the chloroplasts in
unicellular green alga (Parachlorella kessleri) and in leaves of a model
plant (Arabidopsis thaliana). The spectral shapes of the broad photo-
luminescence of the plant and green alga were very similar to that of
cyanobacterium A. variabilis (Fig. 4E). In the cases of the plant and
green alga, the ratios of the integrated intensities of the carotenoid
Raman bands at around 1520 cm−1 to the photoluminescence back-
ground at the same wavelength region are estimated to be 2.6 and 4.2
times greater than that of cyanobacterial vegetative cell, respectively.
See Text S1 for possible interpretations of this ratio.

Fig. 5. Correlation plots between pigments in the same cell of A. variabilis (A–C) and Rivularia (D–F). All plotted relative intensities are based on the “average
intensities per pixel (in the region occupied by TM)” as shown in Tables 1 and 2. See the captions of Fig. 2 or S3 for the selected Raman shift or wavelength regions.
The quantities of the heterocysts and veg1 cells are normalized by those in veg2 in the same filament. Only in the case of A. variabilis, pairs of neighboring vegetative
cells designated as veg(n+ 1) and veg(n) were analyzed, in which the two cells were far from heterocysts in relatively long filaments grown under the fixed-nitrogen-
deprived conditions. The inserted graph in (A–C) shows the plot for het/veg2 in an approximately square frame. In (D–F), Rivularia heterocysts were classified into
two subgroups A and B (het(A)/veg2 and het(B)/veg2), according to the ratio of Chla-associated photoluminescence and carotenoid Raman intensity (see Section 3.5
and Fig. S7). In all panels, numbers in the graphs are correlation coefficients. In (D–F), correlation coefficients for the subgroups A and B are shown separately by the
numbers in brackets. Broken lines in black or magenta are reference lines indicating y=1 (horizontal), x= 1 (vertical), y= x (approximately or rigorously di-
agonal), y= 0.35x (magenta, in D) and y=1.6x (magenta in F).
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4. Discussion

4.1. Comparison with previous absorption spectral microscopy

Microscopic absorption spectra of heterocysts and neighboring ve-
getative cells in the two cyanobacteria, A. variabilis and Rivularia, were
previously analyzed [54]. The relative photoluminescence intensities of
A. variabilis heterocyst in comparison with veg2 in this work are very
similar to the corresponding values of the microscopic absorbance at-
tributed to Chla that were given by the spectral decomposition of
single-cell absorption spectra in the previous work (Tables 1, S7). This
leads us to propose that the intensity of the spectrally broad photo-
luminescence induced by the 976 nm continuous wave laser is fairly
proportional to the concentration of Chla.

It should be noted here that possible sensitization of the Chla pho-
toluminescence by phycobilins in the phycobilisome of vegetative cells
in A. variabilis is excluded by the above-mentioned high correlation
between the Chla absorbance and the photoluminescence. Possible
sensitization of the Chla photoluminescence by Chlb and/or carotenoids
in the cyanobacterium, green alga and plant is discussed in the
Supplemental Text S1.

On the other hand, the average decrease of Chla absorption from the
veg2 to heterocyst in Rivularia filaments in the previous microscopic
absorption microspectroscopy (≈28%) was comparable to that in the
photoluminescence intensity of the heterocyst subgroup A in this work
(≈34%), which is, however, far milder than that in the subgroup B
(≈74%) (Tables 2, S8) [54]. Given the presence of at least two sub-
groups of Rivularia heterocysts with clearly different spectral characters
(Figs. 5D, S7), it is possible that the samplings of heterocysts in the
previous absorption microscopy and this work may have been somehow
differently biased.

4.2. Mechanisms and implications of photoluminescence from chlorophyll a
in the thylakoid membrane

Linear portion of the photoluminescence in terms of the laser power
dependence (Table S6) is possibly attributable to spin-forbidden but
actually very weakly allowed transitions between S0 and T1. Phos-
phorescence spectrum of Chla in mature pea leaves at 77 K has been
reported to have a main peak around 980–990 nm and a vibronic
progression peaking around 1100 nm [66]. On the other hand, it is also
possible that long-wavelength tail (vibronic progression) of the fluor-
escence bands (S1→ S0, main bands are peaking around 670–730 nm
depending on the spectral forms of Chla in cyanobacteria) give sub-
stantial contributions to the detected photoluminescence
(1017–1175 nm) in our study [63]. The nonlinear portion of the de-
tected photoluminescence (Table S6) can be attributable to the fluor-
escence of Chla, because the high intensity of the focused 976 nm laser
may induce two-photon direct excitation of some photosynthetic pig-
ments and/or multistep excitations consisting of heating effects by the
laser (generation of vibrationally excited states in S0 (hot S0)) and
single-photon excitation (hot S0→ S1). The heating can be caused by
absorption of the 976 nm photon at least in part by the water in the case
of the cyanobacterial cells [41], but there is no water in the Chla
powder (Fig. 4C). In the case of the powder of Chla, lattice vibrations of
the powder as well as combinations and/or overtones of molecular vi-
brations of the individual Chla may contribute to absorption of 976 nm
and rise of the local (vibrational) temperature.

The clear photoluminescence from matured A. variabilis heterocysts
(Table 1, Figs. 2D, 3, 5A) readily supports an idea that PSI is a strong
emitter of this photoluminescence under our experimental conditions.
Some discussion on relative contributions of PSI and PSII to the pho-
toluminescence is given in the Supplemental Text S1.

4.3. Side effects of the 976 nm excitation

The photoluminescence of Chla implies two possible disadvantages
of using the 976 nm laser for imaging of TM, as discussed in Section 4.2.
One is the possible production of harmful triplet excited states of Chla
leading to generation of singlet oxygen (1O2) [67]. The other is the
heating of water molecules, which should be certainly more substantial
than those at 1064 nm [41]. We may have to avoid using the 976 nm
excitation laser for repetitive examinations of physiological phenomena
of photosynthetic organisms, although long-term observations of or-
ganisms after the 976 nm excitation remains to be performed. When the
laser power at the sample position was 20mW or even higher, we
sometimes found bleaching of photosynthetic pigments of A. variabilis
cells and/or obvious changes of the cell shapes. On the other hand, pin-
point production of triplet states of pigments and/or singlet oxygen may
be useful for analyzing possible roles of signaling by such molecular
species as well as protection mechanisms of the photosynthetic systems
against harmful chemicals [68].

4.4. Properties of the heterocysts of Rivularia and Anabaena variabilis

Rivularia filaments were subcultured from a densely populated agar
medium to a freshly prepared one, which seemed to stimulate devel-
opment of hormogonia (relatively short motile filaments for the dis-
persal and relocation of the microorganism) from parental filaments
(Fig. S1) [69]. Even though the Rivularia filaments had been sub-
cultured over several agar media that did not originally contain fixed
nitrogen, hormogonia did not have obvious heterocysts. Hormogonia
are generally thought to consist of undifferentiated cells [70]. It is thus
possible that the terminal cells at the heterocyst position of Rivularia
analyzed in this study were situated at various transition stages from a
transient terminal vegetative cell to a matured heterocyst. Among the
two subgroups of Rivularia heterocysts (Table 2, Figs. 5D–F, S7), the
signal ratios of photoluminescence/carotenoid of the subgroup A are
similar to those of nearby vegetative cells. It is thus likely that the
heterocysts in the subgroup B are more matured ones and that those in
the subgroup A are relatively young heterocysts. The signal ratios of
phycobilins/photoluminescence of the subgroup B (postulated mature
heterocysts) are higher than those of subgroup A (postulated young
heterocysts). This trend is contrary to the one in A. variabilis, in which
phycobilins/photoluminescence ratio is clearly lower in heterocysts
than in vegetative cells (Fig. 5C). This situation probably reflects two
factors: (i) a high portion of PSI in the Rivularia heterocysts is bound to
phycocyanin [54], and (ii) Chla contents in the heterocyst subgroup B
(matured heterocyst) were on average lower than those in the subgroup
A (young heterocyst) (Table 2, Fig. S3). Based on our proposal that Chla
concentration, as measured by microscopic absorbance per unit depth
[54], is approximately proportional to the Chla-associated photo-
luminescence (Table S6), differences between heterocysts and vegeta-
tive cells of the Rivularia leads to the idea that the heterocysts in the
subgroup A observed here are similar to those analyzed in our previous
study (Table S8) [54]. Although the heterocysts in the subgroup A seem
to be relatively young in comparison with the subgroup B, their ab-
sorption and fluorescence features including PSII/PSI fluorescence in-
tensity ratio may be sufficiently distinct from those of vegetative cells
[54]. It is noteworthy that so many young heterocysts (16 among 34)
were clearly separated from matured heterocysts by the spectroscopic
indices, which suggests a relatively long lifetime of the young stage of
the heterocysts and swift drastic change in the intracellular pigments at
certain maturation/aging stages.

The low ratios of Chla-associated photoluminescence to carotenoid
in the subgroup B of Rivularia heterocyst (postulated matured hetero-
cysts) in comparison with the vegetative cells (~0.35:1, Fig. 5D) are not
simply explained by the decrease of PSII/PSI ratio from the vegetative
cells to the heterocysts, because Chla: carotenoid number ratio of PSI
(96:22≈4.36:1) is higher than that of and PSII (35:11≈3.18:1)
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(Tables S3, S4). The observed low ratio (~0.35:1) is actually even lower
than the lower limit (0.729:1≈3.18/4.36:1) given by a virtual con-
version from 100% PSI in vegetative cells to 100% PSII in heterocysts,
although these ratios are totally unrealistic for the two cell types (Table
S8). It is thus likely that the ratio of carotenoids other than those bound
in PSI or PSII have increased from vegetative cells to heterocysts of the
subgroup B in the Rivularia filaments. Changes in carotenoid composi-
tions of two heterocystous cyanobacteria (Anabaena sp. PCC7120 and
Calothrix sp. 336/3) upon deprivation of exogenous combined nitrogen
were reported [71]. Total β‑carotene (including both trans and cis
forms) was decreased from 37.6–42.5% to 27.4–31.5% while some of
the other carotenoids (echinenone in both the species, zeaxanthin in
only Calothrix) were increased. Although heterocysts and vegetative
cells were not separately analyzed in the reference [71], these results
may lead to the idea that the carotenoids not bound to PSI or PSII in the
subgroup B of Rivularia heterocysts may be echinenone and/or zeax-
anthin [72]. The frequency of the C]C stretching vibration (around
1520 cm−1) of echinenone has been reported to be down shifted by
about 5 cm−1 in comparison with β‑carotene and zeaxanthin [73–75].
However, we did not detect clear change in the frequency between
vegetative cells and heterocysts in both A. variabilis and Rivularia
(Figs. 3, S2), suggesting that there is no strong localization of echine-
none in the heterocysts. In spite of an elevated rate of respiration, thick
cell wall and substantial decrease of PSII in the heterocysts, diffusion of
O2 through the terminal pore into the heterocysts and concomitant
production of reactive oxygen species may be unavoidable [76]. The
carotenoids in the Rivularia heterocyst other than those bound in PSI or
small amount of PSII may be effective as a singlet oxygen quencher
[77].

In view of the relatively high correlations between photo-
luminescence and carotenoid signals of the Rivularia heterocyst sub-
groups, the negligibly small correlation coefficient in the corresponding
plot of A. variabilis heterocyst is remarkable (Fig. 5A, D). Some car-
otenoids not bound to PSI or small amount of PSII may accumulate in at
least a portion of A. variabilis heterocysts (see also Section 3.5). It is also
suggested that the ratio of total intracellular carotenoid to PSI in the
heterocyst is more tightly regulated in Rivularia than in A. variabilis.

4.5. Implications for physiological status of vegetative cells in filamentous
cyanobacteria

Some heterocystous cyanobacteria consist of vegetative cells with
varied shapes and sizes, as in the case of Rivularia filaments (Fig. S1)
[54,69,78]. In contrast, autofluorescence spectra as well as their sizes of
vegetative cells of Anabaena and Nostoc are mostly very similar to each
other [31,49,54,79]. For example, as far as we employed auto-
fluorescence spectral microscopy and absorption spectral microscopy to
analyze the individual vegetative cells near the heterocyst in A. var-
iabilis, we were not able to detect convincing spectral differences be-
tween veg1 and veg2 (Table S6) [31,54]. On the other hand, some
works reported at least transient appearance of abnormal vegetative
cells [4,80]. Overall, our results and some previous studies indicate that
transient and/or steady differences in the properties of thylakoid
membranes between apparently similar vegetative cells are induced
under some conditions.

All A. variabilis heterocysts we analyzed seemed to be already ma-
tured, because amounts of phycobilins in the heterocysts were on
average only 6% of the average vegetative cell (Table 1, Fig. 5B, Table
S2) [31]. PSI in some of the heterocysts may be decreased by aging of
the heterocysts, because heterocyst is a terminally differentiated state
(no possibility of division) and its lifetime is finite. The veg1 cell should
be the candidate for the next terminal heterocyst cell, in which decrease
of PSII-related photosynthetic pigments is expected if it is time for the
terminal heterocyst to be replaced. Due possibly to the lack of syn-
chronization in the culture and relatively long incubation time from the
inoculation to the microscopic measurements (5–74 days for A.

variabilis), we did not find correlation between the incubation time and
the quantities of photosynthetic pigments in the heterocysts or veg1
cells (Fig. S6). More systematic tracking of the maturation or aging
process of heterocysts is necessary to understand the physiological
meaning of the special status of veg1 cell.

The mechanisms for the formation of the semiregularly spaced
heterocyst positions among vegetative cells have been extensively stu-
died [46,81]. Although many genes are involved in the differentiation
process [82], the essential pattern formation and maintenance has been
successfully reproduced by computer simulations considering several
key genes and factors [83,84]. However, subtle differences between
vegetative cells have not been paid much attention. The special status of
the vegetative cells nearest to heterocysts (veg1) that we found
(Table 1) may reflect a delicate balance among inhibitions of heterocyst
differentiation in the vegetative cells, exchange of metabolites and
signaling molecules between heterocysts and vegetative cells, aging of
the heterocyst and cell division cycles in the vegetative cells [50,85].

5. Conclusions

The photoluminescence of Chla (around 1017–1175 nm) in A. var-
iabilis cells induced by the continuous wave laser at 976 nm seems to be
fairly proportional to the concentration of Chla. The photoluminescence
spectrum was found to be almost common among the two cyano-
bacteria (A. variabilis and Rivularia), green alga and plant. Our analysis
of the Raman bands of carotenoids, phycobilins and photoluminescence
of Chla supports the view that the phycobilisomes remain substantially
in the Rivularia heterocysts, but only almost negligibly in A. variabilis
heterocysts. At least two distinct physiological states of the terminal
heterocyst in Rivularia filaments were distinguished by the correlations
between the Raman bands of carotenoids and Chla-associated photo-
luminescence, in which one state seems to be matured heterocyst and
the other is relatively young heterocyst. The photoluminescence we
observed by the continuous wave excitation at 976 nm is not something
to be subtracted and neglected, but signals useful for analysis of
chloroplasts and cyanobacteria on a single-cell basis. Some special roles
of carotenoids other than those bound to PSI or small amount of PSII in
both A. variabilis and Rivularia heterocysts are suggested through the
photoluminescence/carotenoid correlations.
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ABSTRACT: Excited-state proton transfer (ESPT) of 5-cyano-2-
naphthol (5CN2) and 5,8-dicyano-2-naphthol (DCN2) in three different
protic ionic liquids (PILs), triethylammonium trifluoromethanesulfonate
([N222H][CF3SO3]), triethylammonium methanesulfonate ([N222H]-
[CH3SO3]), and triethylammonium trifluoroacetate ([N222H]-
[CF3COO]), was studied by time-resolved fluorescence. In [N222H]-
[CF3SO3], both 5CN2 and DCN2 showed fluorescence only from
ROH* (normal form of substituted naphthol in the excited states),
indicating that no ESPT occurred in [N222H][CF3SO3]. For 5CN2 in
[N222H][CH3SO3], fluorescence bands from ROH* and RO−* (anionic
form of substituted naphthol in the excited states) were observed,
indicating that 5CN2 could dissociate proton to surrounding solvents
and form RO−*. More interestingly, 5CN2 in [N222H][CF3COO] and
DCN2 in [N222H][CH3SO3] and [N222H][CF3COO] showed an anomalous fluorescence band around 470 nm (5CN2) or
around 520 nm (DCN2) which has not been reported previously. The kinetics of each fluorescent component of 5CN2 and
DCN2 was analyzed on the basis of the time profile of fluorescence intensity. Plausible ESPT schemes of 5CN2 and DCN2 were
discussed on the basis of the kinetics and the basicity of anion in PILs.

1. INTRODUCTION

Recently, ionic liquids (ILs) have attracted many scientists in a
broad range of fields because of their unique physicochemical
characteristics.1−7 Although ILs are salts composed of anions
and cations, they are liquids in room temperature mainly due to
the bulky and asymmetric structure of the cations. By changing
the pairs of anions and cations, a variety of ILs that have special
functionality can be synthesized. Among various kinds of ILs,
protic ionic liquids (PILs), which are easily synthesized by
simple Brønsted acid−base reactions,8 have active protons in
the cations. Because of the protons in the cations and the
basicity of the anions, PILs can undergo proton transfer (PT)
in solutions with solute molecules dissolved in them. Until now,
numerous research studies on the physicochemical proper-
ties5,9−14 and dynamics of PILs have been conducted by
computational methods,15−19 thermal analysis,20 and spectros-
copies such as NMR spectroscopy21−23 and Raman spectros-
copy.24,25 Among these studies, the basicity of the anions can
be expected to have a large impact on the behavior of PILs,
especially on the PT reactions that occur in them. However,
there are few studies which focus on the real-time analysis of
PT dynamics in PILs. In this study, we aim to investigate PT
dynamics in three different PILs by probing the fluorescence
dynamics of photoacids dissolved in them.

2-Naphthol is known as a photoacid whose acidity is
enhanced in the excited state.26 Substituted compounds of 2-
naphthol with an electron withdrawing group at the C5 and/or
C8 site show large enhancement of acidity.27,28 For example,
the values of pKa* (pKa in the excited states) of 5-cyano-2-
naphthol (5CN2) and 5,8-dicyano-2-naphthol (DCN2) are
reported to be −0.75 and −4.5, respectively, while that of 2-
naphthol is 2.8.29,31 Because of the remarkable enhancement of
the acidity, they can undergo excited-state proton transfer
(ESPT) not only in water but also in solvents that show lower
acceptor number such as alcohols, DMSO, and so on.30 Since
cyano-substituted 2-naphthols show dual fluorescence from the
normal form (ROH*) at shorter wavelength and the anionic
form (RO−*) at longer wavelength, it is possible to clarify the
kinetics of PT by monitoring the fluorescence dynamics.27−39

For example, Huppert et al. studied the ESPT dynamics of four
cyano-substituted 2-naphthols in H2O and D2O by time-
resolved fluorescence measurement27 and found that the
dissociation rate constant of 5CN2 in H2O is extremely fast,
0.07 ps−1. Since ESPT dynamics highly reflects the surrounding
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environments, effects of the temperature, the pressure, and the
degree of hydrogen bond on the ESPT have been reported by
many researchers.32−39 For example, Kimura et al. studied the
ESPT of 5CN2 in sub- and supercritical water32,33 and found
that the PT rate of 5CN2 to water correlated with the number
of solvent−solvent hydrogen bond.
Although unique proton transfer kinetic is discussed in

PILs,17,40,41 the number of studies on real-time dynamics of PT
in ILs or PILs is limited. For example, Samanta et al. studied the
PT dynamics of 7-hydroxyquinoline in the mixture of ILs with
alcohols and discussed the specific configuration between solute
and solvent.42 Kimura et al. studied the intramolecular PT
dynamics in various ILs and discussed the effect of the
heterogeneity of ILs.43 Recently, Manna et al. investigated the
intramolecular proton transfer of 1,8-dihydroxyanthraquinone
in PILs and observed the solvent-viscosity-dependent backward
intramolecular proton transfer.44 According to these studies, it
is expected that there should be an anomalous dynamics of
solute molecules specific to PILs. At present, we have
investigated the ESPT dynamics of 5CN2 and DCN2 in
three PILs which are composed of triethylammonium (N222H

+)
and three different anions, trifluoromethanesulfonate
(CF3SO3

−), methanesulfonate (CH3SO3
−), and trifluoroacetate

(CF3COO
−), by measuring steady-state and time-resolved

fluorescence spectra. Since the pKa values of conjugate acids of
anions in aqueous solution are −12 (CF3SO3H), −2
(CH3SO3H), and 0.23 (CF3COOH),

45 we expected that the
dynamics of photoacids should be different; that is, an
appearance of RO−* may depend on the basicity of the anions.
In this study, we have found that the pKa value of conjugate
acid of anion in aqueous solution is a good standard for the
occurrence of PT. More interestingly, when the acidity of
5CN2 or DCN2 is larger than that of the conjugate acid of
anion, an anomalous fluorescence band that is different from
both ROH* and RO−* has appeared. The analysis of the
fluorescence dynamics has revealed that this anomalous band is
due to the intermediate species which may be composed of
RO−* with solvent anion.

2. EXPERIMENTAL SECTION
2.1. Materials. Figure 1 shows the structures of PILs and

photoacids we used. 5-Cyano-2-naphthol (5CN2) and 5,8-

dicyano-2-naphthol (DCN2) were synthesized according to
refs 26 and 46−48. Reaction schemes are shown in the
Supporting Information (Schemes S1 and S2). The crude
products of 5CN2 and DCN2 were purified by sublimation and
reprecipitation, respectively. All PILs were synthesized in our
laboratory. Triethylamine, trifluoromethanesulfonic acid, meth-
anesulfonic acid, and trifluoroacetic acid (guaranteed grade)

were purchased from Nakalai Tesque. Triethylamine was
purified by distillation before use. To prepare the PILs, the
corresponding acid was added dropwise to 1.1 equiv of
triethylamine at 0 °C under Ar atmosphere. The ice bath was
removed and the reaction mixture was stirred at room
temperature for 3 h (in the case of [N222H][CF3SO3]),
overnight (in the case of [N222H][CH3SO3]), or 8 h (in the
case of [N222H][CF3COO]). In the cases of [N222H][CH3SO3]
and [N222H][CF3COO], crude products were purified by
recrystallization from 1,2-dimethoxyethane at 213 K. The
recrystallized samples were treated under vacuum at room
temperature for 24 h to remove the residual solvent. Since
[N222H][CF3SO3] was yellowish, it was treated by charcoal and
successfully decolorized. The purities of these ionic liquids were
confirmed by 1H and 13C NMR spectroscopies. In the case of
[N222H][CF3SO3], the purity was also checked by the
fluorescence spectrum, and we confirmed that fluorescence
from [N222H][CF3SO3] was negligible.
Before spectroscopic measurements, [N222H][CH3SO3] and

[N222H][CF3COO] were evacuated at room temperature, and
[N222H][CF3SO3] was evacuated at 333 K. The level of water
contamination was confirmed to be below 300 ppm by Karl
Fischer titration. Values of water content of each sample are
summarized in the Supporting Information (Table S1). After
drying the PILs, a certain amount of 5CN2 or DCN2 was
dissolved in each PIL in a glovebox, and the solution was
enclosed in a 1 mm path length quartz cell used for the
measurement.

2.2. Absorption and Fluorescence Measurements.
Absorption and fluorescence spectra were measured at room
temperature by standard spectrometers (Shimadzu UV-2500PC
and JASCO, FP-6500), respectively. For time-resolved
fluorescence measurement, we used the same setups as
described elsewhere.49 Briefly, an excitation light of 800 nm
from an amplified Ti:sapphire laser (Spectra Physics, Spitfire
Xp) was converted to 340 nm (for 5CN2 measurements) or
370 nm (for DCN2 measurements) by an optical parametric
amplifier (OPA; Spectra Physics, TOPAS-800C) and a BBO
crystal. Fluorescence from a sample solution was detected by a
streak camera (Hamamatsu, C4334) attached to a spectrometer
(Princeton Instruments, Acton SP2150). A typical system
response time was ca. 30 ps, which was enough to discuss the
dynamics in this study. The color sensitivity and the time shift
were corrected as was done previously.50 All spectral measure-
ments were conducted at 295 K.

3. RESULTS
3.1. Steady State Absorption and Fluorescence

Spectra. Figure 2 shows absorption spectra of (a) 5CN2
and (b) DCN2 in PILs. The spectral shapes of 5CN2 in three
PILs were almost the same and were identical to those of ROH
(the nondissociated form in the electronic ground state)
reported previously.29,32 In the case of DCN2, the same can be
said; that is, the spectral shapes in different PILs were almost
the same. Therefore, we conclude that 5CN2 and DCN2 do
not undergo PT in PILs in the ground states. The absorption
peak positions of 5CN2 and DCN2 in [N222H][CH3SO3] and
[N222H][CF3COO] were relatively red-shifted to those in
[N222H][CF3SO3] (see Table 1).
Figure 3 shows the steady-state fluorescence spectra of (a)

5CN2 and (b) DCN2 in PILs. As mentioned in the
Introduction, the band around 360 nm of 5CN2 is the
fluorescence from ROH* and the band around 530 nm is the

Figure 1. Structures of protic ionic liquids and cyano-substituted 2-
naphthols we used.
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fluorescence from RO−*. For 5CN2, except in [N222H]-
[CF3COO], fluorescence from ROH* was dominant. In
[N222H][CH3SO3], weak fluorescence from RO−* appeared,
which indicates the occurrence of ESPT of 5CN2 in
[N222H][CH3SO3]. On the other hand, the fluorescence
spectrum in [N222H][CF3COO] was quite different from
those in other PILs. The fluorescence from ROH* almost
disappeared and two bands appeared around 470 and 530 nm.
The intensity of the band at the shorter wavelength decreased
with an addition of water to the solution, while that of the
longer wavelength increased with an addition of water (see
Figure S1a). Considering the peak position,30−32 the band
around 530 nm should be assigned to the fluorescence from
RO−*, while the band around 470 nm implies the presence of
an unknown species. Hereafter we denote the fluorescent

species around 470 nm as Y−* and expect it to be negatively
charged since the fluorescence peak position is close to that of
RO−*.
For DCN2 in [N222H][CF3SO3], the fluorescence from

ROH* was dominant and no other species was observed.
However, in [N222H][CH3SO3] and [N222H][CF3COO], the
fluorescence bands from Y−* (around 520 nm) and RO−*
(around 600 nm) were apparent. Especially in [N222H]-
[CF3COO], the intensity of Y

−* was very strong and decreased
with an addition of water as in the case of 5CN2 (see Figure
S1b).
In order to obtain the fluorescence peak position of each

component, the fluorescence spectra in Figure 3 were simulated
by a sum of log-normal functions as follows:

∑ν
α γ α

α
= ·

− + > −

≤ −⎪

⎪⎧⎨
⎩

I h( )
exp[ ln(2){ln(1 )/ } ] 1

0 1
i

i i i

i
fl

2

(1)

where Ifl(ν) is the fluorescence intensity as a function of
wavenumber ν, αi = 2γi(ν − νpi)/Δi, hi is the scaling factor, νpi is
the peak position of the spectrum, γi is the asymmetric factor,
and Δi is the bandwidth parameter. The suffix, i, denotes the
chemical species. Typical examples of the spectral decom-
position are shown in Figure S2. In the case of 5CN2 and
DCN2 in [N222H][CF3COO], since the intensity of ROH* was
too small, it was difficult to decompose the spectrum into three
species. Therefore, we fixed the peak position of ROH* to the
value obtained by the analysis of the time-resolved spectrum of
these species. Since the fluorescence from ROH* was apparent
in earlier delay time (∼1 ns) after the photoexcitation (Figures
4c and 5b), the peak value of ROH* was unambiguously
determined as will be discussed in section 3.2. Table 1
summarizes peak positions of fluorescence bands together with
the absorption peak positions of the lowest transition energy. In
Table 1, the fluorescence Stokes shift for ROH* (Δν) is also

Figure 2. Absorption spectra of (a) 5CN2 and (b) DCN2. Each
spectrum is normalized by the peak intensity around 300 nm and
shown with an arbitrary vertical offset.

Table 1. Peak Positions of the Absorption (νabs) and of the
Steady-State Fluorescence Spectrum (νp,ROH*, νp,Y−*, νp,RO−*)
of 5CN2 and DCN2a

νabs νp,ROH* νp,Y−
* νp,RO−

* Δν

5CN2
CF3SO3

− 29.15 25.98 − − 3.17
CH3SO3

− 28.78 24.91 − 18.43 3.88
CF3COO

− 28.92 24.50 20.80 18.16 4.42
DCN2

CF3SO3
− 27.17 22.68 − − 4.49

CH3SO3
− 26.60 21.21 18.50 16.31 5.39

CF3COO
− 26.55 21.30 18.44 16.64 5.25

aνabs is the absorption peak position of the lowest transition energy.
Δν is the Stokes shift calculated from Δν = νabs − νp,ROH* (unit 10

3

cm−1).

Figure 3. Steady-state fluorescence spectra of (a) 5CN2 and (b)
DCN2. Each spectrum is normalized at the peak position of the
maximum intensity.

Figure 4. Time-resolved fluorescence spectra of 5CN2 in (a)
[N222H][CF3SO3], (b) [N222H][CH3SO3], and (c) [N222H]-
[CF3COO]. Each spectrum at different delay is shown with a different
offset.
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calculated. With increasing the basicity of the anion, the Stokes
shift increases in the case of 5CN2. Although in the case of
DCN2 the value is not necessarily in the order of the basicity of
anion, the values in [N222H][CH3SO3] and [N222H]-
[CF3COO] are larger than that in [N222H][CF3SO3]. This
indicates that the anion with larger basicity more strongly
interacts in the excited state, probably with the hydroxyl group
of cyanonaphthols.
3.2. Time-Resolved Fluorescence Spectra. Figure 4

shows time-resolved fluorescence spectra of 5CN2 in PILs. The
horizontal scale of each part of Figure 4 is in wavenumbers, and
the fluorescence at higher wavenumbers corresponds to that
from ROH* (around 25 000 cm−1). It is apparent that time-
resolved spectra significantly depend on the solvent anion
species. In the case of 5CN2 in [N222H][CF3SO3] (Figure 4a),
only the fluorescence from ROH* was observed and no other
species was apparent even if time passed by. This indicates that
5CN2 did not undergo ESPT in [N222H][CF3SO3], probably
because the acidity of CF3SO3H (pKa = −12) is larger than that
of 5CN2 (pKa* = −0.75), and ROH* is not able to give
protons to the surrounding solvent. In [N222H][CH3SO3]
(Figure 4b), as expected from the steady-state spectrum in
Figure 3a, fluorescence from RO−* gradually increased over
several nanoseconds after excitation, although the intensity of
RO−* was quite small. More interestingly, time-resolved
fluorescence in [N222H][CF3COO] showed the appearance
and disappearance of a newly found species. Upon excitation,
not only a fluorescence band from ROH* but also a new
fluorescence band around 21 000 cm−1 emerged within 0.5 ns.
Then this new fluorescence component Y−* disappeared and
the fluorescence from RO−* increased by ∼10 ns.
For DCN2 as shown in Figure 5, almost the same story can

be true for the solution of [N222H][CF3SO3], where only the
fluorescence from ROH* was observed. However, in [N222H]-

[CF3COO] and [N222H][CH3SO3], the contribution from Y−*
dramatically changed the time-resolved fluorescence spectra.
In order to extract the time profile of each component, the

time dependent fluorescence spectrum was simulated by a sum
of log-normal functions as was done for the steady state
fluorescence spectrum (eq 1). In the case of time-resolved data,
the parameters in the equation are expected to depend on the
delay time after the photoexcitation. However, for the case
where three fluorescence components exist, we have assumed
that some parameters do not depend on the delay time since
the number of the fitting parameters is too large. Fitting
procedures for each combination of solute and solvent are as
follows. For both 5CN2 and DCN2 in [N222H][CF3SO3]
where only the fluorescence from ROH* was observed, the
time dependent spectrum was once simulated by a single log-
normal function assuming that all parameters were time
dependent. Then the spectrum at each delay time was
resimulated by fixing the parameters of γ and Δ to the
averaged values over all the spectral data simulated. For 5CN2
in [N222H][CH3SO3] in which ROH* and RO−* appeared,
two log-normal functions were used to simulate the spectrum.
Since the contribution of RO−* was quite small, the parameters
of νpi, Δi, and γi of RO

−* were fixed to the values determined at
the longer delay time after the photoexcitation, where the
fluorescence from RO−* was dominant. Here the parameters of
Δi and γi of ROH* were also fixed to the values determined in
the earlier delay time neglecting the contributions of RO−*. For
5CN2 in [N222H][CF3COO] and DCN2 in [N222H][CH3SO3]
and [N222H][CF3COO], where three components are
expected, three log-normal functions were used to simulate
the spectrum. Since the rise of Y−* and the decay of ROH*
were very fast, we first determined the parameters related to
these species by fitting the spectrum at earlier delay time (∼1
ns) where fluorescence bands from ROH* and Y−* were
dominant. Then the spectrum at the longest delay time, where
fluorescence bands from Y−* and RO−* were dominant, was
simulated by using the parameters Δi and γi of ROH*
determined in the earlier delay time. Finally, all time-dependent
data were fitted by assuming that parameters of each species
were time-independent except for the peak position of Y−* and
intensities of all species. The black solid lines in Figures 4 and 5
are the results of fitting, and the spectral simulation worked
quite well in each case.
Time profiles of fluorescence intensities of species ROH*,

Y−*, and RO−* evaluated by the integral of each fluorescence
component are shown in Figures 6 and 7. The time profile of

Figure 5. Time-resolved fluorescence spectra of DCN2 in (a)
[N222H][CF3SO3], (b) [N222H][CH3SO3], and (c) [N222H]-
[CF3COO]. Each spectrum at different delay is shown with a different
offset.

Figure 6. Time profiles of fluorescence intensity of 5CN2 in (a)
[N222H][CH3SO3] and (b) [N222H][CF3COO]. Solid line is a fitting
curve to a multiexponential function convoluted with an instrumental
response function. Inset graph represents the fluorescence decay in
early delay time.
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each component was generally simulated by a multiexponential
function (at most three exponents) as follows:

= + +− − −I t A A A( ) e e ek t k t k t
X 1 2 3

1 2 3 (2)

where IX(t) means the time profile of the integrated
fluorescence intensity of molecular species X. Here X
represents ROH*, Y−*, or RO−*. In the cases of 5CN2 and
DCN2 in [N222H][CF3SO3], the integrated intensity of ROH*
was simulated by a single exponential decay (not shown in
Figures 6 and 7). In the case of 5CN2 in [N222H][CH3SO3], as
shown in Figure 6a, ROH* showed a double exponential decay
with a small contribution of the very fast component, and a
large contribution of the slower component (see Table 2). On
the other hand, RO−* kinetics showed an exponential rise and
decay (see inset graph in Figure 6a). Since the time constant of
the rise of RO−* was similar to that of the slow decay of
ROH*, we fit these two profiles by linking this time constant.
The results of the fittings are shown by the solid lines in Figure
6a. The fitting almost captures the time profile of each species,
although a slight deviation is noticed in the longer time region
of ROH*. In the cases of 5CN2 in [N222H][CF3COO] and
DCN2 in [N222H][CH3SO3] and [N222H][CF3COO] (Figures
6b and 7), the fastest decay constant of ROH* seems to be
equal to the rise time constant of Y−*, and the decay time of
Y−* to be equal to the rise time constant of RO−*. Considering
these factors, we fit these profiles to eq 2 by linking the three
time constants. The parameters obtained by the fitting are
summarized in Tables 2 (5CN2) and 3 (DCN2).

4. DISCUSSION
4.1. Modeling of Reaction Kinetics. In this section, we

discuss the reaction scheme of each case from the observed
fluorescence kinetics in section 3. Scheme 1a shows a standard
PT reaction of 5CN2 as reported previously.32 In the present
work, the reaction of 5CN2 in [N222H][CH3SO3] corresponds

to this case, although the chemical species of the proton
acceptor is not clear at present. According to Scheme 1a, the
time profile of the concentration of each species is given as
follows by assuming that kd, kp[H

+] ≫ k0, k′0:32

* = * − +
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The equation of RO−* (eq 4) successfully describes the
experimentally observed fluorescence intensity where the rise
and decay amplitudes are the same. The observed rise
component corresponds to the PT rate (0.09 ns−1) in
[N222H][CH3SO3], which is quite slow in comparison with
that in the aqueous system (0.07 ps−1).27 On the other hand,
there are some discrepancies in the experimentally observed
fluorescence intensity dynamics of ROH* from eq 3. In
experimental observation, as is shown in Figure 6a, a very fast
decay component (1.36 ns−1) was observed for ROH*. We are
not sure of the origin of this component, which may be related
to the solvent relaxation process specific to PILs. In addition,
the slowest decay component (0.03 ns−1) corresponding to the
decay kinesis of RO−* was absent in the kinetics of ROH*.
This may be ascribed to the small contribution of the backward
PT, and to the difficulty of the spectral separation of very weak
intensities by log-normal functions.
For the cases where three species exist, we consider Scheme

1b as the most general one. According to Scheme 1b, rate
equations are given as follows:

* = − + + *

+ * + *+ − + −
t

k k k

k k

d
d
[ROH ] ( )[ROH ]

[H ][Y ] [H ][RO ]

d1 0 d3

p1 p3 (7)

* = * − + + *

+ *

− + −

−
t

k k k k

k

d
d
[Y ] [ROH ] ( [H ] )[Y ]

[RO ]

d1 p1 d2 0Y

p2 (8)

Figure 7. Time profile of fluorescence intensity of DCN2 in (a)
[N222H][CH3SO3] and (b) [N222H][CF3COO]. Solid line is a fitting
curve to a multiexponential function convoluted with an instrumental
response function. Inset graph represents the fluorescence decay in
early delay time.

Table 2. Rate Constants of ESPT of 5CN2 Determined by Multiexponential Fitting of the Time Profile of Fluorescence
Intensity of Each Speciesa

anion species A1 A2 A3 k1/ns
−1 k2/ns

−1 k3/ns
−1

CF3SO3
− ROH* 1 0.13

CH3SO3
− ROH* 1 6.28 0 1.36 0.09 0.03

RO−* 0 −0.26 0.26
CF3COO

− ROH* 1 0.15 0 2.40 0.14 0.03
Y−* −0.41 0.54 0.04
RO−* −0.22 −0.34 0.59

aThe amplitude parameters are normalized by the value of the fastest component of ROH*.
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( [H ] )[RO ]

d3 d2
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The general solutions of these equations are quite
complicated and useless. We have made some simplifications
to extract the essential parts of the reaction. First, we have
neglected the backward reactions from RO−* (kp3 = kp2 = 0).
Since the appearance of RO−* from Y−* or ROH* was fast, we
have neglected the decay process of Y−* and ROH* except for
the reaction paths to RO−*; i.e. k0 and k0Y were neglected.
Further, we have assumed that the concentration of proton
([H+]) is time-independent, that the initial concentrations of
Y−* and RO−* are zero, and that kd1 ≫ kd2, kd3, kp1 ≫ k′0.
Based on these assumptions, eqs 7, 8, and 9 are approximately
solved to give the following answers:
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The fitting result for 5CN2 in [N222H][CF3COO] seems to
correspond to the model case calculated here, although there
are some discrepancies of the coefficients. In this case, the
fastest rate constant corresponds to km (=2.40 ns−1), and the
second fastest rate constant corresponds to kd2 (=0.14 ns−1).
For other cases, similar correspondence should be applicable,
although the discrepancies from the model are more apparent.

4.2. Assignment of the New Component. From the
analysis of the kinetics, Y−* is considered to be a reaction
intermediate. Furthermore, the stability of Y−* is strongly
affected by water contaminated in PILs. As is mentioned in the
Introduction, the pKa* values of 5CN2 and DCN2 in aqueous
solution have been reported to be −0.75 and −4.5,
respectively.29,31 The pKa values of conjugate acids of the
anions used here are −12 (CF3SO3H), −2 (CH3SO3H), and
0.23 (CF3COOH).

45 If this acidity holds in PILs, CF3COO
−

can be a proton acceptor from 5CN2, and CH3SO3
− and

CF3COO
− can be proton acceptors from DCN2. These cases

for the prediction of the occurrence of PT correspond to the
experimental cases where Y−* is observed. Therefore, we
consider that Y−* is the species which results from the direct
PT from the solute to the solvent anion, and the complex
RO−* with the protonated anion. The complex is temporally
solvated and stabilized by the surrounding cation. Then the
question is, what is the origin of the fluorescence band assigned
to RO−*? Since the species generally appeared after the
formation of Y−*, we consider this species is RO−* which has
no specific interaction with a protonated conjugate acid. The
species may be derived from the dissociation of the complex
Y−* or from the direct PT of ROH* to H2O contaminated in
PIL. As mentioned in the discussion of the steady-state
fluorescence, the intensity of Y−* decreased and that of RO−*
increased with an addition of water. The spectral position of
RO−* is close to that in aqueous solutions. All these facts
support the idea.
Since the proton transfer reaction is a short-ranged one, the

formation of the encounter complex can be rate limiting. If the
formation of the encounter complex is diffusion controlled, the
rate coefficient kD (s−1) can be estimated to be51

η
=k

k T2
3

[M]D
B

(17)

where kB is the Boltzmann constant, T is the absolute
temperature, η is the viscosity of the solvent, and [M] is the
concentration of the proton acceptor. If the proton acceptor is
the anion, the value of kD is estimated to be on the order of

Table 3. Rate Constants of ESPT of DCN2 Determined by Multiexponential Fitting of the Time Profile of Fluorescence
Intensity of Each Speciesa

anion species A1 A2 A3 k1/ns
−1 k2/ns

−1 k3/ns
−1

CF3SO3
− ROH* 1 0.09

CH3SO3
− ROH* 1 0.71 0 1.60 0.163 0.158

Y−* −3.68 7.12 0.00
RO−* 0 −22.8 22.9

CF3COO
− ROH* 1 0 0.09 7.12 0.41 0.22

Y−* 0.51 1.66 0.46
RO−* −0.13 −0.72 1.04

aThe amplitude parameters are normalized by the value of the fastest component of ROH*.

Scheme 1. ESPT Schemes of (a) 5CN2 in [N222H][CH3SO3]
and (b) 5CN2 in [N222H][CF3COO], DCN2 in
[N222H][CH3SO3], and DCN2 in [N222H][CF3COO]
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10−1 ns−1, considering that the concentration of anion in
[N222H][CH3SO3] is about 5 M and that the viscosity of
[N222H][CH3SO3] at room temperature is 100 mPa s.8 The
value is close to k1 estimated from the time profile of the
fluorescence, indicating the validity of assignment of the species
Y−*.
Before concluding the paper, we mention the proton transfer

dynamics observed for 5CN2 in [N222H][CH3SO3]. According
to the discussion in the previous paragraph, CH3SO3

− is not the
proton acceptor from 5CN2. Therefore, water contained in the
PIL should be the proton acceptor in this case. By roughly
estimating the water concentration (7.4 mol m−3) and the
viscosity of the PILs (100 mPa s),8 the value of kD is estimated
to be 1.2 × 10−4 ns−1. This value is about 104 times slower than
the experimental value kd1. A plausible explanation for this is as
follows. When the concentration of water is low, a water
molecule locates between the anion and the cation of a PIL due
to the existence of the preferred interaction sites for water in
PILs.8,52 The large difference between the theoretical and
experimental values may reflect such heterogeneously located
water molecules. Currently we are analyzing the effect of water
on the reactivity of anion PILs in more detail by changing the
concentration of water, of which the results will appear in the
future.

5. CONCLUSIONS
In this study, we investigated the ESPT dynamics of 5CN2 and
DCN2 in three different PILs by steady-state and time-resolved
fluorescence measurements. To sum up briefly, the occurrence
of PT of these photoacids in PILs was simply explained by the
basicity of the anions in the aqueous solution. In [N222H]-
[CF3SO3] fluorescence from RO−* was not observed for both
5CN2 and DCN2, indicating that ESPT did not occur in
[N222H][CF3SO3]. For 5CN2 in [N222H][CH3SO3], we
confirmed the fluorescence from RO−* by the steady-state
and time-resolved fluorescence measurements. Most interest-
ingly, in the case of 5CN2 in [N222H][CF3COO] and DCN2 in
[N222H][CH3SO3] and [N222H][CF3COO], a new fluores-
cence component (Y−*) around 470 nm (5CN2) and 520 nm
(DCN2) was observed. According to the analysis of the time-
dependent fluorescence spectra, we proposed plausible reaction
schemes in each case. From these schemes and the rate
coefficients, it was suggested that Y−* was generated by proton
dissociation of ROH* to the anion, and the complex RO−*
with the protonated anion. The kinetics of Y−* depended on
the acidity of PILs and solute molecules.
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ABSTRACT: We systematically analyzed the thermal phase behaviors (phase change and
thermal decomposition temperatures), densities, and viscosities of 1-isopropyl-3-methyl-
imidazolium ([iC3mim]+)- and 1-tert-butyl-3-methylimidazolium ([tC4mim]+)-based ionic
liquids (ILs) with [I]−, [PF6]

−, bis(fluorosulfonyl)imide, bis(trifluoromethylsulfonyl)imide,
and bis(pentafluoroethylsulfonyl)imide counterions. The results were compared to those for
ILs based on the corresponding linear alkyl imidazolium cations (1-methyl-3-propylimida-
zolium and 1-butyl-3-methylimidazolium). Our results revealed that the melting points of the
branched ILs are always higher than those of the linear ILs. The densities of [tC4mim]X are higher than those of the linear ILs,
which is somewhat counterintuitive when considering previously reported molecular liquid data. Using the van der Waals
volume data estimated in this work, the fractional free volumes of the ILs were estimated. This revealed that the linear and
branched ILs have largely similar void space values in the liquid state. The viscosities of [tC4mim]X are higher than those of the
linear ILs, while those of [iC3mim]X are comparable. To better understand the structure−property relationship for the
branched ILs, density functional theory calculations were performed for the ions in the gas phase. The structure−property
relationship of the branched ILs is discussed in terms of bulkiness, conformational entropy, structural symmetry, and cation−
anion interaction changes.

1. INTRODUCTION

Ionic liquids (ILs) can be defined as salts that are liquids around
room temperature, even though there are still arguments on the
definition of ILs.1 Owing to their ionic nature, ILs can show
some characteristic properties that are not normally observable
in molecular liquids,2 e.g., negligible vapor pressure and
flammability, high thermal/chemical/electrochemical stability,
and unique solubility (e.g., immiscibility with water).
Furthermore, the high tunability of their physicochemical
properties is an outstanding characteristic of ILs. A vast number
of ILs can be formed by appropriately selecting the ion
structures and cation/anion combinations, e.g., ions with large
size and high flexibility.3 Owing to this high tunability, ILs are
becoming a potential candidate for electrolytes,4 lubricants,5

biomass processing agents,6 drug delivery vehicles,7 protein
storage media,8 among others.
Changing the length of the linear alkyl side chain in the IL

cation is synthetically facile and significantly alters its
physicochemical properties. This is the most common method
for tuning the properties of ILs, and numerous examples of ILs
with different alkyl chain lengths and positions have been
reported. It is known that, except methyl group, the melting
point of ILs presents a V-shape profile,9,10 while the viscosity
decreases monotonically.11 An intriguing feature of the presence
of long alkyl chains is that it induces structural change at the
nanolevel.2,12 In such ILs (e.g., 1-alkyl-3-methylimidazolium-

based ILs), nanostructural phase separation can occur between
the polar (localized charge, dominated by Coulombic
interaction) and nonpolar (alkyl chain, dominated by van der
Waals interaction) domains, significantly influencing physico-
chemical properties.
However, adding hydrocarbon units is not limited to linear

moieties; branching alkyl side chains is another option. Although
synthesizing ILs with such functional groups provides an
alternative strategy for achieving desired properties, studies
published on branched ILs are currently far fewer compared to
those on linear ILs. As a rare example, Quitevis’s group
presented a systematic work on the physical properties and
molecular level features of an imidazolium-based IL with an
isopropyl-terminated alkyl chain, i.e., a 1-(iso-alkyl)-3-methyl-
imidazolium cation paired with a bis(trifluoromethylsulfonyl)-
imide anion ([NTf2]

−).13−16 They found that by the branching
melting point and viscosity monotonically increased, except for
1-(2-methylpropyl)-3-methylimidazolium-based IL. The origin
of the exception was later explored with molecular dynamics
simulations.
Herein, we focus on branching at the α-carbon of the alkyl

group in the cation, i.e., cations having an isopropyl group (1-
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isopropyl-3-methylimidazolium ([iC3mim]+)) or a tert-butyl
group (1-tert-butyl-3-methylimidazolium ([tC4mim]+)), with
different counterions (Figure 1). Branching at the α-position is a

rational idea because it can start with the shortest alkyl chain
length (i.e., ethyl) compared to the other position. However,
very few fundamental physical property data have been reported
for such systems, particularly those featuring the tert-butyl
group, as summarized in Table 1.
Five common anions were chosen, i.e., iodide ([I]−),

hexafluorophosphate ([PF6]
−), bis(fluorosulfonyl)imide

([Nf2]
−), [NTf2]

−, and bis(pentafluoroethylsulfonyl)imide
([NPf2]

−). The thermal properties (thermal phase behavior
including melting crystallization and glass transition, and
thermal decomposition temperatures), densities, and viscosities
of the ILs, as fundamental physical properties were measured,
and the values were compared to those of ILs with the
corresponding linear alkyl chains, i.e., 1-methyl-3-propylimida-
zolium ([C3mim]X)- and 1-butyl-3-methylimidazolium
([C4mim]X)-based ILs. The physical property data for the
linear chain ILs were mostly taken from the NIST ionic liquids
database.17 Since the physical properties of [C3mim][Nf2] were
largely unknown, this IL was also synthesized and its properties
were measured in this work. To help rationalize the differences
in these properties, density functional theory (DFT) calcu-
lations for the IL ions were also performed.

2. EXPERIMENTAL SECTION
2.1. Synthesis, Characterization, and Sample Han-

dling. The synthesis of [iC3mim]X followed previously
reported representative procedures.2 [iC3mim][I] was first
obtained from 1-methylimidazole and 2-iodopropane. Sub-
sequently, [iC3mim][PF6], [iC3mim][Nf2], [iC3mim][NTf2],
and [iC3mim][NPf2] were produced from [iC3mim][I] by ion
exchange. [C3mim][Nf2] was synthesized by a similar procedure
using 1-bromopropane. To prepare [tC4mim]X, 1-tert-butyli-

midazole was first synthesized according to a previously reported
procedure.22 [tC4mim][I] was prepared from 1-tert-butylimi-
dazole and iodomethane, and other [tC4mim]X species were
synthesized via ion exchange in the same way as [iC3mim]X.
The synthetic details are described in the Supporting
Information. After ion exchange, all of the ILs passed the
AgNO3 test, revealing that residual [I]

− was below 3 × 10−3 mol
L−1.23 If the ILs were colored, they were treated with activated
charcoal. All ILs obtained here were colorless liquids or crystals
at room temperature.
The ILs were vacuum-dried (less than 1 Pa) for more than 1

day with heating, and they were handled in a glovebox where the
dew point was 193−203 K. The ILs were characterized by 1H,
13C, 19F, and 31P NMR using a JEOL JNM-ECA300W (Figure
S1). The water content was measured by 1H NMR. The IL was
dissolved in dried dimethyl sulfoxide-d6, and the solution was
analyzed by 1H NMR at room temperature with a relaxation
time of 60 s and eight accumulations. The H2O peak originating
from the pure solvent was subtracted. The water content of the
ILs was confirmed by NMRmeasurement, which was below 100
ppm (under the detection limit of our NMR measurements).
For several samples, we also confirmed the results by Karl
Fischer titration (see the Supporting Information for details).
The purities of the ILs are summarized in Table 2. The details of
the NMR characterization are shown in the Supporting
Information.

2.2. Physical Property Measurements. Differential
scanning calorimetry (DSC) measurements, which provide
temperature and enthalpy/entropy changes during thermal
phase change (e.g., melting), were performed with a DSC7020
(Hitachi High-Tech Science). Calibrations were conducted with
indium, and uncertainty was estimated from distilled water.
Approximately 5mg of the IL was sealed in an aluminum pan. All
of themeasurements were started from the liquid state, and then,
the sample was cooled to 123 K and reheated to beyond the
melting point at a scan rate of 10 K min−1. Thermogravimetry/
differential thermal analysis (TG/DTA) measurements to
monitor thermal decomposition behavior of the ILs were
conducted by an STA7200 (Hitachi High-Tech Science). The
temperature was calibrated with indium and tin, and its
uncertainty was estimated with cellulose. The IL (5−10 mg)
was placed in an open aluminum cell, and the cell was heated
from room temperature to 823 K at 10 K min−1 under N2.
Density measurements were performed with an oscillation-

type density meter (DA-500, Kyoto Electronics Manufacturing)
in the range 293−353 K. Calibration was performed with dry air

Figure 1. Structures of the target cations and anions considered in this
study.

Table 1. Physical Properties of Interest for the Target ILs Considered in This Study

thermal phase behavior thermal decomposition temperature density viscosity

[iC3mim][I] reported,18,19 this work reported,19 this work −a −a

[iC3mim][PF6] reported,19 this work reported,19 this work −a −a

[iC3mim][Nf2] this work this work this work this work
[iC3mim][NTf2] reported,14,19 this work reported,14,19 this work reported,14 this work reported,14 this work
[iC3mim][NPf2] this work this work this work this work
[tC4mim][I] this work this work −a −a

[tC4mim][PF6] reported,20,21 this work this work −a −a

[tC4mim][Nf2] this work this work −a this work
[tC4mim][NTf2] this work this work this work this work
[tC4mim][NPf2] this work this work this work this work

aData not available due to the IL being solid at the temperature at which the property is measured.
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and degassed distilled water. The obtained values were also
calibrated with respect to viscosity.
The viscosity was measured with two different cone-plate type

viscometers. A Brookfield DV-II+Pro (temperature calibration,
a calibrated thermocouple) was used for the 293−313 K range,
and a Brookfiled CAP2000+ (temperature calibration, an IL24)
was used for the 323−353 K range. The uncertainty in viscosity
value for both viscometers was estimated with several oils.
2.3. DFT Calculations. All of the DFT calculations were

performed with the Gaussian09 software package.25 Basis sets of
6-311++G(d,p) based on Becke’s three-parameter hybrid
method26 with LYP correlation (B3LYP) were used.27,28

Optimized structures were confirmed to produce no imaginary
frequencies. Partial atomic charges were derived for the
optimized geometries with the CHelpG algorithm.29 The
interaction energies between cations and anions were estimated
by the supermolecule approach without the basis set super-
position error correction. The ion pair structures modeled here
(displayed in Figure S2) were taken from a previous report.30

Ion volume was calculated with the Gaussian09 program that
employs Monte Carlo integration. In the calculation, the
“volume = tight” keyword, which increases the density of points

for more accurate integration, was applied, and the calculations
for the ion volume estimation were repeated 1000 times. The
obtained histogram was fitted with a Gaussian function, and the
peak position was used as ion volume. To convert the ion
volume to van der Waals volume, the procedure reported by
Parsons and Ninham was used,31 which is simply to multiply the
obtained ion volume by 0.7236.

3. RESULTS

3.1. Physical Properties. 3.1.1. Thermal Properties. Table
3 lists thermal properties of [iC3mim]X and [tC4mim]X such as
melting point (Tm), fusion enthalpy and entropy (ΔfusH and
ΔfusS), glass transition temperature (Tg), crystallization temper-
ature (Tc), and thermal decomposition temperature (Td). The
DSC and TG/DTA curves are shown in the Supporting
Information (Figures S3 and S4). The melting points of
[iC3mim][I], [iC3mim][PF6], and [iC3mim][NTf2] are some-
what lower (1−5 K) than the previously reported data by Ngo et
al.,19 possibly due to the differences in the analytical procedure
and apparatus employed. On the other hand, the agreement of
the melting point and the fusion enthalpy of [iC3mim][NTf2]
between this work and the work by Xue et al.14 (Tm = 282.1 K

Table 2. Specification of Chemicals

ionic liquid abbreviation
CAS reg.

no. NMR purity purification method

1-isopropyl-3-methylimidazolium iodide [iC3mim][I] 119171-
19-6

1H: 99.9% washing; recrystallizing; vacuum drying

1-isopropyl-3-methylimidazolium
hexafluorophosphate

[iC3mim]
[PF6]

216300-
13-9

1H: 99.9%;
19F: >99.9%

washing; recrystallizing; vacuum drying

1-isopropyl-3-methylimidazolium
bis(fluorosulfonyl)imide

[iC3mim]
[Nf2]

936744-
90-0

1H: >99.9%;
19F: 97.9%

washing; recrystallizing; decolorizing with activated
charcoal; vacuum drying

1-isopropyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide

[iC3mim]
[NTf2]

216299-
73-9

1H: 99.9%;
19F: 99.0%

washing; vacuum drying

1-isopropyl-3-methylimidazolium
bis(pentafluoroethylsulfonyl)imide

[iC3mim]
[NPf2]

1H: 99.3%; 19

F: >99.0%
washing; vacuum drying

1-tert-butyl-3-methylimidazolium iodide [tC4mim][I] 905726-
42-3

1H: >99.9% washing; recrystallizing; vacuum drying

1-tert-butyl-3-methylimidazolium
hexafluorophosphate

[tC4mim]
[PF6]

340154-
48-5

1H: 99.9%;
19F: > 99.9%

washing; recrystallizing; vacuum drying

1-tert-butyl-3-methylimidazolium
bis(fluorosulfonyl)imide

[tC4mim]
[Nf2]

1H: >99.9%;
19F: > 96.7%

washing; recrystallizing; decolorizing with activated
charcoal; vacuum drying

1-tert-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide

[tC4mim]
[NTf2]

950578-
92-4

1H: >99.9%;
19F: 99.0%

washing; vacuum drying

1-tert-butyl-3-methylimidazolium
bis(pentafluoroethylsulfonyl)imide

[tC4mim]
[NPf2]

1H: 99.9%;
19F: 99.0%

washing; vacuum drying

1-methyl-3-propylimidazolium bis(fluorosulfonyl)
imide

[C3mim]
[Nf2]

873667-
96-0

1H: 99.9%;
19F: 96.9%

washing; vacuum drying

Table 3. Measured Thermal Properties of the ILs at Atmospheric Pressure (100.9 kPa)a,b

Tm (K) ΔfusH (kJ mol−1) ΔfusS (J K
−1 mol−1) Tg (K) Tc (K) Td (K)

[iC3mim][I] 383.4 16.3 42.5 285.2 568.1
[iC3mim][PF6] 374.0 15.7 42.0 285.4 637.3
[iC3mim][Nf2] 269.2 14.3 53.3 241.4 599.7
[iC3mim][NTf2] 283.5 24.2 85.4 247.4 674.1
[iC3mim][NPf2] 197.4 674.4
[tC4mim][I] 432.7 15.2 35.1 354.0 520.9
[tC4mim][PF6] 421.0 23.1 55.0 404.9 535.0
[tC4mim][Nf2] 326.6 17.4 53.2 294.0 540.9
[tC4mim][NTf2] 280.4 22.9 81.7 235.9 532.6
[tC4mim][NPf2] 294.3 16.7 56.6 215.1 272.5 533.6

aΔfusS was obtained from eq 3 (vide infra). Melting point (Tm), crystallization point (Tc), and glass transition temperature (Tg) were taken from
the onset temperature from the DSC traces. Td was taken as onset temperature from the thermogravimetric curve. bStandard uncertainties are
u(Tm) = u(Tg) = u(Tc) = 0.8 K; u(ΔfusH) = 0.4 kJ mol−1; u(ΔfusS) = 1.2 J K−1 mol−1; and u(Td) = 0.5 K.
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and ΔfusH = 23.9 kJ mol−1) is relatively good. These
comparisons are graphically displayed in Figure S5.
Most of the ILs (except [iC3mim][NPf2] and [tC4mim]-

[NPf2]) crystallized upon cooling, as regular molecular liquids
do. This is somewhat different from the results for the linear
chain ILs, where [C3mim]X and [C4mim]X are sometimes
noncrystalized ILs or show cold crystallization (crystallizing on
heating).32,33 [iC3mim][NPf2] shows a glass transition temper-
ature of 197.4 K. If the empirical Tg/Tm = 2/3 rule was applied,
Tm of this IL was estimated to be ca. 296 K, which is probable
considering Tm of the other ILs reported here (Table 3). Some
of the ILs have complex DSC curves consisting of solid−solid
phase changes, i.e., [iC3mim][Nf2] and [tC4mim][I]. However,
the discussion of such behavior is beyond the scope of this paper.
Melting point is the most important property for ILs because

it determines whether a salt is an IL or not. As shown in Table 3,
the ILs having anions with a smaller size and higher symmetry
(Sym) (i.e., [I]− and [PF6]

−) show higher melting points than
the others, which is consistent with the linear-chain ILs.19,34 To
highlight the change in melting point upon branching, Figure 2
displays Tm against the number of carbon atoms in the alkyl
chain. For carbon numbers 1−4, the melting point typically
decreases with the increasing carbon number for linear
chains.19,34 This is also the case in Figure 2, with the exception
of the NTf2-paired ILs, where Tm for [C4mim][NTf2] is higher
than that of [C2mim][NTf2]. Conversely, for the branched
species, the melting point increases with the increasing carbon
number except for the NTf2-paired ILs, where Tm for
[tC4mim]NTf2 is slightly lower than that for [iC3mim]NTf2.
Thus, we concluded that the melting points of the branched ILs
are higher than those of the linear ILs.
Table 3 also includes thermal decomposition temperatures

(Td) estimated from the TG/DTA curves (Figure S4).
Concerning anion structure, Td follows the order [NTf2]

− ≈
[NPf2]

− > [PF6]
− > [Nf2]

− > [I]− for [iC3mim]X, which is the
same order as that for the linear ILs.19,43 Td values for
[iC3mim]X are comparable or slightly lower than those for
[C3mim]X.14,19 Meanwhile, the Td values for [tC4mim]X are
largely independent of anion species and significantly lower than

those of [C4mim]X.44 For example, the reported Td values are
538 K for [C4mim][I], 622 K for [C4mim][PF6], and 682−723
K for [C4mim][NTf2].

44 This suggests that thermal decom-
position starts from the cation for [tC4mim]X. There are several
thermal decomposition mechanisms proposed for imidazolium-
based ILs.2,44 One major pathway is breaking of the N−C(α)
bond that connects the imidazolium ring and the alkyl chain. In
this scenario, the well-established high stability of the tert-butyl
carbocation is considered to be responsible for the low Td value
for [tC4mim]X.

3.1.2. Density. Temperature-dependent density (ρ) data for
the five branched ILs that are liquids at room temperature, i.e.,
[iC3mim][Nf2], [iC3mim][NTf2], [iC3mim][NPf2], [tC4mim]-
[NTf2], and [tC4mim][NPf2], are summarized in Table 4 and
plotted in Figure 3a. The densities of [tC4mim][Nf2] and the
branched ILs containing [I]− and [PF6]

− were not measured
because they are solids at room temperature and thus not
suitable for our density measurement apparatus. As shown in the
figure, the previously reported density values for [iC3mim]-
[NTf2]

14 (gray squares) are in excellent agreement with those in
the present study (red squares). The deviations are below 0.1%
in the whole temperature range (Figure S6). The densities of
[tC4mim]X are always lower than those of [iC3mim]X. When
the anion becomes heavier (as from Nf2 to NPf2 via NTf2), the
density increases, as expected. Figure 3b−e shows a comparison
between the branched and linear ILs. The difference in densities
between [C3mim]X and [iC3mim]X is slight, while the density
of [tC4mim]X is clearly higher than that of [C4mim]X.

3.1.3. Viscosity. Figure 4a shows temperature-dependent
viscosity (η) data for the six branched ILs, i.e., [iC3mim][Nf2],
[iC3mim][NTf2], [iC3mim][NPf2], [tC4mim][Nf2], [tC4mim]-
[NTf2], and [tC4mim][NPf2] and the Vogel−Fulcher−
Tammann (VFT) fits of the branched ILs. The numerical data
are summarized in Table 5. The VFT equation is expressed as
follows

η η=
−

i
k
jjjjj

y
{
zzzzz

B
T T

exp0
0 (1)

Figure 2.Comparison of melting points (Tm) between the branched (red) and linear (black) ILs. The anions in the ILs are (a) [I]
−,35−38 (b) [PF6]

−,39

(c) [Nf2]
−,40,41 and (d) [NTf2]

−.42 The data for [NPf2]
−-based ILs are not shown because most of them do not exhibit Tm.

Table 4. Density (ρ, kg m−3) Values of the ILs at Various Temperatures at Atmospheric Pressure (100.9 kPa)a

293.15 K 298.15 K 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K

[iC3mim][Nf2] 1399.4 1394.9 1390.6 1382.1 1373.2 1364.8 1356.3 1347.8
[iC3mim][NTf2] 1481.9 1476.8 1472.0 1462.5 1452.4 1442.9 1433.4 1423.7
[iC3mim][NPf2] 1556.7 1551.3 1546.0 1535.5 1524.6 1514.0 1503.5 1492.8
[tC4mim][NTf2] 1451.5 1446.6 1442.0 1432.8 1423.1 1413.8 1404.5 1395.0
[tC4mim][NPf2] 1530.8 1525.2 1519.9 1509.6 1498.9 1488.6 1478.4 1467.8
[C3mim][Nf2] 1399.4 1395.1 1390.6 1381.8 1373.1 1364.5 1355.8 1347.2

aStandard uncertainties are u(T) = 0.01 K; u(ρ) = 0.1 kg m−3; and u(p) = 0.5 kPa.
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where η0, B, andT0 are the VFT parameters. The fitted values are
summarized in Table S2. The viscosity of [iC3mim][NTf2] was

previously reported14 and is also plotted in the figure (gray
squares). The agreement is good, particularly at low temper-
atures. For example, the reported value at 293.15 K was 59 mPa
s, which is almost the same as 58.3 mPa s in this study. At 333.15
K, the reported and present values were 16 and 14.5 mPa s,
respectively. Considering uncertainty (2 mPa s for the literature
and 0.04η in this work), the deviation is within the experimental
error. The relative percent deviations are also displayed in Figure
S7, where the maximum deviation is ca. 10%. The viscosity of
[tC4mim]X (filled symbols) is significantly higher than that of
[iC3mim]X (open symbols), where the same anion is used.
When fixing the cation structure, the viscosity follows the trend
NPf2 > NTf2 > Nf2, which is the same for the linear-chain
ILs.32,43 In Figure 3b−e, the viscosities of the branched ILs are
compared with those of the corresponding linear ILs. The
viscosities of [iC3mim]X are comparable to those of [C3mim]X,
while significant differences are observed for [C4mim]X and
[tC4mim]X. [tC4mim]X has approximately twice the viscosity of
the corresponding [C4mim]X.

3.2. DFT Calculation Results. 3.2.1. Cation Structure.
Since alkyl groups are normally flexible, several stable con-
formers are possible. To investigate and compare the branched
cation structures with the linear cation structures, the potential
energy surface (PES) while rotating the alkyl group along the
N−C(α) bond was investigated, as shown in Figure 5. Stable
structures derived from the PESs are summarized in Figure 6.
The PESs of [C2mim]+,60 [C4mim]+,61 and [iC3mim]+18 are
consistent with the previous results. The PESs for the ILs with
linear alkyl chains are similar. The most stable structures
(nonplanar for [C2mim]+, trans for [C3mim]+, and trans−trans
(TT) for [C4mim]+) are located at a dihedral angle of ca. 105°.
The rotational activation energies for 0 and 180° are estimated
to be ca. 2−3 and 5−6 kJ mol−1, respectively. There is a local
minimum at 0°, and the corresponding structure (planar) has a
reflectional symmetry. Even though the presence of this
metastable structure is computational method/level-dependent,
it has been experimentally observed with Raman spectroscopy
for [C2mim]+.60

The PESs of the branched ILs are different from those of the
linear ILs. The most stable structure is located at 0° with a
reflectional symmetry (Sym). [iC3mim]+ has a relatively high
rotational barrier (7 kJ mol−1) and the local minimum has a
dihedral angle of 150° (Asym), which is also observable by
Raman spectroscopy.18 Conversely, the rotational barrier for
[tC4mim]+ is rather low (3 kJ mol−1). Since the structures with
dihedral angles of 0 and 120° are identical, a possible local
minimum is only seen at 60° (or 180°). However, such a
structure produces one imaginary frequency, indicating that it is
energetically unstable. It should be noted that the stability of this
structure is computational method/level-dependent (when
calculated at B3LYP/6-311+G(d,p) level, the structure produce
no imaginary frequency); hence, it may be experimentally
observable.
An important difference between the linear and branched ILs,

which is not apparent in Figure 5, is that when carbons are added
linearly to the side chain, there are other conformational isomers
present, which is not the case for the branched chains. It is
known that additional conformers for 2 and 8−9 exist for
[C3mim]+ (gauche and gauche′) and [C4mim]+ (the combina-
tion of planar, trans, gauche, and gauche′), respectively.62 Except
for the planar form, which is metastable, all of the conformers for
the ILs with linear chains have the lowest symmetry (C1).
However, for [iC3mim]+, the Cs symmetry conformation (Sym)

Figure 3. Density data versus temperature for (a) [iC3mim][Nf2]
(filled red circles), [iC3mim][NTf2] (filled red squares), [iC3mim]-
[NPf2] (filled red triangles), [tC4mim][NTf2] (open red squares), and
[tC4mim][NPf2] (open red triangles). Lines are linear fits (see Table
S1). Filled gray squares represent reported density data for [iC3mim]-
[NTf2].

14 (b−e) Comparison with the linear ILs (black symbols): (b)
[C3mim][Nf2]/[iC3mim][Nf2], (c) [C3mim][NTf2]

14,32,45−47/
[iC3mim][NTf2], (d) [C3mim][NPf2]

32/[iC3mim][NPf2], (e)
[C4mim][NTf2]

14,32,45−47/[tC4mim][NTf2], and (f) [C4mim]-
[NPf2]

32,42,48−50/[tC4mim][NPf2].

Figure 4. Viscosity data versus temperature for (a) [iC3mim][Nf2]
(filled red circles), [iC3mim][NTf2] (filled red squares), [iC3mim]-
[NPf2] (filled red triangles), [tC4mim][Nf2] (open red circles),
[tC4mim][NTf2] (open red squares), and [tC4mim][NPf2] (open
red triangles). It should be noted that the values of [iC3mim][NPf2]
and [tC4mim][NTf2] are severely overlapped. Filled gray squares
represent reported viscosity data for [iC3mim][NTf2].

14 Displayed
curves are VFT fits (see Table S2). (b−g) Comparison with the linear
ILs (black symbols): (b) [C3mimim][Nf2]/[iC3mim][Nf2], (c)
[C3mim][NTf2]

14,32,51−53/[iC3mim][NTf2], (d) [C3mim][NPf2]
32/

[iC3mim][NPf2], (e) [C4mim][Nf2]
54/[tC4mim][Nf2], (f) [C4mim]-

[NTf2]
51,55−59/[tC4mim][NTf2], and (g) [C4mim][NPf2]

32,42,48−50/
[tC4mim][NPf2].
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is the most stable, and [tC4mim]+ can take only the Sym form. In
other words, the population of the symmetric form becomes low
when increasing the number of carbons linearly, whereas the
opposite is the case for ILs with branched chains. From a
thermodynamic viewpoint, these conformational and structural
symmetrical differences can be represented by conformational
entropy (Sc)

∑= −S R p pln( )
i

i ic
(2)

where R is the gas constant and pi is the probability of conformer
i in the cation as estimated from the Gibbs energy difference of
the conformers. Figure 7 shows the differences in Sc between the
linear and branched ILs. As expected, Sc increases with the
increasing hydrocarbon units in the linear ILs. Sc for [C2mim]+

and [iC3mim]+ are comparable, while [tC4mim]+ produces a
conformational entropy of 0 J K−1 mol−1. Unlike [C2mim]+,
[iC3mim]+ takes the symmetrical form as the most stable
conformer, which should result in a low Sc. However, the energy
difference among the conformers is small for [iC3mim]+, which
increases Sc. Consequently, Sc for [iC3mim]+ is very similar to

that for [C2mim]+. The differences in conformational and
symmetrical behaviors between the linear and branched ILs
affect physical properties and will be discussed in later sections.

3.2.2. Cation−Anion Interaction. The interaction energy
between a cation and an anion dominates the physical properties
of the corresponding IL and is affected by the type of structure in
the side chain. There are several experimental15,64 and
computational13,65 demonstrations that branching changes the
cation−anion interaction. However, no systematic study has
been performed for the current system. Figure 8a−e shows the
calculated interaction energies for cations and anions in the gas
phase. As is consistent with the previous results, the 1:1
interaction energy decreases with the increasing alkyl chain
length in the linear form.66 As the alkyl chain becomes longer,
the decrease in the interaction energy becomes smaller. The
interaction energies for the ILs with branched chains are always
lower than those for the ILs with linear chains. The gap in energy
is wider for a carbon number of 4 than that for 3. Isopropyl and
tert-butyl groups have relatively high electron-donating abilities.
This results in delocalized cation charge, and consequently, the
interaction energies in ILs that are governed by Coulombic
interactions may be weakened. To validate this idea, the partial

Table 5. Viscosity (η, mPa s) Value of the ILs at Various Temperatures at Atmospheric Pressure (100.9 kPa)a

293.2 K 298.2 K 303.2 K 313.2 K 323.2 K 333.2 K 343.2 K 353.2 K

[iC3mim][Nf2] 31.6 26.4 22.0 15.9 13.1 10.4 8.4 7.0
[iC3mim][NTf2] 58.3 45.5 36.9 24.5 19.3 14.5 11.2 8.9
[iC3mim][NPf2] 172.6 121.4 91.7 53.0 38.0 26.4 19.1 14.4
[tC4mim][Nf2] 25.5 18.9 14.6 11.5
[tC4mim][NTf2] 167.3 121.4 91.5 55.6 37.5 26.2 19.0 14.5
[tC4mim][NPf2] 571.1 367.2 246.7 126.1 80.9 50.7 33.9 23.8
[C3mim][Nf2] 37.1 29.9 24.8 17.4 13.2 10.4 8.4 6.9

aStandard uncertainties are u(T) = 0.1 K for 293.2−313.2 K; u(T) = 0.1 K for 323.2−353.2 K; u(η) = 0.04η for 293.2−313.2 K; u(η) = 0.04η for
323.2−353.2 K; and u(p) = 0.5 kPa.

Figure 5. Potential energy surfaces as a function of the C(2)−N(1 or
3)−C(α)−C(β) dihedral angle for [C2mim]+ (filled black circles),
[C3mim]+ (open black squares), [C4mim]+ (filled black triangles), and
[tC4mim]+ (filled red triangles) and as a function of the C(2)−N(1)−
C(α)−H dihedral angle for [iC3mim]+ (open red squares).

Figure 6.Most stable (top) and metastable (bottom) cation structures obtained from Figure 5. TT stands for the trans−trans conformation. Energy
differences between the metastable and the most stable structures are shown in parentheses (in kJ mol−1). For further details, see Table S3.

Figure 7. Conformational entropy (Sc) versus carbon number in the
alkyl group. Black and red symbols represent ILs with linear and
branched alkyl chains, respectively. The value of [C4mim]+ was taken
from the literature.63
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charges on the alkyl groups were calculated for the most stable
conformers and are displayed in Figure 8f. The positive charges
in the branched groups are higher than those in the linear
groups, and the gap widens for [C4mim]+/[tC4mim]+, which
supports the above-mentioned idea. It should be noted that the
high positive charge delocalization in the branched ILs stabilizes
them, i.e., [iC3mim]+ and [tC4mim]+ are more energetically
stable than the corresponding linear cations (Table S3). The
positive charge in the linear alkyl groups decreases from
[C2mim]+ to [C4mim]+. This indicates that charge delocaliza-
tion is not the only factor that determines the interaction energy.
The bulkiness of the alkyl group in the cation, which pushes the
anion away, would also contribute to decreasing the interaction
energy.
3.2.3. Ion Volume. Volume is a fundamental property of a

molecule or an ion, and van der Waals volume (Vvdw), which is
the volume that other molecules cannot access, was estimated
here to further investigate the experimental density values (vide
infra). The Bondi method67 or its analogue is commonly used
for Vvdw estimation. This is based on the assumption that atoms
are spherical with an invariable empirical radius. The volume is
calculated using the additivity rule for individual atoms and/or
atomic groups. To overcome these assumptions, Vvdw for
[iC3mim]+, [tC4mim]+, [Nf2]

−, and [NPf2]
− were calculated

with DFT calculations, while Vvdw for [C3mim]+, [C4mim]+, and
[NTf2] were taken from our previous work,66 which employed
the same method. Table 6 lists the Vvdw values of the ions of
interest. The Vvdw values for the branched ILs are slightly lower
than those of the linear ILs, and the gap is wider for [C4mim]+/
[tC4mim]+ than for [C3mim]+/[iC3mim]+. It should be noted
that, in general, branching also slightly decreases the Vvdw for
molecular liquids.68−70

4. DISCUSSION

4.1. Melting Point. Generally speaking, the effect of alkyl
chain branching on the melting point of a molecule is not
straightforward. The melting points of alkanes tend to decrease

upon branching, while the melting points of 2-propyl alcohol
and tert-butyl alcohol are higher than those of the corresponding
linear alcohols.71 The melting points of several ILs containing
branched cations have been reported. Depending on the
position of the branching, cation structure, and type of paired
anion,Tm can either increase or decrease.

14,64,72−75 For example,
1-(iso-alkyl)-3-methylimidazolium-based ILs tend to show
higher Tm values than the corresponding linear ILs,14 while
the opposite trend is observed for dicationic ILs.75 This indicates
that branching involves several competing factors that influence
Tm.
Despite this complexity, the Tm values of the branched ILs

studied here are always higher than those of the linear ILs, as
shown in Figure 2. This suggests that there is an underlying
mechanism that determines the high Tm values of [iC3mim]X
and [tC4mim]X. According to thermodynamic relationships, Tm
is related to ΔfusH and ΔfusS as follows

=
Δ
Δ

T
H
Sm

fus

fus (3)

Table 7 summarizes the available ΔfusH and ΔfusS data for the
linear ILs, i.e., [C4mim][I], [C3mim][PF6], [C4mim][PF6], and
[C4mim]NTf2. Care must be taken when discussing ΔfusH and
ΔfusS because they are highly sensitive to individual crystalline
structure, polymorphism, experimental and analytical proce-

Figure 8. (a−e) Interaction energies of the branched ILs (red) and the linear ILs (black). ILs containing (a) [I]−, (b) [PF6]−, (c) [Nf2]−, (d) [NTf2]−,
and (e) [NPf2]

−. (f) Sums of the positive charges on the carbon and hydrogen atoms in the alkyl groups for the branched ILs (red) and the linear ILs
(black).

Table 6. Estimated van der Waals Volumes of the IL Ions

Vvdw (Å3)

[C3mim]+a 131.1 ± 0.2
[iC3mim]+ 129.9 ± 0.2
[C4mim]+a 147.6 ± 0.2
[tC4mim]+ 145.3 ± 0.2
[Nf2]

− 101.5 ± 0.2
[NTf2]

−a 150.5 ± 0.2
[NPf2]

− 198.1 ± 0.4
aFrom the literature.66
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dures, and sample purity. However, there is one common feature
when comparing ΔfusH and ΔfusS between the linear and
branched ILs (Tables 3 and 7). The branched ILs have lower
ΔfusS values than the linear ILs, which results in higherTm values
for the branched ILs. For [C4mim][I]/[tC4mim][I], [C3mim]-
[PF6]/[iC3mim][PF6], and [C4mim][NTf2]/[tC4mim][NTf2],
the dominant contribution of ΔfusS is apparent because ΔfusH is
the same ([C4mim][NTf2]/[tC4mim][NTf2]) or lower in the
branched ILs ([C4mim][I]/[tC4mim][I] and [C3mim][PF6]/
[iC3mim][PF6]), whichmakesTm for the branched ILs the same
or lower. For [C4mim][PF6]/[tC4mim][PF6], ΔfusH is higher
and ΔfusS is lower in [tC4mim][PF6], both of which lead to the
higher Tm value for [tC4mim][PF6]. However, the difference in
ΔfusH increases Tm by 1.16-fold (23.1/20.7), while the
difference in ΔfusS increases Tm by 1.33-fold (73.3/55.0), the
latter of which is more prominent. Although ΔfusS is not a
parameter that can be straightforwardly related to molecular
structure, the lower Sc value for the branched IL (Figure 7)
partially contributes to the low ΔfusS value for [iC3mim]X and
[tC4mim]X.
4.2. Density and Fractional Free Volume. The branched

ILs, particularly [tC4mim]X, have higher densities than the
linear ILs, which is not the case for molecular liquids,71,85 where
branching normally decreases density due to bulkiness inhibiting
efficient packing. The densities of ILs can either increase or
decrease upon branching,14,64,73,75,86 depending on the IL
structure. This indicates that additional competing factors affect
the densities of branched ILs.
To gain insight into the molecular level from the density data,

fractional free volume (FFV), i.e., void fraction per unit volume,
is a meaningful parameter. FFV also provides insight into the
packing efficiency in the condensed phase. FFV is convention-
ally defined as87

=
−V V
V

FFV
1.3m vdW

m (4)

where Vm is the molar volume and Vvdw is the van der Waals
volume. Conventionally, 1.3Vvdw is considered as the specific

volume of a molecule (or ion) at 0 K. Vm can be estimated from
density, and Vvdw is taken from Table 6.
Figure 9 compares FFV values between the branched and

linear ILs. In linear ILs, increases in anion size and cation alkyl
chain length are both known to increase FFV.66 This is the case
for the current system. For the branched ILs, the values seem to
be largely the same as those for the linear ILs. These results
contradict those for molecular liquids, where a lower density and
smaller Vvdw produce larger FFV values in branched substances
(vide supra). The interaction energies between cations and
anions estimated here also indicate that FFV should be larger in
branched ILs. Thus, there are other factors that drive packing in
the ions in the branched system despite their bulkiness and the
weak 1:1 interaction. One plausible explanation involves the
molecular symmetry. The branched cations prefer symmetrical
forms, unlike the linear cations (Figure 6), which prompts
efficient packing of ions in the liquid state. Another factor may
be the absence of nonpolarity in the alkyl groups. Since alkyl
groups that are governed by weak van der Waals interactions
tend to possess large free volumes in the liquid state, lengthening
the alkyl chain in the imidazolium cation increases the FFV of
the ILs.66,88−91 However, probably due to the large positive
charge in the branched groups (Figure 8a), they do not create
large free volumes as the linear nonpolar alkyl groups do. These
factors compete with the bulkiness and the weak interactions for
the branched group and consequently provide similar FFVs to
the linear ILs.

4.3. Viscosity. Although the viscosities of [iC3mim]X are
comparable to those of [C3mim]X, the viscosities of [tC4mim]X
are roughly twice those of the linear ILs. In addition to the FFV
data discussed above, which suggest high viscosity in the
branched ILs, there are two competing factors involved in the
viscosity of branched ILs, i.e., bulkiness and interaction energy,
according to previous works on the viscosity of branched
molecules.13,14,64,73−75,85,92−97 The viscosity increase upon alkyl
chain branching has been observed in other ILs14,64,73−75,92 and
some molecular liquids.85 These behaviors are normally
interpreted as being due to the bulkiness of branched chains.
A detailed explanation has been proposed by Daivis et al. by
means of molecular dynamics simulations on alkanes.93 In this
simulation, when the strain rate was increased, a linear alkane
elongated and became a prolate ellipsoid, while a branched one
flattened and became an oblate ellipsoid.
Another important parameter affecting the viscosity of

branched ILs is the interaction energy, as demonstrated in the
classical Eyring equation.98 Several authors have discussed the
relationship between the viscosity and interaction energy of an
ion pair in the gas phase for ILs.94,95 If this is the case as shown in
Figure 8, the viscosity is lowered by branching. In the Eyring
equation, the activation energy for viscosity is associated with

Table 7. Reported ΔfusH and ΔfusS Values for Linear ILsa

ΔfusH (kJ mol−1) ΔfusS (J K
−1 mol−1)

[C3mim][PF6]
39,77 16.8 ± 0.1 53.6 ± 0.1

[C4mim][I]33 18.99 ± 0.02 65.06 ± 0.05
[C4mim][PF6]

55,78−81 20.7 ± 1.2 73.3 ± 3.8
[C4mim][NTf2]

11,14,79,82−84 22.9 ± 1.5 85.1 ± 5.7
aIf there were multiple data available, an average value is presented. In
[C4mim][PF6], where several polymorphic crystals are known,76 the
value for the most stable (called γ phase) is given.

Figure 9. Comparison of FFV values between branched ILs (red) and linear ILs (black). ILs containing (a) [Nf2]
−, (b) [NTf2]

−, and (c) [NPf2]
−.
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the vaporization energy; hence, the cohesive energy would be a
more proper parameter than the interaction energy for an ion
pair. Both experimental and computational studies have
demonstrated that the cohesive energies of linear ILs increase
with the increasing chain length.96,97 This is a result of the
overcompensation of strengthening van der Waals interactions
among alkyl chains despite the decrease in Coulombic
interactions. Conversely, Zhang et al. performed molecular
dynamics simulations and concluded that the total energy per
atom in [iC3mim][NTf2] is lower than that in [C3mim]-
[NTf2].

13 This is caused by the charge delocalization in
[iC3mim]+, which is consistent with the results shown in Figure
8f. Verevkin’s group reported the vaporization enthalpies of
[C3mim][NTf2]

99 and [iC3mim][NTf2].
100 They concluded

that the vaporization enthalpy of the branched IL at 298.15 K is
comparable to that of the linear IL within the experimental error.
Combining these factors, our hypothesis is that differences in

packing, bulkiness, and interaction energy upon branching are
weak and balanced, which results in the comparable viscosities
observed between [iC3mim]X and [C3mim]X. Conversely, the
viscosity of [tC4mim]X is higher than that of [C4mim]X because
the former is well packed in the liquid state and has higher
bulkiness that dominates the weak interaction energy. Since the
cohesive energy of [tC4mim]X has not yet been estimated,
additional experimental/computational approaches are neces-
sary to interpret the significantly higher viscosity of [tC4mim]X
than that of [C4mim]X.

5. SUMMARY

We systematically measured the thermal properties, densities,
and viscosities of [iC3mim]+- and [tC4mim]+-based ILs
containing [I]−, [PF6]

−, [Nf2]
−, [NTf2]

−, and [NPf2]
− anions.

DFT calculations for the gas phase were performed to better
understand the structure−property relationship. To highlight
the characteristic features of the branching effect, the results
were compared to those for linear ILs, i.e., [C3mim]X and
[C4mim]X.

(1) Tm for the branched ILs is always higher than that of the
corresponding linear ILs, and unlike the linear ILs, Tm
tends to increase upon increasing the carbon number in
the branched alkyl group. It was suggested that the higher
Tm for the branched ILs stems from the lowerΔfusS values.
A low Sc, which was revealed by DFT calculations, would
partially contribute to lowering the entropy in the liquid
state.

(2) Compared to those of [C4mim]X, the densities of
[tC4mim]X are higher, while [C3mim]X and [iC3mim]X
have comparable densities. Combined with the Vvdw data,
FFV was estimated, and it was found that the values are
similar for the linear and branched ILs. It was expected
that the low cation−anion interaction and the bulkiness of
the branched alkyl group could lead to a large free volume.
Therefore, competing factors seem to be involved. One
such factor may be the higher symmetries of the cation
structures for [iC3mim]+ and [tC4mim]+ than those for
the linear cations, with the most stable structures
possessing the Cs symmetry. Another interpretation is
based on the fact that [iC3mim]+ and [tC4mim]+ have
relatively high positive charges on the alkyl side chain.
This erases its “alkane” nature, which leads to a large free
volume.

(3) The viscosities of [iC3mim]X are comparable to those of
[C3mim]X, while the viscosities of [tC4mim]X are twice
those of [C4mim]X. The well-packed nature in the liquid
state (based on FFV value) and bulkiness of the tert-butyl
group in [tC4mim]+ are thought to be responsible for the
higher viscosities. Since the interactions between cations
and anions are weaker in the branched ILs, such well-
packed nature and bulkiness may dominate the
interaction effect.
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Fluorescence Lifetime Imaging Microscopy (FLIM) has been applied to plants, algae and cyanobacteria, in which
excitation laser conditions affect the chlorophyll fluorescence lifetime due to several mechanisms. However, the
dependence of FLIM data on input laser power has not been quantitatively explained by absolute excitation
probabilities under actual imaging conditions. In an effort to distinguish between photosystem I and photosys-
tem II (PSI and PSII) in microscopic images, we have obtained dependence of FLIM data on input laser power
from a filamentous cyanobacterium Anabaena variabilis and single cellular green alga Parachlorella kessleri.
Nitrogen-fixing cells in A. variabilis, heterocysts, are mostly visualized as cells in which short-lived fluorescence
(≤0.1 ns) characteristic of PSI is predominant. The other cells in A. variabilis (vegetative cells) and P. kessleri
cells show a transition in the status of PSII from an open state with the maximal charge separation rate at a
weak excitation limit to a closed state in which charge separation is temporarily prohibited by previous
excitation(s) at a relatively high laser power. This transition is successfully reproduced by a computer simulation
with a high fidelity to the actual imaging conditions. More details in the fluorescence from heterocysts were
examined to assess possible functions of PSII in the anaerobic environment inside the heterocysts for the
nitrogen-fixing enzyme, nitrogenase. Photochemically active PSII:PSI ratio in heterocysts is tentatively estimated
to be typically below our detection limit or at most about 5% in limited heterocysts in comparison with that in
vegetative cells.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

All chemical energy in the biosphere on Earth is mostly attributable
to photosynthesis, the primary step ofwhich is a conversion froma solar
photon to transmembrane charge separation in chloroplasts of plants
and algae or some photosynthetic prokaryotes including cyanobacteria.
Althoughmost of the absorbed photons by photosynthetic pigments are
used to drive the charge separation and subsequent synthesis of energy-
rich chemicals, some minor portion of photons are reemitted as

autofluorescence or dissipated as heat. Autofluorescence of photosyn-
thetic pigments, especially that of chlorophyll a (Chla), has been thus
widely and extensively monitored as an index of photosynthetic
reactions in oxygenic photosynthetic organisms [1,2]. Microscopic fluo-
rescence images of Chla is also useful for understanding the structures
and photochemical functions of thylakoid membrane in chloroplasts
of plants and cyanobacterial cells under physiological conditions [3–5].
Fluorescence spectral acquisition in microscopic imaging has also been
successful to obtain images of important photosynthetic molecular
components like photosystem I (PSI), photosystem II (PSII), and light-
harvesting molecules [4,6–12]. However, fluorescence intensity suffers
from attenuation due to absorption, refraction and scattering during
transmission through the samples between focus plane of interest and
microscope objective. This leads to deformation of fluorescence spectra,
because the attenuation of signals is dependent on fluorescence wave-
length [11].

Fluorescence lifetime (FL) measurement function has been recently
implemented in laser scanning confocal fluorescence microscopy in
order to obtain an image with fluorescence decay parameters in all
pixels (Fluorescence Lifetime Imaging Microscopy, FLIM) [4,13]. Time
constants of fluorescence decay are robust parameters against
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attenuation, because they are just determined by the nature of distribu-
tion of the delay time between absorption of excitation photon and
emission of fluorescence photon. The nature of the distribution is un-
changed by the attenuation of the number of fluorescence photons, as
far as attenuation is in a linear regime, under which propagation and
transmission of the fluorescence does not depend on the fluorescence
intensity.

Fluorescence decay on a picosecond to nanosecond time scale of
thylakoid membrane reflects the time scales of energy conversion
and/or dissipation from photons to chemical energy and/or heat. It is
thus expected that FLIM can be used to a wide range of studies on thy-
lakoidmembrane in plants, algae and cyanobacteria. There are already a
substantial number of applications of FLIM to study many aspects of
thylakoid membrane in vivo by visible short pulses [14–17]. Two-
photon excitation has also been tested in the application of FLIM to chlo-
roplasts [18–21]. However, there still remain several uncertainties in
the potential and limitations in the FLIMmeasurements. First, excitation
power dependence of the FLIM data has not been sufficiently
documented. There are hundreds of photosynthetic pigments that can
exchange electronic excitation energy. It is thus possible that annihila-
tions between multiple excited pigments (singlet–singlet, singlet–
triplet etc.) can lead to an abnormally fast decay of fluorescence
[18,22,23,24]. It is also well known that strong pulse and/or continued
illumination on the same sample region can temporarily convert sub-
stantial portion of reaction centers of PSII into charge-separated state
that cannot perform primary charge separation (closed PSII). The closed
PSII shows a longer fluorescence lifetime (about 0.7–2 ns) than PSII that
is ready for theprimary charge separation (about 0.17–0.4 ns, open PSII)
[15,18,21,25–29,30,31]. The effects of annihilation and the open-closed
status of PSII to the actual FLIM images can be predicted only if scanning
parameters of the excitation laser, absorption cross section of PSII and
transition rate from closed PSII to open PSII are all properly considered.
Second, contribution of PSI to the chlorohyll fluorescence (CF) at phys-
iological temperature has not been sufficiently characterized. PSI fluo-
rescence is most conventionally measured at cryogenic temperatures,
becausefluorescence quantumyield fromPSI and/or its closely associat-
ed antenna like light-harvesting complex I (LHCI) in chloroplasts are
relatively enhanced in comparison with that of PSII [1]. However, PSI
fluorescence at physiological temperatures is not negligible [26,32,33].
The lifetime of PSI fluorescence (about 0.025–0.12 ns) is generally re-
ported to be independent of excitation light intensity and shorter than
that of PSII [26,28,34–36]. It is then likely that the image of PSII/PSI
ratio in various chloroplasts/cells can be potentially obtained if depen-
dence of fluorescence lifetimes on laser power is obtained. It is thus de-
sirable to accumulate examples of FLIMmeasurements on various types
of thylakoid membranes with different ratios of PSI/PSII.

Based on the above background, we have conducted FLIMmeasure-
ments of an algal chloroplast and cyanobacterial cellswith systematical-
ly varied excitation laser power. Our FLIM system has two channels of
rigorously simultaneous fluorescence detection, largely corresponding
to PSII and PSI. As a first test, we have avoided multicellular organisms
in which it is difficult to estimate excitation power reaching a target
focal plane. We have selected a filamentous diazotroph, Anabaena
variabilis (A. variabilis), which contains differentiated cell, heterocyst.
It is well known that the PSII content in matured heterocyst is far
lower than that of vegetative cells in the same filament [9,10,37]. It is
thus expected that FL of PSI-rich thylakoid membrane in the heterocyst
can be obtained and compared with that of vegetative cells having sub-
stantial PSII in addition to PSI. As a second example, a unicellular green
alga, Parachlorella kessleri (P. kessleri) was selected, because it lacks mo-
tility andhas chlorophyll-based light-harvesting complexes [38,39]. Our
available excitation wavelength was 404 nm, at which chlorophyll-
based light-harvesting systems show far greater absorption cross
section than phycobilin-based antenna, phycobilisome (PBS), of
cyanobacteria. It is then likely that multiple excitation effects in the sin-
gle PSI and/or PSII units are more sensitively observed in the P. kessleri

than in A. variabilis. In addition, we have composed a numerical simula-
tion that almost fully reflects all relevant parameters: absorption cross
section of PSII and its associated light-harvesting complexes, decay
time constants of closed PSII (recovery time constant of open PSII) and
laser-scanning parameters in the actually employed FLIM conditions.
The simulation can largely reproduce experimental sensitivity of the
FL to the absolute laser power. As an application example of our meth-
odology, possible indication of functional PSII in the PSI-rich heterocyst
was examined in detail. There have been reports on the presence of
transcripts and proteins of PSII reaction centers in isolated heterocysts
[40–42]. PSII activity in heterocysts in filaments in vivo was also report-
ed by single cell variable fluorescence intensity [5]. These observations
raised a question of how oxygen-sensitive nitrogenase for the
nitrogen-fixation is compatible with the function of PSII in the hetero-
cysts. Our methodology will hopefully add one more experimental ob-
servation on this interesting issue on a single cell basis in intact
filaments.

2. Experimental

A. variabilis cells (strain NIES-2095)were purchased from themicro-
bial culture collection at the National Institute of Environmental Studies
(Tsukuba, Ibaraki, Japan). The cell filaments were grown photoautotro-
phically in nitrogen-free BG-11 medium (removing NaNO3 and replac-
ing ferric ammonium citrate with ferric citrate in the BG-11
formulation [43]) for 3, 24, or 90 days at 29 °C under a 15-h light/9-h
dark photoperiod after an inoculation. The same nitrogen-free BG-11
mediumwas also used before the inoculation. The photosynthetic pho-
ton flux density at the sample position in an incubator was about
20 μmol photons m−2 s−1. A cell suspension after a suitable dilution
was transferred to glass-bottom dish (D111505, Matsunami, Osaka,
Japan). One piece of agar was put on the cell suspension in order to im-
mobilize cells at the surface of the cover glass. All microspectroscopic
measurements were started after 15–20 min of dark adaptation period
on the microscope stage (Table S1).

P. kessleri cells were purchased from the IAM culture collection as
IAM C-531 (nowmaintained as NIES-2160 in the microbial culture col-
lection, at the National Institute of Environmental Studies, Tsukuba,
Ibaraki, Japan). The cells used formeasurementwere grown photoauto-
trophically in 40 cm3 of BG-11 incubation medium in the same incuba-
tor as A. variabilis for 15 or 29 days after an inoculation. The preparation
for the microscopic observation was also the same as used for
A. variabilis cells. All microspectroscopic measurements were started
after 15–20 min of dark adaptation period on the microscope stage
(Table S1).

Autofluorescence images and lifetimes of the cells were obtained by
a laser-scanning confocal imaging system (DCS-120, Becker & Hickl
GmbH) with time-correlated single photon counting (TCSPC) boards
(SPC-152, Becker & Hickl GmbH). The glass-bottom dish containing
cells was mounted on an inverted microscope (IX-71, Olympus), with
which the confocal scanner (DCS-120) was coupled. Photosynthetic
pigments were excited by the second harmonic beam (404 nm) of a
mode-locked Ti:Sapphire oscillator (Coherent) with a repetition rate
of 75.5 MHz. Two detection channels with band-path filters (673–
698 nm and 703–740 nm) were simultaneously used to see mainly CF,
which largely corresponds to PSII and PSI. The wavelength regions
were optically selected by combinations of a long-wavelength-passing
beam splitter (with an edge wavelength at 700 nm) and two band-
pass filters. Residual laser light was rejected by long-wavelength-
passing filter with an edge wavelength at about 500 nm. The obtained
datasets of FL images were analyzed using image analysis software
(SPCImage, Becker & Hickl GmbH), and some kinetic traces of selected
regions were fitted by Igor Pro (version 6, e.g., Figs. S1–S5). Images at
different depth positions were obtained by using a piezo actuator for
changing the focus of an oil-immersionmicroscope objective (Olympus
UPLSAPO, 100XO, NA = 1.40). The excitation intensity of the laser was
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automatically controlled by a filter wheel with neutral density filters of
different transmissions. A laser power of 20 nW at the sample position
was confirmed by a power meter (PD-300-SH & NOVA, Ophir), and
weaker laser powers were achieved by the filters of known transmis-
sion at 404 nm. Confocal pinhole sizes for the two fluorescence bands
were manually changed between FLIM acquisitions at different laser
powers (Table S1), by which the maximal probability of detection of
fluorescence photons per single excitation pulse was limited to at
most 3 × 10−3 at the brightest spot in fluorescence images. It is thus
to be noted that fluorescence counts at different laser powers cannot
be directly compared. (Figs. S2–S5). The instrument-response function
(IRF) was 0.08 ± 0.015 ns at 689 nm and 0.10 ± 0.015 ns at 716 nm
in full width at half maximum (FWHM). One test on time-resolution is
shown in Fig. S1. The curve with a time constant of 0.084 ns obtained

in the constraint-free fitting is clearly better than that in the constrained
fitting with a fixed time constant of 0.050 ns. As far as our data analysis
is based on data with a comparable s/n or better, the distinguishability
of the time constant is at worst about 0.03 ns (30 ps).

3. Results

3.1. Fluorescence lifetime imaging

FLIM measurements at varied laser intensities of A. variabilis were
performed on 22 filaments of cells (or trichomes) including a total of
about 190 vegetative cells and 22 heterocysts. One set of data is
shown in Fig. 1. The cells in the image panels are all vegetative cells ex-
cept one heterocyst indicated by white (Figs. 1(a)–(o)) or black

Fig. 1. Characteristics of average fluorescent lifetime images A. variabilis at different laser powers and detectionwavelengths in the FLIMmeasurements. Excitation laser power at the sam-
ple position was 0.08 nW (weak), 1.1 nW (med.) and 20 nW (str.) in (a–c), (d–i) and (j–o), respectively. The laser powers and detection wavelength (centered at 689 nm or 716 nm) are
shownon the left. (a), (d), (g), (j), (m): Photon count-basedfluorescent images. (b), (e), (h), (k), (n): Corresponding averagefluorescent lifetime imageswith intensity-dependent bright-
ness adjustment. (c), (f), (i), (l), (o): Corresponding average fluorescent lifetime images without the brightness adjustment. (p), (q), (r): Distributions of average fluorescence lifetime at
the three different laser intensities. (s): Bright-field image of the same area. Scale bar in (d) is equal to 10 μm and applicable to all the image panels. The effective spatial resolution in the
color-coded average FL images is about 1.94 μm due to the binning of 11 × 11 pixels.
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(Fig. 1(s)) arrow heads. Three levels of excitation laser power, 0.08, 1.1
and 20 nW at the sample position were employed in this order
(Table S1) in one set of experiments on 6 filaments containing 6 hetero-
cysts that were 90 days after inoculation (Tables S2,S3). Five levels of
excitation laser power, 0.08, 0.30, 1.1, 5.3 and 20 nW at the sample po-
sition were also analogously employed in this order in the other two in-
dependent sets of experiments on filaments harvested 3 and 24 days
after inoculation (7 and 9 filaments containing 7 and 9 heterocysts,
respectively)(Tables S2, S3). In order to check damage or any long-
lived actinic effects of previous laser scans on the sample, a FLIM mea-
surement with the lowest power at 0.08 nW was always repeated
after the measurement at the highest laser power (Fig. S2,S3,
Table S1). Average FL at each pixel,b τ N, was calculated according to
the following formulae,

F tð Þ≈
Zþ∞

−∞

IRF sð Þ A0 þ A1 exp −
t−sð Þ
τ1

� �
þ A2 exp −

t−sð Þ
τ2

� �
; t ≥ s

0 ; t b s

8<
:

9=
;ds;

ð1Þ

τh i ¼ A1τ1 þ A2τ2ð Þ= A1 þ A2ð Þ; τ1 b τ2; ð2Þ

where temporal profile of fluorescence intensity at the pixel, F(t), was
fitted by convolution of a sum of two exponential functions with the
instrument-response function, IRF(s), (as Eq. (1)). The fitting yielded
exponential decay time constants, τ1 and τ2, and their amplitudes, A1

and A2, in addition to a non-decaying component, A0. Our measurement
time window was only between minus 0.3 ns and plus 2.7 ns, and the
pulse-to-pulse interval in the excitation laser was 13.24 ns. The ampli-
tude of A0 thus suggests a long-lived fluorescence with an approximate
lifetime between 2 and 13 ns. A0 was always set to be zero in the SPC
image analysis program. When fluorescence decay profiles were later
extracted from certain specified areas of cells, amplitude of A0 were
set to be non-negative and they were typically 0–1% or at most 2–3%
in a very few cases with a relatively poor s/n, which does not affect
our following discussion (Tables 1–3 and S2–S4). In using the SPCimage
analysis program for A. variabilis, a binning of pixels was performed in
which photon data in 11 × 11 raw pixels (square region of about
1.94 × 1.94 μm)were all included to obtain a fluorescence decay profile

at the center pixel. This binning was employed at all the laser power
levels, which enabled us to obtain the color-coded images of average
FL of cells even at the weakest laser power employed. However, it
caused degradation of apparent spatial resolution in the average FL
map. As the laser power is increased, the lifetimes in thewhole filament
except the heterocyst are elongated. At the weakest laser power of
0.08 nW, the most frequent average FL obtained at 689 nm is around
200 ps (Fig. 1(p)). The average FL at 689 nm given by the middle
(1.1 nW) and strongest laser power (20 nW) are 300 and 570 ps, re-
spectively (Fig. 1(q) and (r)). This elongation of average FL is evident
in all the vegetative cells in both the two detection channels (689 and
716 nm). The FL of the heterocysts does not show obvious elongation.
It is to be noted that contribution of the heterocyst to the lifetime
histogram is recognized as a small peak around 0.08–0.09 ns and
0.12–0.13 ns in the cases of 689 nm and 716 nm, respectively
(Fig. 1(q) and (r)).

Multi-exponential nature of the fluorescence decay is not visualized
in the map of average FL like Fig.1. Photon counting data, which are
photon counts versus arrival times, were separately collected from the
vegetative cells and heterocyst, which gave fluorescence decay traces
(Fig. 2(a)–(c), S2–S4). Before the curve fitting by Eq. (1), average pho-
ton counts in the sufficiently negative time region (For example, 5–10
and 3–19 counts per time channel in the 689 and 716 nm wavelength
channels, respectively, for the traces shown in Fig. S2) was subtracted.
It is thus possible that artificially negative photon counts arise (Figs. 2,
S2–S5). These counts at negative times remained in the above-
mentioned range even when the laser power was increased by 200
times. It is thus unlikely that the subtracted counts are attributable to
short-lived laser-induced transient phenomena in samples (b10 s).
These small signals are thus not considered in this work. All types of
fluorescence traces in the two cellular types (heterocysts or vegetative
cells), with the two center wavelengths of detection (689 or 716 nm),
and with the three or five different laser intensities were fitted by the
sum of two decaying exponential components (Eq. (1), Tables 1, 2,
Figs. 2, S2–S4). When the two exponential time constants are not sepa-
rated well due to intrinsic nature of the decay and/or signal-to-noise,
single decaying exponential function was used. The judgment was
also supported by the reduced chi square values (Figs. S2–S4). Although
some reduced chi square values are substantially larger than 1, we focus

Table 1
Parameters yielded by curve fitting of the FLIM data of vegetative cells of A. variabilis.

λfl

[nm]
Plaser
[nW]

τ1[ns]
(Amplitude in %)

τ2 [ns]
(Amplitude in %)

∞
(Amplitude
in %)

Average lifetime
[ns]

689a 0.08 0.22a±0.01c

(97.5a(+2.5 / −1.5)c)
1.09a(±0.00 / −0.34)c

(2.5a±2.5)c (0.0a(+1.5/−0.0)c)
0.25a(+0.00 / −0.03)c

0.30 0.23(+0.00 / −0.01)
(96)

0.88(+0.00 / −0.09)
(4) (0)

0.25

1.1 0.23(+0.01 / −0.02)
(85(+3 / −5))

0.74(+0.03 / −0.12)
(15(+5 / −3)) (0)

0.31(+0.03 / −0.04)

5.3 0.26(+0.00 / −0.02)
(67(+5 / −10))

0.80(+0.00 / −0.08)
(33(+10 / −5)) (0)

0.43 ± 0.05

20 0.25 ± 0.02
(62(+8 / −9))

0.75 ± 0.05
(37(+10 / −7)) (0.5 ± 0.5)

0.44(+0.03 / −0.05)

716b 0.08 0.225b ± 0.005c

(99.5b ± 0.5c)
n.d.

(0b)
0.225b±0.005c

0.30 0.225 ± 0.005
(100)

n.d. (0) 0.225 ± 0.005

1.1 0.23 ± 0.01
(95.5 ± 2.5)

1.13 ± 0.18
(4.5 ± 2.5) (0)

0.25

5.3 0.23
(85 ± 3)

0.88 ± 0.05
(15 ± 3)

(0) 0.33 ± 0.03

20 0.225 ± 0.015
(84 ± 3)

0.85 ± 0.05
(16 ± 3) (0)

0.34

a These parameters in the case of fluorescence at 689 nmwere given by the curve fitting of the sum of all available data (3 independent experiments) at the same laser excitation power
to the double exponential function convoluted with the IRF. See Table S2 for the parameters separately obtained for the three sets of experiments.

b These parameters in the case of fluorescence at 716 nm are given as the average values obtained by the curve fitting for the two or three independent experiments (See Table S2).
c All error bars in this table are given so as to cover the differences between the multiple data sets that were acquired independently (See Table S2).
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on the approximate description of the whole data by at most two expo-
nential functions, which is mainly for the consistency with the simula-
tion framework (See Sections 3.2 and 4.6). It is to be noted that the
short lifetime component of vegetative cell is limited in a very narrow
range (0.22–0.26 ns in Table 1), which seems to be independent of the
center wavelength of the fluorescence detection and the excitation
laser powers employed, even though we did not impose any linkage
of parameters (so-called globally common parameters) in the curve
fitting between the different fluorescence traces. This lifetime is in
good agreement with the most dominant component observed in an
ensemble of cells of A. variabilis (0.22 ns and 85%) [44]. It is also largely
comparable to CFL observed in other cyanobacteria at room tempera-
tures (Table S6) [34,36,45–47]. The average FL of the vegetative cell

gradually increases as the excitation power is raised, which is caused
by the increase of the long lifetime component with time constants of
0.74–1.09 ns and 0.85–1.13 ns at the detection wavelengths of 689
and 716 nm, respectively (Fig. 2(a), Table 1, Fig. S2). These behaviors
are largely consistent with those reported in another cyanobacterium
Synechococcus 6301 by raising the level of closed PSII [46].

In the sum of FLIM data of all 22 heterocysts, at least 94% of its fluo-
rescence decays with a time constant of 0.080–0.089 ns and 0.14 ns at
689 and 716 nm, respectively, at all the excitation powers (Table 2,
Fig. S2). There is a minor long-lived component with a time constant
of 0.86–1.03 ns. Since single-cell fluorescence spectra and photochemi-
cal behavior changes during differentiation process [5,9,10,48,49], it is
likely that FLIM data from randomly selected heterocyst are

Table 2
Parameters yielded by curve fitting of the FLIM data of heterocysts of A. variabilis.

λfl

[nm]
Plaser
[nW]

τ1[ns]
(Amplitude in %)

τ1[ns] of the subsetsc

(Amplitude in %)
upper :w/o
lower:w/

τ2 [ns]
(Amplitude in %)

τ2[ns] of the subsetsc

(Amplitude in %)
upper :w/o
lower:w/

∞
(Amplitude
in %)

Average lifetime
[ns]

Average lifetime of the subsetsc

upper :w/o
lower:w/
[ns]

689a 0.08 0.087a ± 0.009b

(99a ± 1b)
0.084(99) n.d. n.d.

(1a±1b)
0.087 0.084

0.072(91) 0.57(8) 0.112
0.30 0.089 ± 0.005

(99.5 ± 0.5)
0.084
(100)

n.d. n.d.
(0.5 ± 0.5)

0.089 0.084

0.088(88) 0.69(11) 0.155
1.1 0.080 ± 0.002

(96 ± 2)
0.078(98) 0.86 ± 0.25

(4 ± 2)
0.64(2)

(0)
0.112 0.089

0.092(89) 0.74(10) 0.157
5.3 0.081 ± 0.002

(96.5 ± 1.5)
0.075(98) 0.855 ± 0.25

(3.5 ± 1.5)
0.67(2)

(0)
0.108 0.087

0.088(87) 0.70(12) 0.162
20 0.081 ± 0.003

(94.5 ± 3.5)
0.075(98) 1.03 ± 0. 39

(5 ± 3)
0.70(2)

(0.5 ± 0.5)
0.129 0.088

0.085(88) 0.70(11) 0.153
716a 0.30 0.145 ± 0.005

(100)
n.a. n.d. n.a.

(0)
1.1 0.14 ± 0.01

(100)
n.a. n.d. n.a.

(0)
5.3 0.14

(100)
n.a. n.d. n.a.

(0)
20 0.14 ± 0.01

(100)
n.a. n.d. n.a

(0)

a These parameters in the two wavelength regions are given as the average values between maximum and minimum obtained by the curve fitting for the three independent experi-
ments (See Table S3).

b All error bars in this table are given so as to cover the differences between the multiple data sets that were acquired independently (See Table S3).
c One of the subsets of heterocysts (subset/w) includes 5 heterocysts with a substantial amplitude of long-lived fluorescence (N0.6 ns). The other subset of heterocysts (subset/w/o)

includes 17 heterocysts with a relatively small amplitude of long-lived fluorescence (N0.6 ns).

Table 3
Parameters yielded by curve fitting of FLIM data of P. kessleri.

λfl

[nm]
Plaser
[pW]

τ1[ns]
(Amplitude in %)

τ2 [ns]
(Amplitude in %)

∞
(Amplitude
in %)

Average lifetime
[ns]

689a 4 0.32a(+0.08 / −0.04)c

(88 (+11 / −5)c)
0.82a(+0.00 / −0.20)c

(12(+5 / −12)c) (0(+1 / −0)c)
0.38a (+0.02 / −0.02)c

15 0.28
(77)

0.63
(23) (0)

0.36

55 0.29(+0.00 / −0.00)
(75(+1 / −9))

0.70(+0.00 / −0.02)
(25(+9 / −1)) (0)

0.39 (+0.03 / −0.01)

265 0.29
(61)

0.83
(39) (0)

0.50

1.0
×103

0.33 ± 0.01
(47 ± 1)

1.24 ± 0.06
(53 ± 1) (0)

0.81 (±0.04)

716b 15 0.32b (95) 0.87b(5) (0) 0.34b

55 0.37 ± 0.03
(100)

n.d.
(0)

0.37

265 0.36 (90) 1.3(10) (0) 0.45
1.0–1.2
×103

0.365 ± 0.005
(72)

1. 4 ± 0.1
(28) (0)

0.655 ± 0.025

a These parameters in the case of fluorescence at 689 nmwere given by the curve fitting of the sum of all available data (2 independent experiments) at the same laser excitation power
to the double exponential function convoluted with the IRF. See Table S4 for the parameters separately obtained for the two experiments.

b These parameters in the case of fluorescence at 716 nm are given as the average values obtained by the curve fitting for the two independent experiments (See Table S4).
c These error bars are given so as to cover the ranges of the parameters separately obtained for the multiple data sets that were acquired independently (See Table S4).
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heterogeneous, which may reflect developmental stage or age of each
heterocyst. The 22 heterocysts that we analyzed were classified into
two subsets (17 and 5 heterocysts) based on an approximate single-

exponential curve fittings of the 689 nm fluorescence kinetics of indi-
vidual heterocysts at the highest laser power (20 nW). The lifetimes of
689 nm fluorescence kinetics of the first subset (17 heterocysts) are
shorter than those of the second one (5 heterocysts). The former and
the latter subsets are designated as subset/w/o (without a substantial
long-lived component) and subset/w/ (with a substantial long-lived
component). Sum of photon data were separately prepared from the
two subsets (Fig. 2(b) and (c), Table 2, Fig. S4). The subset/w/ has a
long-lived component even at the weakest laser power (0.57 ns, 8%)
that was distinguishable from infinitely long-lived component (with
an approximate time constant of 2–13 ns) and the amplitude of the
long-lived component was constantly greater than those of the sub-
set/w/o at all power levels (Table 2).

Excitation power dependence of FLIM in the case of P. kessleri were
obtained for 32 cells at excitation laser powers that were about one
order of magnitude weaker than those of A. variabilis (Figs. 2(d), 3, S5,
Table 3). Example of one data set, in which three cells were imaged at
the same time, is shown in Fig. 3. The color-coded average FL image
for the P. kessleri cells was obtainedwith a binning of 21 × 21 rawpixels
(square region of about 3.7 × 3.7 μm). Three or five levels of excitation
laser power, (4, 55 and 1.0 × 103 pW or 4, 15, 55, 265 and 1.0 × 103

pW) at the sample position were employed in this order (Table S1). In
order to check damage or any long-lived actinic effects of previous
laser scans on the sample, FLIM measurement with the lowest power
at 4 pW was repeated after the measurement at the highest laser
power (Fig. S5), which have shown essentially the same results as the
first ones with the same power. One of the three cells (cell no. 2 in
Fig. 3(m)) showed clearly longer average FL than the other two cells
(cell no. 1 and 3 in Fig. 3(m)). Such a cell with exceptional lifetime
was not included as the target cells of fine analysis on the fluorescence
decay profiles. An elongation of the average FL was evident especially
between 55 and 265 pW (Tables 3 and S4). The shortest lifetime ob-
served in the case of P. kessleri was about 0.28–0.33 ns at 689 nm,
which was always longer than that of the vegetative cells of
A. variabilis (0.22–0.26 ns) (Figs. 1, 2, and Table 1).

3.2. Simulation on open-closed state of PSII under the FLIM imaging
conditions

Although it seems to be well established that open and closed PSII
show relatively short (0.1–0.4 ns) and long fluorescence lifetimes
(0.8–2 ns), [15,21,25,28,29,26,27,31,30] (See also Tables S5 and S6 for
more references), how the components appear in fluorescence kinetics
under actual FLIM experimental conditions has remained unexplained
in a sufficiently quantitative manner. The purpose of the computer sim-
ulation described here is to quantitatively support our hypothesis that
double exponential decay observed in our FLIMmeasurements in vege-
tative cells of A. variabilis and P. kessleri (Tables 1, 3, S2, S4) is a result of

Fig. 2. Effects of incident excitation laser power on decay profiles of fluorescence centered
at 689 nm. Dots represent normalizedfluorescence intensities based onphoton count data
fromwhich average photon counts in the sufficiently negative time regionwas subtracted.
It is thus possible that artificially negative fluorescence intensities arise. (a) Photon count
data from all vegetative cells in 22 filaments (about 8–13 cells per filament) of A. variabilis
at single focal planes were used. (b) Selected 17 heterocysts of A. variabilis at two or three
focal planes were used. These heterocysts were selected as having relatively low level of
long-livedfluorescence at the highest laser power (See Table 2). (c) Selected 5 heterocysts
of A. variabilis at two or three focal planes were used. These heterocysts were selected as
having relatively high level of long-lived fluorescence at the highest laser power (See
Table 2). (d) Photon count data from 32 cells of P. kessleri at 1–3 focal planes were used.
Solid lines represent fitting curvesmade by convolution of the instrument-response func-
tionwith a sumof one or two exponential functions. The parameters obtained through the
curve fitting are shown in Tables 1–3. The plots in black and red represent data and fitting
curves in the cases of weakest and strongest laser power levels, respectively. More exam-
ples offluorescence decay profiles offluorescence at both 689 and 716 nmat all employed
laser power levels are shown in Figs. S2-S5.
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observing fluorescence from both open and closed PSII. Only an outline
of the simulation is presented below and the details are fully described
in Text S1.

The experimentally obtained fluorescence decay is made of fluores-
cence frommany PSII units in the cells, but this situation is equivalently
expressed by a single representative PSII unit at the position (x,y,z) =
(0,0,0) with full description on the probability of open/closed status
(Fig. S6 and Text S1). In the simulation, a laser beam focus is moved in
a manner of raster scan around the PSII, as in the experiments. Excita-
tion probability of the PSII unit by a single laser pulse is assumed to be
given by the single pulse laser energy, a Gaussian laser intensity profile,
position of the laser focus, and an effective absorption cross section of
PSII at the laser wavelength (404 nm) (Fig. S6 and Text S1). Once the
PSII in the open state is optically excited, it is converted into a closed
PSII with a probability of the photosynthetic charge separation. The
time-dependent populations of open PSII and closed PSII in a unit

volume, Nopen(tm) and Nclosed(tm), or their proportional quantities that
are probabilities for the PSII to be open or closed, popen(t) or pclosed(t),
are calculated as follows (Text S1).

Nopen tmþ1ð Þ
Nclosed tmþ1ð Þ

� �
¼ NPSIIpopen tmþ1ð Þ

NPSIIpclosed tmþ1ð Þ
� �

¼ NPSII
popen tmþ1ð Þ

1−popen tmþ1ð Þ

" #

¼ NPSII

1−0:80pf jy tmð Þ; jx tmð Þ
� �

1− exp − tmþ1−tmð Þ=τR½ �f g

0:80pf jy tmð Þ; jx tmð Þ
� �

exp − tmþ1−tmð Þ=τR½ �

2
64

3
75

popen tmð Þ
1−popen tmð Þ

" #
; ð3Þ

where tm and tm+1 represent a time in the simulation and its subse-
quent time, respectively, NPSII the total population of PSII in a unit
volume (assumed to be constant), pf(jy(tm) and jx(tm)) the probability

Fig. 3. Characteristics of average fluorescent lifetime images P. kessleri at different laser powers and detectionwavelengths in the FLIMmeasurements. Excitation laser power at the sample
position was 4 pW (weak), 55 pW (med.) and 1 × 103 pW (str.) in (a–c), (d–i) and (j–o), respectively. The laser powers and detection wavelength (centered at 689 nm or 716 nm) are
shownon the left. (a), (d), (g), (j), (m): Photon count-basedfluorescent images. (b), (e), (h), (k), (n): Corresponding averagefluorescent lifetime imageswith intensity-dependent bright-
ness. (c), (f), (i), (l), (o): Corresponding average fluorescent lifetime images without the adjustment of brightness. (p), (q), (r): Distributions of average fluorescence lifetime. (s): Bright-
field image of the same area. Scale bar in (a) is equal to 10 μm and applicable to all the image panels. The effective spatial resolution in the color-coded average FL images is about 3.7 μm
due to the binning of 21 × 21 pixels.
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for the PSII to be excited by the laser pulses between tm and tm+1, jy(tm)
and jx(tm) are x (horizontal-axis) and y (vertical-axis) interger coordi-
nates with a unit length of 25 nm of the laser beam at the time tm, re-
spectively, τR the time constant for the closed PSII to be converted
back into open state. The excitation probability function, pf in Eq. (3)
(and in Eqs. (4)–(5) (vide infra)), is set to be two-dimensional Gaussian
and non-zero only when−10 ≤ jy(tm) ≤+10 and−10 ≤ jx(tm) ≤+10.
This means that PSII is excited only when the laser spot resides in the
square of a side length of 500 nm that is centered at PSII (See Supple-
mental Fig. S6 and Text S1). Closed PSII is set to be generated from the
optically excited PSII supercomplex with a probability of 0.80, which
is the most typical parameter Fv/Fm of dark-adapted chloroplasts in
the pulse-amplitude-modulation fluorometry (PAM) [50–52]. The
same yield was also applied to the case of A. variabilis, because similar
Fv/Fm values are obtained in phycobilisome-lacking and/or PSII-
enriched cyanobacterial mutants [53,54]. The numbers of fluorescence
photons fromopen and closed PSII units are proportional to the popula-
tions of open PSII and closed PSII before each excitation, respectively.
Thus, the experimentally obtained ratios of short-lived and long-lived
fluorescence components were compared with the following time-
integrated sum of the product between excitation probability and
populations of open and closed PSII units at each simulation time,
respectively.
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where the previously used index m and time tm in Eq. (3) is replaced
with a new set of indices j, i, k, s that reflect actual raster scan of the
laser. The index j corresponds to different horizontal positions of the
laser focus at a constant vertical position, i to different vertical positions
of the laser focus in a single focal plane, k to different frames for
accumulation in the same focal plane, and s to different focal planes.
The integer coordinates, 7i + (Δoffset/25) and j corresponding to jy and
jx in the previous notations (Eq. (3)) indicate the relative location of
the laser focuswith respect to the position of PSII (at the origin). The pa-
rameterΔoffset (varied between 0 and 175 nmwith a step size of 25 nm
for averaging) represents a relative vertical offset in nmbetween the or-
igin (location of PSII) and one of the horizontal lines that are fastest scan
axes of the laser. The actual ranges of j, i, k and s (−Nx ≤ j ≤+Nx, Nx =
10, Ny1 ≤ j ≤ Ny2, Ny2− Ny2 = 1 or 2) are given by the finite size of the
laser spot (with a diffraction-limited size of 176 nm for the excitation
wavelength of 404 nm) and the other actual scanning parameters
(See Text S1 for more details). When PSII is located in the exact focal
plane, laser focus in the simulation is set to move by 25 nm along the
x axis by the single step in the index j (j → j + 1). The single step in
the index i (i → i + 1) is set to move the laser focus by 176 nm, which
gives the rounded integer 7 in the Eqs. (4) and (5) (176 / 25 = 7).
One should take into account the weights (w1, w2, w3) of the three dif-
ferent time constants, τR,1, τR,2, τR,3, for the recovery of open PSII from
closed PSII [55,56]. The experimentally obtained dependence of FLIM

on the laser power should be comparedwith a weighted average as fol-
lows (cf. Fig. S8).

Fopen;accum Plaserð Þ� � ¼ X3
i¼1

wi Fopen;accum Plaser; τR;i
	 


Fclosed;accum Plaserð Þ� � ¼ X3
i¼1

wi Fclosed;accum Plaser; τR;i
	 
 ð6Þ

More details of this simulation is fully described in Text S1.
Relatively long-lived components (N0.6 ns) show greater weights at

689 nm than at 716 nm (Tables 1–3), which is understandable because
PSII and PSI showmaximum CF intensity near 689 and 716 nm, respec-
tively [8,9,7,11,32,26] and because the FL of only PSII shows an elonga-
tion due to increase of the laser power [26,27]. It is thus reasonable that
our simulation on PSII is comparedwith the amplitude ratio of the long-
lived components at 0 ps (A2/(A0+A1+A2) in Eq. (2)) in the689 nmCF
kinetics (Fig. 4). Contribution of PSI CF is not considered from the begin-
ning in the simulation, but it will be later considered if its contribution is
unavoidable, especially in the case of a cyanobacterium A. variabilis that
is generally more rich in PSI than in green algae (including P. kessleri)
[57].

One essential parameter in the simulation is the absorption cross sec-
tion of PSII supercomplex, to which the excitation probability function, pf
in Eqs. (3)–(5), is proportional. The pigments of PS II monomer of
A. variabilis was assumed to be the same as those in the core of the PSII
complex from Thermosynechococcus vulcanus [58], inwhich 35molecules
of Chla, 2 molecules of pheophytin a and 11 molecules of β-carotene are
contained. Absorption coefficients of these molecules at 404 nm
(6.11 × 105 cm−1 mol−1 dm3, 1.07 × 106 cm−1 mol−1 dm3, and
5.59 × 105 cm−1 mol−1 dm3 for Chla, pheophytin a and β-carotene, re-
spectively) were obtained with the help of absorption spectra in several
references [59–61]. When only the pigments in the monomer units are
considered, the total absorption coefficient of PSII monomer at 404 nm
thus amounts to 2.97 × 106 cm−1 mol−1 dm3 (Text S2, Table S7).
Cyanobacterial PSII is assumed to be in the state 2 since we have given
a dark period of 15–20 min before each set of measurements (Table S1)
[62,63,64]. One simulation was thus carried out with a minimal light-
harvesting ability for PSII, where there is no PBS transferring energy to
PSII. The reopening time constants of PSII in A. variabilis (the transition
from closed state to open state) were assumed to be the same as those
in another cyanobacterium, Synechocystis sp. PCC 6803 [55], in which
there are three time constants (0.22 ms (68%), 2.9 ms (23%) and 13 s
(9%)). The simulation yielded ratios of the accumulatednumber of excita-
tions of closed PSII to the total accumulated number of excitations of PSII
in A. variabilis at varied excitation laser power (PSII alone, dashed line in
Fig. 4(a)). The possible association of PBS to PSII makes the effective ab-
sorption coefficient of PSII even larger, although the energy transfer effi-
ciency from phycocyanin in PBS to PSII was reported to be 78% in a red
alga Porphyridium cruentum and 86% in a cyanobacterium Anacystis
nidulans, which was found to be substantially lower than about 100% in
the transfer from Chlb to Chla in a green alga Chlorella pyrenoidosa [65].
The energy transfer from PBS to PSII lifts the simulation curve to the
upper side, which results in an even greater gap between experimental
and simulation plots (PSII + full PBS, solid line in Fig. 4(a)). On the
other hand, the deviation of the simulation from experimental data can
be alleviated if one considers contributionof PSI. Contributionof PBSfluo-
rescence is not considered here, because the excitation wavelength at
404 nm was relatively preferential for Chla and the cyanobacterium
was set to be state II (See also Section 4.3 and Table S7). In the modified
simulation to better reproduce the experimental plot, the CF from PSI is
assumed to contribute to 33% of the total amplitude at the weak excita-
tion limit, and its lifetime (about 0.025–0.12 ns) [26,28,34–36] are safely
in the short lifetime range (b0.25 ns) at all excitation laser power levels
(PSII alone × (2/3), dashed and dotted line in Fig. 4(a), cf. Table 1).
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In the case of P. kessleri, a green alga, the initial state of the thylakoid
membrane before each set of FLIMmeasurements is state 1, because the
dark period of 15–20 min was also given (Table S1) [66]. The

organization of PS II supercomplex of P. kessleri was assumed to be the
same as that proposed in the case of Chlamydomonas reinhardtii [67].
When light-harvesting ability per PSII is largest (state 1), there are
three trimers of LHCII, one CP26 and one CP29 per PSII monomer in
the model PSII complex (Text S2). The total number of pigments per
monomer PSII were largely based on a reference [68]. In addition to
the above-mentioned absorption coefficients for the pigments common
to cyanobacterial PSII, absorption coefficients of the other pigments at
404 nm (1.45 × 105 cm−1 mol−1 dm3, 4.75 × 105 cm−1 mol−1 dm3,
6.01 × 105 cm−1 mol−1 dm3, and 5.69 × 105 cm−1 mol−1 dm3 for Chl
b, neoxanthin, violaxanthin, lutein) were obtained with the help of
several references reporting their absorption spectra and absorp-
tion coefficients at representative peaks (Table S8) [59,60,69–71].
Given the sum of all pigments per PSII monomer (124.5 Chla, 62.5
Chlb, 10 neoxanthin, 6.3 violaxanthin, 24.7 lutein, 11 β-carotene,
2 pheophytin molecules), the total absorption coefficient amounts
to 1.16 × 107 cm−1 mol−1 dm3, which yields a simulation curve
designated as the equivalent number of Chla of 190 (Fig. 4(b)).
We also added another simulation curve in the case where effective
absorption cross section is twice (380 Chla) [72]. The decay of the
closed state of PSII in P. kessleri, (reopening of PSII) was assumed
to be the same as that in C. reinhardtii, in which there are three
time constants (0.23 ms (73%), 46 ms (16%) and 7.5 s (11%)) [56].
We also performed an extra FLIM experiments with an excessively
strong excitation power, which yielded a decay profile to be fitted
by a sum of two exponential functions with time constants of
0.60 ns (33%) and 1.42 ns (67%) (Fig. S6), although the target cells
measured for the Fig. S6 on a longer time scale were different
from those analyzed as in Tables 3 and S4. This result is also
added to the Fig. 4(b and c). The relatively short time constant of
0.60 ns at 6 nW excitation is clearly longer than those at the
lower excitation powers (Tables 3 and S4). Possible presence of
more than two decay time constants in the CF decay suggests that
the open-closed PSII model (two-state model) is not sufficient.
Given the current simulation framework and the signal-to-noise
ratio, not the amplitude ratio of relatively long-lifetime compo-
nent, but the average lifetime (Eq. (2)) is tentatively fitted by the
simulation results as a compromise (Fig. 4(c)). The average FL at
the weak limit and longest FL observed as a slowly-decaying com-
ponent was averaged with weights of open and closed PSII that

Fig. 4. Comparison between simulation and experimental parameters derived from fluo-
rescence at 689 nm. (a) Amplitude ratios of long-lived fluorescence (N0.6 ns) at 689 nm
for vegetative cells of A. variabilis (open circles (○), cf. Table 1). Simulated probabilities
of detecting fluorescence from its closed PSII in the cases of PSII with fully extended PBS
(solid line, PSII + full PBS), PSII without extra antenna (broken line, PSII alone). The
dashed and dotted line (—  —  —, PSII alone × (2/3)) represent a modified plot that is a
simple multiplication of the broken line (−−−−) by a factor of 0.666. This means a sit-
uation where PSI and/or PBS fluorescence is always contributing to one third of the total
fluorescence at t = 0 ps and its fluorescence lifetime is always included in the relatively
short lifetime (≤0.25 ns). (b) Amplitude ratios of long-lived fluorescence (N0.6 ns) at
689 nm for P. kessleri (closed circles (●), cf. Table 3). The data point at 6 nW
(log10(6000) ~3.78, closed square (■))was obtained froma separatemeasurement ondif-
ferent cells described in Supplemental Fig. S7(e). Modified estimation of ratio of closed
PSII (○), which are made from the corresponding closed circles at the same excitation
power by postulating that there is a relatively long-lived component with a lifetime of
0.60–0.83 ns intrinsically from open PSII with a ratio of 12% in amplitude relative to that
of the short-lived component (cf. Table 3). Solid and broken lines are ratios of closed
PSII simulated in the cases of PSII having light-harvesting abilities equivalent to 190 and
380 Chla molecules, respectively. (c) Dependence of average lifetime on laser power in
the vegetative cells of A. variabilis and P. kessleri cells. The solid line is given by a formula
0.36 × (1− Rclosed) + 1.42 × Rclosed, which is an average fluorescence lifetime in ns given
by the weighted sum of those from open and closed PSII in the case of P. kessleri. The ratio
of closed PSII, Rclosed, is the same as the simulated curve of solid line in (b). The broken line
is given by a formula 0.23× (1− Rclosed)+0.79 × Rclosed, which is an averagefluorescence
lifetime in ns given by the weighted sum of those from open and closed PSII in the case of
vegetative cells of A. variabilis. The ratio of closed PSII in the total fluorescence signal,
Rclosed, is the same as the simulated curve (dashed and dotted line (—  —  —)) in (a).
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were given by the simulations at varied laser intensities, which
nicely reproduces the experimental average FLs.

4. Discussion

4.1. Contribution of PSI fluorescence

Chlorophyll FL (CFL) of PSI (about 0.025–0.12 ns in the previous
works) in live cells have been reported by careful decomposition/
deconvolution in wild type cells [26,31,35] or from PSII-deficient mu-
tant cells that were grown heterotrophically [34,36,73]. To the best of
our knowledge, the CF obtained from single heterocysts of A. variabilis
in this work is probably a rare example in that CF in wild-type intact
cells is almost purely attributable to PSI. However, it should be noted
that PSI in heterocyst may be associated with the so-called rod part of
PBS (consisting of phycocyanin (PC) and phycoerythrocyanin (PEC))
[9,41,74–76]. The high purity of the PSI (nearly negligible contribution
by PSII) in the heterocysts is supported by several features, although
possible minor contribution of PSII is also analyzed in the next
Section 4.2. First, there is almost no increase of slowly-decaying compo-
nent in heterocyst by the increase of laser power (Table 2, Figs. 2(b), (c),
S3, S4). Even in the selected subset of heterocysts (subset/w) (Table 2),
the increase of the long-lived component at 689 nm is from 8% to at
most 12% in the amplitude while the corresponding long-lived compo-
nent in vegetative cells increases in the amplitude from 2.5% to 37% be-
tween 0.08 and 20 nW. Second, the CFLs at both 689 and 716 nm in
heterocyst are clearly shorter than those in vegetative cells (Table 1).
This reflects higher abundance of PSI in heterocyst as CFL of PSI iswidely
reported to be shorter than that of PSII [18,28,36,77]. Third, the CFL at
689 nm of heterocyst is shorter than that at 716 nm. This is in contrast
to the very similar CFL of the short-lived component (0.22–0.26 ns) in
the vegetative cells between 689 and 716 nm (Table 1). This feature is
consistent with the observation in purified PSI complexes (PSI or PSI–
LHCI) or in mutants lacking PSII and its associated antenna system, in
which there are one relatively fast decay around the main peak of the
Qy band (major spectral forms of Chla in PSI, with fluorescence wave-
length b700 nm) and one relatively slow decay of the so-called minor
long-wavelength-absorbing form (N700 nm) [36,77]. For example,
one of the above-cited time-resolved spectroscopic study reported
twomain fluorescence decay lifetimes of 15 ps and 50 ps that are attrib-
utable to net loss of fluorescence (trapping) in isolated PSI from a cya-
nobacterium Spirulina platensis [77]. In their work, the fast trapping
component (15 ps) is centered around 700 nm with an approximate
FWHM of 46 nm, whereas the slow component (50 ps) is centered
around 730 nm with an approximate FWHM of 57 nm. Although our
IRFs (0.08 ns at 689 nm and 0.10 ns at 716 nm in FWHM) and the
signal-to-noise ratio are presumably not sufficient to resolve the two
trapping components at a single wavelength alone, the relatively slow
decay at 716 nm (0.13–0.14 ns) than at 689 nm (0.084–0.096 ns) of
the CF in heterocyst is most plausibly attributable to the presence of
the two trapping dynamics with different spectra and lifetimes in PSI.
This trend would not be easily observed if there was a substantial con-
tribution from PSII to the wavelength region around the main Qy peak
(around 689 nm), as the CFL of PSII is generally even slower than the
slow trapping component in PSI.

Contribution of PSI in the vegetative cells of A. variabilis is noticeable as
a decreased amplitude of the long-lived CF due to closed PSII around
716 nm (16% at 20 nW) than that around 689 nm (37% at 20 nW in
Table 1). The decreased amplitude of the long-lived component at
716 nm than at 689 nm can be at least in part attributable to higher spec-
tral weight of PSI at 716 nm than at 689 nm. Contribution of PSI in
P. kessleri was also noticeable in the varied amplitude of the long-lived
components (28% at 716 nm vs. 53% at 689 nm with 1.0 × 103 pW in
Table 3). These suggest that not only the dependence of FL on laser
power but also dual-wavelength detection can be helpful for imaging
PSI/PSII.

4.2. Long-lived fluorescence and possible presence of PSII in heterocysts

In one selected subset of heterocysts (subset/w, 5 among 22 hetero-
cysts), a long-lived fluorescence with a lifetime of 0.57–0.74 ns was
found with a substantial amplitude larger than 8% at all laser intensities
(Table 2, Fig. S4). However, its increase in amplitude by the rise of laser
power was only from 8 to at most 12% (Table 2, Fig. S4), which is about
one-order of magnitude smaller than that in vegetative cells (from 2.5
to 37%, Table 1). The amplitude of 8% at the weakest excitation should
be thus attributed to long-lived fluorescence other than closed PSII. One
possibility is that these indicate phycobilisomes or parts of
phycobilisomes that are uncoupled from both PSII and PSI [78]. In our
random selection of heterocysts, it is impossible to avoid premature het-
erocysts, which temporarily contain substantial number of uncoupled
highly fluorescent phycobilisome [9,49,79]. Given this possibility, the
small increase of the long-lived component from 8 to 11–12% in the sub-
set of heterocyst (subset/w) by the rise of laser intensity (Table 2) may
also be attributable not to stable presence of functional PSII but to residual
but photochemically active PSII that is not yet decomposed during the
heterocyst differentiation. It should be noted that the substantial ampli-
tude of the long-lived component was observed only in theminor subset
(subset/w): 3 heterocysts in filaments harvested 24 days after the inocu-
lation (total was 9 heterocysts), 2 heterocysts in filaments harvested
90 days after the inoculation (total was 6 heterocysts), and none in fila-
ments harvested 3 days after the inoculation (total was 7 heterocysts).
All these inoculations were not step-down of the nitrogen, but simply di-
lutions of cells from cell-rich nitrogen-deficient media to new nitrogen-
deficient media. As far as randomly sampled 22 heterocysts in this
study are concerned, we tentatively estimated that photochemically ac-
tive PSII:PSI ratio in heterocysts are estimated to be typically below our
detection limit and at most about 5% in limited cases in comparison
with that in vegetative cells (See Text S3 for the details of this estimation).
This number was given on an assumption that effective light-harvesting
abilities of PSII in vegetative cells and heterocysts are the same under
the experimental conditions in thiswork (state II and 404 nmexcitation).
To further clarify the molecular entity of the long-lived fluorescence, it is
thus desirable to carry out a FLIM-based time-lapse observation on het-
erocyst differentiation, which will be described in our next publications.

4.3. Fluorescence lifetime when PSII is in the open state

Most obvious mission of FLIM should be to obtain absolute values of
CFLs in a wide spatial region including three dimensional objects like
plant leaves. Straightforward comparison of CFLs between different or-
ganisms or different cells is generally meaningful, but only when CFLs
to be compared should be obtained at well-defined excitation and
preillumination conditions, e.g., at weak excitation limits after dark ad-
aptation that are generally attained at different laser powers for different
organisms/tissues, as demonstrated in Fig. 4. The average FL at 689 nm
seems to reach a weak limit below 0.30 nW and 55 pW in the cases of
A. variabilis vegetative cells and P. kessleri cells, respectively (Tables 1
and 3, Fig. 4), although double exponential curve fitting did not give con-
stant results due probably to the limited s/n ratio in the relatively weak
excitation powers. The average FL with PSII in the open state thus
seems to be 0.25 ns and 0.36–0.39 ns in the cases of A. variabilis vegeta-
tive cells and P. kessleri cells, respectively, which are largely consistent
with previous reports (Tables S5, S6). Even if the primary charge separa-
tion in the isolated core PSII dimer is intrinsically common between
P. kessleri and A. variabilis, the different CFLs between A. variabilis and
P. kessleri at the weak limit (0.25 and 0.36–0.39 ns, respectively) ob-
served in this study can be caused by the difference in the organization
of light-harvesting system. With the 404 nm excitation in our PSII
models, 63% and 26% of the excitation at 404 nm is estimated to initially
reside in the PSII dimer in A. variabilis and P. kessleri, respectively
(Table S7 and S8), when any excitation in the whole PSII supercomplex
including associated phycobilisome is set to be 100%. In addition, back
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energy transfer from the PSII dimer to light-harvesting systems in the
P. kessleri (PSII→ LHCII, CP26 and CP29) seems to be far more significant
than that in A. variabilis (PSII → APC, PC, PEC). This is supported by the
estimation of number of pigments weighted by the thermal excitation
probability in both the core PSII dimer and associated light-harvesting
systems (Tables S7 and S8). It should be also noted that PBS tends to
be associated with PSI rather than with PSII in the dark-adapted state
(state 2 in the case of cyanobacteria) [2,62,63]. It thus seems very reason-
able that average FL at the weak limit in A. variabilis is shorter than in
P. kessleri upon the 404 nm excitation. However, it should be certainly
noted that contribution of PSI, which has a CFL of largely 0.08–0.09 ns
at 689 nm inheterocyst inA. variabilis (Table 2), should alsomake the ap-
parent CFL of vegetative cells around 689 nm shorter than that of pure
PSII to some extent. The contribution of PBS to the lifetime of vegetative
cells of A. variabilis at 689 nm is likely less substantial than that of PSI,
since substantial part of PBS is dissociated from PSII by the state II condi-
tions and the excitation wavelength at 404 nm is more preferential for
Chla than phycobilin (Table S7).

4.4. Transition from open to closed state of PSII as observed by varied
excitation laser power

The transition from open to closed state in the majority of PSII of
A. variabilis is observed at about one-order ofmagnitudehigher excitation
power than that of P. kessleri. The recovery dynamics of open PSII from
closed PSII in cyanobacteria (0.22 ms (68%), 2.9 ms (23%) and 13 s (9%)
in Synechocystis sp. PCC 6803 [55]) seems to be largely similar to that in
green algae (0.23 ms (73%), 46 ms (16%) and 7.5 s (11%) in
C. reinhardtii [56]). The difference in the laser power necessary to close
most PSII thus seems to be primarily attributable to the difference in
the absorption coefficient at 404 nm for PSII. In P. kessleri, as one of
green algae, PSII possess an antenna system that contains Chla and chlo-
rophyll b (Chlb) as main antenna pigments exhibiting strong absorption
mainly in the blue-green and red regions [80,81]. For the simulation,
we have assumed the samemolecular organization of PSII supercomplex
as in C. reinhardtii [67], the total absorption coefficient per PSII monomer
in state 1 (Text S2) is equivalent to about 191 Chla molecules per mono-
mer PSII (Fig. 4(b)). The simulation curve for the light-harvesting ability
equivalent to 380 Chlamay give a slightly improvedfit to the experiment.
Absolute absorption cross section of PSII inChlorella vulgariswas reported
to be equivalent to 130–400 Chla [72]. It should be also noted that there
remains a certain long-lived component (≥0.6 ns) even at theweak limit,
which is similar to the situations in some references reporting suchminor
long-lived component (See Table S5 for references) [26,35]. Given this
possibility, the estimated ratio of closed PSII based on the amplitude of
the long-lived component (closed circles in Fig. 4(b)) may have to be
modified. On an assumption that 12% of the amplitude at zero time (the
amplitude of the 0.82 ns component at 689 nm, 4 pW in Table 3) is intrin-
sically given by the open PSII, our experimental data yield another plot for
the ratio of closed PSII (open circles) in Fig. 4(b). This modified experi-
mental plot matches well with the simulation. In the case of
A. variabilis, the experiment was best reproduced by the simulation if all
PBS components are dissociated from PSII and if PSI contribute to the
short-lived component (≤0.23 ns) at 689 nm by about 33% in the ampli-
tude ratio at t = 0 ps (the simulation curve: PSII alone × (2/3) in
Fig. 4(a)), as explained in Section 3.2.

The rise in FL with the increase of laser power is sensitively influ-
enced by both the antenna size of PSII and recovery dynamics of open
PSII from its closed states (Fig. S8(b)). Although the two factors of an-
tenna size and the recovery rate of open PSII are inseparable in the
input-power dependence of FLIM alone, FLIM will be certainly helpful
for obtaining a new type of images on antenna size and/or recovery
rate of open PSII. For example, about 3–4 cells near the heterocyst cell
in A. variabilis (part A of the filament in Fig. 1(f)) show an average FL
of about 0.25 ns, and about 2 cells in the same filament (part B of the
filament in Fig. 1(f)) show an average FL of about 0.4 ns at the same

excitation power. Such a difference is not yet generalized, but it may
suggest differently regulated light-harvesting abilities and/or redox
conditions of plastoquinone pool affecting electron transfers from QA

[53,64]. Properties of individual vegetative cells as well as heterocysts
will be analyzed based on FLIM data in our next publications.

4.5. Relevance of FLIM to PAM parameters

Pulse-amplitude-modulation fluorometry (PAM) of CF is probably
themost popular chlorophyll fluorometry on photosynthetic organisms
[51,52]. There have been extensive reports demonstrating microscopic
images for PAM-related parameters from individual chloroplasts and
cyanobacterial cells [5,82–85]. FLIM data with varied excitation power
also contains information directly related to the PAM. Since the simula-
tion based on open-closed status of PSII in this study largely reproduced
the experimental results in terms of ratio of closed PSII included in the
FLIM data (Fig. 4), the maximum yield of PSII charge separation under
dark-adapted chloroplasts or cyanobacteria in PAM analysis is related
to the CFL as follows.

τopen
� �−1−τclosed−1

τopen
� �−1 ¼ 0:38ð Þ−1− 1:42ð Þ−1

0:38ð Þ−1 ¼ 0:73 ð6Þ

for P. kessleri (cf. Table 3, Text S6, Fig. S7).

τopen
� �−1−τclosed−1

τopen
� �−1 ¼ 0:25ð Þ−1− 0:75ð Þ−1

0:25ð Þ−1 ¼ 0:67 ð7Þ

for vegetative cells of A. variabilis.
(cf. Table 1, Text S6).
The above bτopen N and τclosed are set to be the average fluorescence

lifetime at 689 nm at the weakest laser power and the time constant of
the slowly-decaying component at 689 nm at the highest laser power,
respectively. In the above estimation, we assume that the average fluo-
rescence lifetime at a sufficiently high laser power to close all PSII
should be equal to the CFL of the most long-lived component that we
observed. In the case of P. kessleri, this value is slightly lower than the
typical value of (FM − F0) / FM = FV/FM (about 0.8) in dark-adapted
state in the PAM fluoromerty on green algae including Chlorella [62,
86], although the two values should be ideally the same in the simple
two-state model (Text S6). Possible activation of protective quenching
against excess excitation (so-called nonphotochemical quenching,
NPQ) during the scanning laser illuminationmay decrease the apparent
maximum yield of PSII charge separation through shortening of τclosed.
However, such a scenario is unlikely in this study, because the average
intensity of the excitation laser at 1 nW (strongest laser power in the
consecutive FLIM measurements in the case of P. kessleri summarized
in Table 3) for 45 × 45 μm scanning area is estimated to be about
1.7 μmol photons m−2s−1 (Text S4). This is about one or two order of
magnitude smaller than that used for actinic light in most PAM mea-
surements to induce NPQ [51,52]. Moreover, consecutive FLIM mea-
surements for a total exposure time of 45 s at even higher excitation
laser at 6 nW (the other experimental conditions are unchanged from
those used in the results of the main text) did not show noticeable
changes in CF decay profile from the first 4.5 s to the last 4.5 s in the
case of P. kessleri cells (Fig. S7). The above discrepancy in themaximum
quantum yield (between 0.73 and about 0.8)may suggest an underesti-
mation of the amplitude of some short-lived component in the fluores-
cence decay due to our limited time-resolution (FWHMof IRFwas 80 ps
at 689 nm) and/or s/n. On the other hand, the above value of (b-
τopen N −1 − τclosed−1 ) / τopen−1 is higher than typical values of FV/FM of
dark-adapted cyanobacteria [53,62,64]. This is caused by the contribu-
tion of at least PSI and also PBS to the short lifetime component with
the FL of about 0.23 ns (See Section 3.2 and Fig. 4(a)). The PSI/PSII
ratio in cyanobacteria are generally higher than those in green
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algae [57]. It is thus likely that CFL of pure PSII is longer than 0.25 ns
in A. variabilis. For a direct comparison with actual PAM
measurements on cyanobacteria, τclosed in Eq. (7) may have to be re-
placed with bτclosedN as follows.

τopen
� �−1− τclosedh i−1

τopen
� �−1 ¼ 0:25ð Þ−1− 0:44ð Þ−1

0:25ð Þ−1 ¼ 0:43 ð8Þ

for vegetative cells of A. variabilis.
(cf. Table 1, Text S6).

τopen
� �−1− τclosedh i−1

τopen
� �−1 ¼ 0:087ð Þ−1− 0:129ð Þ−1

0:087ð Þ−1 ¼ 0:33 ð9Þ

for all 22 heterocysts of A. variabilis.
(cf. Table 2, Text S6).
These are comparable to and largely consistent with the values of

FV/FM reported for vegetative cells and heterocysts in Anabaena sp.
strain PCC7120 by time-lapse microscopic PAM (or fluorescence ki-
netic microscopy, FKM) [5]. The estimation on heterocysts based on
our results, however, critically depends on the two subsets, subset/w/o
and subset/w, for which the Eq. (9) gives 0.07 and 0.27 based on
Table 2, respectively. According to the time-dependent FV/FM values
after the nitrogen step-down in the reference [5], the value of 0.07 for
the subset/w/o corresponds to a late “stress period” (about 30 h after
the nitrogen step-down). The value of 0.27 for the subset/w corresponds
to an early “stress period” (about 20–25 h after the nitrogen step-down)
or “acclimation period” (about 120 h after the nitrogen step-down). In
the former case, the relativelyminor subset of heterocysts (subset/whav-
ing a substantial long-lived fluorescence) is indeed understandable as a
transient state during the heterocyst development. However, it should
be noted that our estimation is critically dependent on the accuracy of
the curve fitting at theweak excitation limit and thatwe need to increase
the number of sampling in order to reach a definite conclusion.

4.6. Limitations of current simulation model and data analysis

Some previous studies have suggested a need to introduce the so-
called three-state model of the charge separation assuming open, semi-
closed, and closed states, which reflect redox states of at least two se-
quential electron acceptors (Text S5) [87,88]. Semi-closed state is sug-
gested to show lower fluorescence quantum yield than that in fully
closed state [87], which may be consistently observed in this study as
the slightly shorter CFLs of the “closed” state at themedium laser powers
(0.63–0.82 ns at 4–265 pW in P. kessleri) than those at the highest laser
power (1.24–1.42 ns at 1.0–6.0 × 103 pW in P. kessleri) (Table 3,
Fig. S5). The need for the three-statemodel is also supported by the resid-
uals and chi square values of the curve fitting in Figs. S2 – S5, which show
that the single or double exponential function are sufficient only at weak
- medium excitation powers that we employed. The presence of more
than two exponential components at the relatively high laser powers
should be explained in an improved model in our next publications.

Moreover, even at low laser powerswheremost PSII are open, the in-
trinsic fluorescence decay of PSII is generally multiexponential with at
least 3–5 lifetimes in both green algae [25,31,35] and cyanobacteria
[36,45–47] especially when the decay of CF is observed from many
cells by non-FLIM TCSPCwith a high s/n (See also Tables S5, S6). The suf-
ficiency of single or double components especially at the relatively weak
laser powers in our case is just given by our limited s/n. The relatively
low s/n is inevitable as far as we primarily concern imaging in order to
resolve individual cells within a short time. Our contribution is thus fo-
cusing on the overall reproduction of the experimental results, which
are approximately described as sum of at most two exponential func-
tions at all power levels, by the relatively crude but elaborate two-state
model for the PSII status. Improvement of the simulationmodel together

with the more accurate analysis on the experimental results will be car-
ried out in our next studies with more focus on differences between in-
dividual cells.

4.7. Comparison with other FLIM studies in terms of open-closed status of
PSII and laser power dependence

A brief overview is given to the laser power levels and/or excitation
probabilities that are employed in previously reported FLIM-based im-
aging of chloroplasts and cyanobacteria. In some cases, NPQ processes
were mainly studied at light levels that seem to close substantial frac-
tion of PSII [14,16]. In one of the studies [16], the major CFL in avocado
plants was about 1.5 ns (probably from closed PSII) and activation of
NPQ was observed as appearance of CFL around 0.5 ns. A certain oligo-
meric state of LHCII was suggested to show a CFL of 0.4 ns when NPQ
was induced in Arabidopsis leaves [89]. In other cases, average CFL was
found to be in the range between 0.15 and 0.5 ns at relatively weak
laser power [15,21,36,90]. On the other hand, CFwith two-photon exci-
tation has been reported to decrease in lifetime by raising incident laser
power [18,19], which has been ascribed to singlet–singlet and/or sin-
glet–triplet annihilation. This is a qualitatively different trend than
those reported with visible excitation including this work [34]. Sin-
glet–singlet annihilation can be operative only when a single laser
pulse excites multiple pigments in the same or nearby PSII
unit(s) among which at least multi-step energy transfer to each other
is possible, because typical pulse-to-pulse interval of about 10 ns or
longer (13.2 ns in this work) is sufficiently longer than lifetime of fluo-
rescence (lifetime of singlet excited state of Chls). Our estimation of the
excitation probability of PSII in P. kessleri by a single laser pulse of 1 nW
power (at 404 nm, and highest laser power in Table 3) is only about
5 × 10−3, by which singlet–singlet annihilation should be virtually neg-
ligible (Text S5). If prepared concentration of excited PSII at the focus
and detection efficiency of CF in the references ([18,19]) are comparable
to our conditions, singlet–singlet annihilation can thus be safely exclud-
ed. Singlet–triplet annihilation may be operative, since formation of
triplet state(s) of Chls and/or carotenoids is certainly enhanced when
substantial portion of PSII is closed at high input laser power and their
lifetimes are in the range of μs to ms [91–94]. The long-lived triplet
states may thus interact with singlet excited state prepared in the sub-
sequent laser pulses, which leads to shortening of fluorescence lifetime.
Lifetime shortening in the FLIM by NPQ and singlet–triplet annihilation
may be differentiated on amore quantitative basis if one performs a nu-
merical simulation to estimate the transient accumulation of the triplet
states during FLIM imaging, as shown in this work.

5. Conclusions

FLIMdata of a single cellular green alga P. kessleri and nitrogen-fixing
filamentous cyanobacterium A. variabiliswere obtained at varied excita-
tion powers. At weak excitation limits, fluorescence lifetimes of the thy-
lakoid membrane with mostly open PSII can be obtained, although it
takes a long total exposure time to obtain a high quality image. The tran-
sition in FLIMdata from theweak excitation limits to higher powers that
close a substantial fraction of PSII can be successfully explained by a nu-
merical model considering the open-closed status of PSII based on abso-
lute laser powers. The difference in FLIM between P. kessleri and
cyanobacterium A. variabilis can be largely explained by the difference
in the light-harvesting ability of the PSII supercomplex at the excitation
wavelength at 404 nm. The fluorescence decay in nitrogen-fixing het-
erocysts is largely independent of the excitation power. This reflects a
high purity of PSI in the unique heterocyst thylakoid lacking PSII.
Among heterocysts that were randomly sampled, photochemically ac-
tive PSII/PSI ratio in heterocysts is at most about 5% in comparison
with that of vegetative cells. Heterogeneous properties of individual
heterocysts were found, but accurate determination of their physiolog-
ical states should await further studies.
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Awhole plant leaf can be a target of FLIM, but special care should be
taken when comparing chloroplasts in deep regions with those close to
the surface, because it is in general difficult to estimate absolute laser
power reaching deep individual chloroplasts. The dependence of FLIM
on laser power is sensitively influenced by at least the antenna size of
PSII and recovery rates of open PSII from its closed states. A simulation
fully reflecting laser scanning conditions, as shown in this work,will po-
tentially help one to interpret observed features of FLIM images in terms
of important parameters of photochemistry in individual chloroplasts,
cyanobacterial cells and thylakoid domains.
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A molecular assembly that crawls on a solid
substrate with a metabolic-like process†

Masato Nakada, Yukihiro Fujikami, Masaharu Kawaguchi,
Daigo Yamamoto and Akihisa Shioi*

A vesicular aggregate filled with lipid molecules exhibited crawling motion over a glass surface as a result

of chemical reactions. The vesicular aggregate was composed of didodecyldimethylammonium bromide

(DDAB) and sodium oleate with calcium ions. The crawling motion was induced by the chemical reaction

between DDAB and iodide ions, and it caused discharge of the inner lipids. This was responsible for the size

reduction of the aggregate. However, it engulfed the neighboring smaller vesicles, which were taken up

into the vesicular aggregate in the dehydrated state and became a constituent of the aggregate. The size

of the vesicular aggregate recovered and could translate in a sustainable manner. This is probably the first

example of an amphiphilic molecular assembly that exhibits crawling motion as a result of chemical reac-

tions without size reduction. This may be regarded as the cell-like behavior of an abiotic molecular assem-

bly with a metabolic-like process.

Introduction

Living organisms maintain their lives as open and dynamic
systems. Their dynamic features are maintained by metabo-
lism. Organisms derive nutrition from and release waste to
the surroundings. Through metabolism, living organisms re-
place old parts of the body with new ones. This process
serves numerous biological functions. Because the metabolic
process is associated with the self-healing and self-
duplication of living organisms,1 the study of active soft mat-

ter2 exhibiting metabolic-like behavior may lead to the design
of colloidal systems with these characteristics.

Such colloidal systems will be possible only if they are
open systems under a non-equilibrium state. Thus, a study of
self-moving colloids under a strongly non-equilibrium state
may provide a basis for the design of these systems. Until
now, liquid droplets and catalytic particles have been
employed in numerous studies of self-moving colloids. The
results showed that some characteristics contained in biologi-
cal motions, such as vectorial motion in an isotropic field3,4

and chemotaxis,5,6 can be mimicked by colloidal objects. The
energy of self-motion is provided by chemical reactions7 and
adsorption/desorption processes.8 These characteristics are
inherent in biological motion.1 However, these colloidal sys-
tems do not contain metabolic-like processes, except in some
rare cases.9 Here, a metabolic-like process refers to the spon-
taneous replacement of an old part of the body with a new
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Design, System, Application

The development of chemical systems that mimic the behavior of living matter results in the determination of characteristics that impart a semblance of
life. A chemical reaction driven vesicle can be designed with metabolic-like characteristics, taking in surrounding material to reconstruct its body and ob-
tain energy for motion. Here, amphiphilic molecular aggregates exhibit crawling motion on a glass surface, sustained by “eating” the other aggregates and
discharging waste. This biomimetic motion is achieved by cheap simple chemicals, showing that it is possible to discover intriguing effects in apparently
simple systems. The chemical reactions that form precipitates are controlled by the coexisting lipids. This process drives the aggregates. The vesicle internal
structure is optimised by altering the chemical constituents to give the dense packing of lipids that enables long distance sustainable motion. This scenario
may be general irrespective of the used chemicals, and hence self-healing, self-duplication and communication functions may be achieved based on this
study. The system may be developed for self-patterning and drug delivery: we may be able to control the aggregate motion along a line composed of eaten
objects, and then, the waste may draw a micropattern. If biocompatible chemicals can be used, the aggregates may become a scavenger that removes lipid
aggregates on the wall of blood vessels.
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one. This situation is the same for a study of self-moving ves-
icles (liposomes) that are formed with a bilayer membrane
and used for cytomimetic research. A vesicle with self-
propulsion that contained the protein ActA, which polymer-
izes actin filaments, was reported.10 The compression force
caused by polymerization drove the vesicle. This study was in-
spired by the motion mechanism of Listeria monocytogenes11

and provides an example of vesicle propulsion without a de-
crease in its size. Recently, the authors' group has reported
the cyclic motion of a vesicle under a pH gradient without
size reduction.12 On the other hand, in many cases, vesicles
that exhibit spontaneous motion or deformation decrease in
size because chemical reactions and physical stimuli for vesi-
cle motion cause damage to the vesicle.13

Self-moving colloids with metabolic-like characteristics
have not been fully investigated. To provide this characteris-
tic to an abiotic colloid, vesicles would be most appropriate
because they are formed by amphiphilic molecules that can
coexist in a solution where the vesicles move. If a vesicle
takes the surrounding amphiphiles to reconstruct its body
and obtain the energy for motion, it may possess self-healing,
self-duplication and communication functions. The self-
duplication and communication functions of vesicles (lipo-
somes) have been studied.14 The constituents of the vesicle
with self-duplication are dissolved in the vesicular solution
and transformed into the membrane constituent by chemical
reactions. These studies focused on the self-duplication pro-
cess and were interesting from the viewpoints of the origins
of life.15 The addition of biomimetic motion for the ingestion
of a constituent may be the subject of future studies where
the mechanism for many active biological functions will be
revealed. The formation of a vesicle driven by chemical reac-
tion that possesses metabolic-like characteristics may become
the basis for this purpose.

The authors' group reported a self-moving vesicle with size
reduction.16 In that study, the vesicle composed of the cat-
ionic surfactant didodecyldimethylammonium bromide
(DDAB) migrated in water via ion exchange with iodide ions.
The motion was accompanied by size reduction of the vesicle
because DDAB and iodide ions formed a precipitate that was
eliminated from the vesicle membrane. In the present study,
sodium oleate and calcium ions were mixed with a DDAB
based vesicle. The mixture formed an aggregate with a com-
plicated inner structure. This vesicular aggregate (VA) was
adsorbed on a glass surface. During the diffusion of iodide
ions, the VA moved over the glass surface, leaving behind a
thin film on the glass surface. This film was the reaction
product of the inner lipid molecules. As a result, the inner
lipids were discharged from the VA. This resulted in the size
reduction of the VA. However, the VA took other smaller vesi-
cles into the body and recovered its size. Without this size re-
covery, VA could not show sustainable self-motion. A VA with
these characteristics may be regarded as a model molecular
assembly that exhibits cell like behavior with a metabolic-like
process. The sustained translational motion may be applied
to an active transport carrier of useful chemicals and parti-

cles, for patterning in materials design and smart delivery in
microchannels.

Experimental
Chemicals

Sodium oleate (>97%) and didodecyldimethylammonium
bromide (>98%) were purchased from Tokyo Chemical In-
dustry Co., Ltd. The other chemicals used were of reagent
grade and obtained from Wako Pure Chemical Industries,
Ltd. All chemicals were used without further purification.

Vesicle preparation

The drying–rehydration method was used for vesicle prepara-
tion.17 Sodium oleate and DDAB were dissolved in acetone
with sonication. Calcium chloride and a fluorescent probe
(perylene) were also added to the solution. The resulting solu-
tion was poured into a glass vial, and the acetone was evapo-
rated under nitrogen gas and then completely under vacuum.
After evaporation, a thin film remained on the wall of the
vial. A bicine buffer solution (pH ≈ 8.4) was then poured into
the vial and maintained at 50°C for 1 h. The concentration of
bicine was 70 mM, and its pH was adjusted to the desired
value using a small amount of NaOH. The vesicle suspension
was obtained by gentle shaking of the solution. The concen-
trations of each solute were 3.2 mM (DDAB), 2.3 mM (sodium
oleate), and 10 mM (CaCl2) in the vesicle suspension. These
concentrations were chosen because the motion of VA was
observed with sufficient reproducibility. A trace amount of
perylene was used.

Vesicle observation

The vesicle suspension was poured into a hole-slide glass
and covered with a cover glass. As shown in Fig. 1, a small
gap was formed beside the cover glass, and an aqueous solu-
tion containing 40 mM KI (without bicine) was diffused from
the gap into the vesicle suspension. The volume ratio of the
KI solution to the vesicle suspension was approximately 1 : 3,
and the final KI concentration after complete diffusion was
estimated to be 10 mM. After the convection disappeared, the
vesicles were observed by fluorescence microscopy (Olympus

Fig. 1 Experimental setup. Two types of objective lens were selected
depending on the purpose.
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IX-71). An Olympus BX-51 confocal microscope was also used.
Image analysis was performed using Move-tr/2D (Library Co.,
Ltd.), ImageJ (Wayne Rasband, NIH), and Movie Ruler ver. 2
(Photoron Ltd.). All experiments were performed at room
temperature, which was controlled by an air conditioner
within approximately 18–25 °C.

Results and discussion
Structure of the vesicular assembly

Fig. 2 shows fluorescence confocal microscopy images of the
amphiphilic molecular assemblies formed by the present ex-
periment. Three cross sections at different depths are shown.
Perylene, a hydrophobic molecule, was used as the fluores-
cence probe. Fluorescence microscopy showed that the mo-
lecular assemblies can be classified into two types, as shown
in Fig. 2a and b.

Fig. 2a shows the first type. Tiny vesicles appear to be
packed, but the structure is complicated and obscure. This
type of structure will be discussed later and is denoted as VA
(vesicular aggregate). The second type shown in Fig. 2b is an
onion-like vesicle. A multi-membrane structure can be ob-
served, which is denoted as OV. A much simpler vesicle that
was composed of a single water pool surrounded by an am-
phiphilic molecular layer was also observed.

To examine the structure of VA, water was added to the so-
lution. In this experiment, the water permeates into the ag-
gregate. Fig. 3 shows confocal fluorescence microscopy im-
ages of a VA during water permeation. Fig. 3a shows the time
course of a VA that swells due to water permeation. The im-
ages at t = 11.0 and 43.0 s were taken by fluorescence confo-
cal microscopy, whereas at t = 29.2 s, weak incident light was
introduced into the fluorescence microscope to clarify the im-
age. Immediately after the addition of water (t = 0), fluores-
cence was emitted uniformly from the VA (t = 11.0). As the
water permeated, the volume increased, and the fluorescence

was concentrated on the restricted portions (t = 43.0). The
non-fluorescent part is considered to be the water pool. The
image at t = 43.0 s indicates that a VA swollen by water is
comprised of numerous small water pools surrounded by am-
phiphilic molecules. Other examples of swollen VAs are
shown in Fig. 3b. In these results, the water pools were rather
uniform and spherical. These results indicate that a VA be-
fore water addition is composed of dehydrated molecular as-
semblies. The dehydrated vesicles packed tightly in a VA is
one possible interpretation. Fig. 3c exemplifies a vesicle
formed in [DDAB]/[oleate] = 2 without Ca2+ (i.e. more DDAB-
rich compared to the standard conditions for sample prepa-
ration). Numerous smaller vesicles aggregated under these
conditions. This suggests that an aggregate with nearly
homogeneous fluorescence in the presence of Ca2+ may be
composed of densely packed dehydrated vesicles. However,
reconstruction of an inner structure may occur by water addi-
tion, and the fluorescent part that surrounds the internal wa-
ter compartments was too thick to be a bilayer structure. The
inner structure before water addition may be more compli-
cated such as a cubic phase. The three dimensional view of
the VA, which was constructed from the cross sectional im-
ages, showed that VAs are adsorbed under the cover glass (on
the glass surface) (see ESI† Movie S1).

The populations of the two types of vesicles (VA and OV)
depend on the compositions of the vesicular solution. When
DDAB, oleate and Ca2+ coexist, most of the molecular assem-
blies are the VA type. Confocal fluorescence microscopy of a
VA with perylene showed almost uniform emission from
them, as shown in Fig. 2a and 3a (11.0 s). This indicates the
dense packing of lipid molecules. When DDAB molecules are
the only constituent of the vesicles, they form simple vesi-
cles.18 The addition of Ca2+ transforms the simple vesicles
into a more complicated structure, as shown in Fig. S1a,†
where the vesicles appear to be intermediate between OV and

Fig. 2 Two types of molecular assemblies in an aqueous solution
containing DDAB, sodium oleate and CaCl2. The structure shown in (a)
is denoted as VA and that in (b) is denoted as OV. Three cross sections
are shown for each structure.

Fig. 3 Fluorescence microscopy images of a VA that swells due to
water permeation. The time after water injection is shown. (a) Time
dependency of a swelling VA. Weak incident light was introduced for
the observation at 29.2 s. The outer ring is a halo as a result of this
operation. The same vesicle is indicated by the same number. (b) The
other two examples of VA swollen by water. (a, b) [DDAB]/[oleate] =
1.4 (=3.2/2.3). (c) Fluorescence microscopy image of a VA at [DDAB]/
[oleate] = 2.0. Water did not permeate.

Molecular Systems Design & EngineeringPaper



Mol. Syst. Des. Eng., 2016, 1, 208–215 | 211This journal is © The Royal Society of Chemistry 2016

VA: spherical shells can be seen, but the inner structure is
complicated. When oleate was added to DDAB without Ca2+,
numerous OV type vesicles appeared (see Fig. S1b†).
According to these results, the mixture of DDAB and oleate
formed numerous VAs in the presence of Ca2+, but OVs may
contain less Ca2+. Ca2+ and oleate generally form a precipitate
in water. We did not see any macroscopic precipitates in the
DDAB–oleate solution with Ca2+ at the present chemical con-
centrations. Thus, the Ca2+ and oleate compounds dissolved
in the solution with the help of DDAB, resulting in the forma-
tion of VAs. Mixtures of single-tailed anionic and cationic
surfactants often precipitate in water. However, they can form
vesicles at appropriate mixing ratios.19 The stability of the
present VAs may be discussed in a similar manner to that of
the spontaneous vesicles.

Crawl motion of the vesicular aggregate

When KI diffuses toward the VAs, they deform and crawl as
they are adsorbed on the glass surface. OVs do not exhibit
any long distance motion, and they sometimes collapse at
their places. This suggests that the dense packing of lipid
molecules inside a VA is essential for sustainable motion un-
der KI diffusion. Fig. 4 shows the fluorescence microscopy
image of the crawl motion of a VA (see ESI† Movie S2). The
VA with a red mark in Fig. 4 exhibits translational motions
and absorbs the surrounding smaller vesicles, some of which
are indicated by the white arrows. Fig. 5a and b show the
moving distance of the center and the area occupied by the
moving VA. Two types of experimental results are shown. The
first one is when the VA absorbs smaller vesicles for its mo-
tion (Fig. 5a), and the second one is when it does not
(Fig. 5b). The former type of motion is observed when numer-
ous smaller vesicles surround the VA. In this case, the area of
the VA remains relatively constant, as shown in Fig. 5a. The

initial increase in area results from a change in the adsorbed
state of the VA onto the glass. The volume of the VA is proba-
bly constant, but the area projected onto the glass increases.
In contrast, the VA that does not absorb the surrounding ves-
icles collapses monotonically.

The moving distance of the VA that absorbs the surround-
ing vesicles increases monotonically over a period of more
than 40 s, while the motion of the VA without absorption
stops within a few seconds. The gradual increase after ap-
proximately 6 s, as shown in Fig. 5b, is the result of vibra-
tional fluctuations without translation. The time when the

Fig. 4 Consecutive snapshots of a VA crawling over a glass surface.
The flame is fixed. The crawling VA is indicated by the red mark. The
white arrows indicate some vesicles absorbed by the VA. A KI solution
was injected at 0.0 s, and the adsorption state of the VA changed at
4.7 s.

Fig. 5 Characteristics of the crawling motion of the VA. (a) The
moving distance and area of the VA that absorbs the surrounding
smaller vesicles. The upper panel shows the velocity. (b) The moving
distance and area of the VA that is not surrounded by smaller vesicles.
(c) The moving distance that is scaled by the body length of the VA is
shown against the number of absorptions that were clearly observed.

Molecular Systems Design & Engineering Paper



212 | Mol. Syst. Des. Eng., 2016, 1, 208–215 This journal is © The Royal Society of Chemistry 2016

observable absorption events occurred is indicated by the
blue arrows in Fig. 5a. The VA size was recovered by absorp-
tion. The speed of VA motion, which is shown in the upper
panel of Fig. 5a, became faster at each absorption. This sug-
gests that absorption provides not only the constituent of the
VA body but also the motility of the VA. The same experi-
ments were performed, and the relationship between the
mean moving distance and the number of observable absorp-
tions (NOA) was determined. The moving distance from the
start position to the final one is shown. (The VA no longer
moves at the final position.) The result is shown in Fig. 5c.
The ordinate shows the moving distance that is scaled by the
body length of the VA. When the NOA is less than three, the
distance increases linearly with increasing NOA. However,
the rate of the increase decreases when the NOA exceeds
four.

Fig. 6 shows snapshots of a moving VA that absorbs a
smaller vesicle. They are indicated by a red arrow and a white
arrow in Fig. 6a (see ESI† S3 (slideshow)). The structure of
the smaller one appears to be much simpler than that of the
VA. This shows that the smaller one is almost a simple vesi-
cle in structure. Immediately after their contact, the VA forms
a tip and absorbs the smaller vesicle through the tip. Fig. 6a–
f and ESI† S3 show that the size of the smaller vesicle de-
creases drastically as a result of the absorption. This suggests
that the water contained in the smaller vesicle is drained rap-
idly during absorption, and the resulting dehydrated vesicle
becomes part of the VA.

Fig. 7 shows the trajectory of seven VAs that exhibit long
distance motion. KI diffuses from left to right. The VA tends
to go down along the gradient of the KI concentration, even
though randomness is included in each trajectory. For this
tendency, a moving VA may be able to meet smaller vesicles
that have not reacted with KI. If a VA went up along the gra-
dient, the smaller vesicles that the VA could encounter would
be exposed to the concentrated KI solution. In this case, the

smaller vesicles would already have reacted and cannot pro-
vide the motility of the VA. Therefore, this weak chemotactic
nature may be required so that the VA meets fresh smaller
vesicles. However, because randomness is included in the tra-
jectory, the probability of the VA colliding with fresh vesicles
decreases with time. Hence, the VA cannot maintain its mo-
tility. Therefore, the total traveling distance shown in Fig. 5c
does not increase as much when NOA is larger than 3.

Fig. 8a shows the film that is formed by VA motion (see
ESI† Movie S4). The fluorescence of perylene is emitted from

Fig. 6 Consecutive snapshots of a VA (red arrow) absorbing a smaller
vesicle (white arrow). Weak incident light is introduced into the
fluorescence microscope. The yellow arrow indicates the smaller
vesicle after absorption, which collapses by absorption.

Fig. 7 Trajectory of the VA motion. Seven VAs were selected. Each
start point is indicated by a black circle arranged in a line. The final
position is indicated by a red circle. A white circle is drawn every 5 s. KI
diffuses from left to right.

Fig. 8 Film formation behind the VA when it crawls over the glass
surface. (a) Consecutive snapshots. The moving direction in each
image is indicated by a white arrow. (b) The time course of the area of
the film shown in (a).
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the film spread over the surface, and the VA moves leaving
the film behind. For this characteristic, once the formed film
surrounds the VA, it no longer moves. After film formation,
numerous small aggregates form at the periphery of the film,
as shown in Fig. 8a (30 s). Fig. 8b shows the time dependency
of the film area. The area increases with the exclusion of
DDAB and oleate molecules from the VA but decreases
shortly through the transformation into the aggregates. After
this transformation, the glass surface is free from the film
and may be able to serve as a place for VA motion. The film
and the resulting aggregates are the waste of the VA, which is
the reaction product with KI.

Fig. 9 shows that the film is formed from smaller vesicles
contained in the VA. An inner smaller vesicle appears to be a
simple vesicle, where a simple vesicle means that it has a sin-
gle water pool surrounded by an amphiphilic membrane. The
inner vesicle and the film are connected to each other; the
conjunction points are indicated by the yellow arrows. The di-
rection of VA motion is indicated by the black arrow. This re-
sult shows that the film formed behind the moving VA is gen-
erated by the collapse of vesicles contained in the VA. This
collapse generates the motility of the VA. The inner vesicle
may have been present as a dehydrated vesicle before the ad-
dition of the KI solution or may be formed by water perme-
ation after the addition.

When two VAs collide, they behave as a prey–predator sys-
tem. One VA absorbs the other, through which the VA
achieves motility. The relationship appears to be determined
by the relative size of the VA. The larger VA filled with inner
lipid molecules plays the role of the predator. The larger VA
absorbs smaller vesicles to obtain a part of the body and its
motility. The VA with complicated inner structures formed in
the presence of Ca2+. Thus, the concentration of Ca2+ is prob-
ably lower in the simpler vesicle (prey). We may consider that
a Ca-rich aggregate could move to engulf Ca-poor aggregates.
Based on this postulate, the Ca2+ concentration in the VAs
would decrease by eating the simpler vesicles. This may ex-

plain why the motion of the VA stops after several collisions
with simpler vesicles.

The chemical conditions required for the prey–predator
behavior were examined by changing the cation species, con-
centrations, and pH. At least four aggregates were selected to
observe the response to the addition of KI. Here, the aggre-
gate refers to an object with homogeneous fluorescence. The
concentrations of DDAB, oleate, and Ca2+ were double their
standard concentrations because a larger number of aggre-
gates were required for these experiments. However, the KI
concentration was fixed at 40 mM. These results are summa-
rized in the table in the ESI.† A pH above 8.0 was required to
induce the prey–predator behavior. This suggests that the dis-
sociation of oleic acid to form oleate is necessary. When the
Ca2+ concentration was above 40 mM, the aggregate transla-
tion was less common. The oleate anion and Ca2+ formed a
water-insoluble compound. The higher Ca2+ concentration
typically formed precipitates to eliminate oleate molecules
from the VAs. When the Ca2+ concentration was less than 10
mM, the prey–predator behavior was less common because
most of the aggregates were OV-type. When the Ca2+ concen-
tration was approximately 20 mM, the Ca2+ and oleate com-
pounds did not precipitate in the presence of DDAB. More-
over, most of the aggregates were VA-type. This indicates that
the compound was dissolved in the VA membranes. DDAB
molecules prevented precipitation of the calcium salt of ole-
ate, and the complicated inner structure formed. The 20 mM
Ca2+ concentration corresponded to 10 mM under the stan-
dard experimental conditions.

Additional experiments were performed using Mg2+, Sr2+,
and Co2+ instead of Ca2+. The motion observed for Mg2+ was
almost identical to that of Ca2+. In contrast, aggregates
containing Sr2+ and Co2+ did not show the prey–predator be-
havior but showed a similar response to the Ca2+-free experi-
ments of the original system. This suggests that the solubility
of MĲRCOO)2 in the DDAB membrane was strongly affected
by the cation type (M2+).

The mixing ratio of DDAB and oleate changed in the pres-
ence of 10 mM Ca2+. Most of the aggregates were similar to
the OV type when less oleate was used (oleate: 1.5 mM,
DDAB: 4.1 mM, Fig. S2a†). This indicates that OV-type aggre-
gates formed in the absence of oleate or Ca2+. Thus, the com-
plicated inner structure of the VA was formed by the interac-
tion of Ca2+ and oleate in the presence of DDAB. After KI
diffusion, the chemical reaction proceeded and the OVs were
transformed into simple vesicles (Fig. S2b†). The inner vesi-
cles collapsed due to the reaction and appeared to be
adsorbed on the outer membrane. There were fewer aggre-
gates when less DDAB was used (oleate: 3.3 mM, DDAB: 2.3
mM). An irregular change in the aggregates was observed due
to KI diffusion, but a meaningful observation was difficult.
However, this result suggests that the major constituents of
VA and OV are DDAB molecules, and the main chemical reac-
tion for the VA motion is that of DDAB and KI.

A vesicle composed of DDAB migrates three dimensionally
in water when KI is added.16 The vesicle moved in a KI-

Fig. 9 Film formation from the vesicles contained in a moving VA.
Weak incident light was introduced to the fluorescence microscope.
The black arrow indicates the moving direction of the VA. The yellow
arrow indicates the junction of the boundaries of the inner vesicle and
the film. The images shown in the lower panels are enhanced so that
the junction points can be seen.
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containing solution three dimensionally as its size decreased
monotonically. DDAB and KI formed a precipitate by ion ex-
change between Br− and I−. The precipitate formation
proceeded at the outer surface of a vesicle. The precipitates
gathered at a single point on the vesicle surface. This point
was chosen occasionally. Once the precipitation point had
been selected, all precipitates gathered at the point. This
point was positioned at the tail of the moving vesicle. The
gathering of the precipitates caused surface flow of the pre-
cipitates toward the tail of a vesicle. This surface flow in-
duced solvent flow around the vesicle, and the vesicle pro-
pelled itself by momentum conservation. In the present
system, the reaction of DDA+ and I− is considered to form a
film on the glass surface in the presence of oleate and Ca2+.
The film formation may play a similar role to precipitate for-
mation in the previous system.16

In this discussion, the decrease in the solubility of DDA+

plays an essential role in the crawling motion. In general, the
solubility of DDA+ in water decreases with increasing ionic
strength. This suggests that the same crawling motion may
occur under concentrated KBr, which was actually observed
(ESI† Movie S5). When concentrated KBr (1 M) is injected,
the VAs exhibit crawling motion. However, this was not ob-
served when the concentration was 40 mM, which was used
for the KI diffusion experiment. Iodide ions decrease the sol-
ubility of DDA+ more effectively than Br−.

Elucidation of the mechanism of crawling motion would be
difficult without understanding the detailed chemistry of the
VA and the film. In the ESI,† however, we attempted to propose
a possible mechanism for vesicle crawling based on the assump-
tion that VA is composed of numerous dehydrated vesicles.

Summary and perspective

A vesicular aggregate (VA) composed of didodecyldimethyl-
ammonium bromide (DDAB) and oleate exhibited transla-
tional motion by a chemical reaction with KI. The reaction
generated the driving force for motion and decreased the size
of the VA. However, the VA recovered its size by absorbing the
surrounding small and simpler vesicles that had not reacted.
The VA showed sustainable motion as a result of this ‘eating’
behavior. The VA had a complicated inner structure con-
taining lipid molecules. The chemical reaction between I− and
DDA+ inside the VA formed a film that spread over the glass
surface. This film formation drove the VA. The VA then
absorbed smaller vesicles to obtain its motility. Water that had
been contained in the smaller vesicle was excluded by this ab-
sorption process. As a result, the dehydrated smaller vesicle
became a constituent of the moving VA. This is probably the
first example of an abiotic molecular assembly crawling over a
solid substrate via ‘eating’ and waste discharge.

In the future, movement of vesicle-type aggregates can be
exploited by means of a kind of chemical control. If the ag-
gregate is placed on the solid surface where the smaller ones
are placed in line, the aggregate moves along the line, leaving
the film behind it. The onset of this motion is controlled by

a chemical trigger (e.g. KI). This may be used for self-
patterning; the film may form the pattern. As another possi-
bility, the vesicle-type aggregate may be used as a scavenger
that removes lipid aggregates on the solid surface. A similar
system has already been reported with a liquid droplet.20 If a
similar system can be realized with biocompatible chemicals,
it may be applied to clean the wall of blood vessels. The pres-
ent study may become a basis for further intriguing ideas.
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The evolution of spatial ordering of oil drops fast
spreading on a water surface
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The design of dynamically self-assembled systems is of high interest in science and tech-

nology. Here, we report a unique cascade in the self-ordering of droplets accompanied by a

dewetting transition. The dynamic self-emergent droplets are observed when a thin liquid

layer of an immiscible fluorocarbon oil (perfluorooctyl bromide, PFOB) is placed on a water

surface. Due to the gradual evaporation of PFOB, a circular PFOB-free domain appears as a

result of a local dewetting transition. A circular pearling structure is generated at the rim with

the growth of the dewetting hole. As the next stage, linear arrays of droplets are generated in

a radial manner from the centre of the hole. These one-dimensional arrangements then

evolve into two-dimensional hexagonal arrays of microdroplets through collective rhythmical

shrinking/expanding motions. The emergence of such dynamic patterns is discussed in terms

of the nonlinear kinetics of the dewetting transition under thermodynamically dissipative

conditions.
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T
he dynamic self-assembly of locally interacting individual
entities to form patterns with higher-level structures and
complexity plays a fundamental role in nature, science

and technology1–3. In both living and non-living systems,
spatiotemporal patterns are frequently mediated through
various types of interfaces under thermodynamically open
conditions. Collective motion, which is ubiquitous in ensembles
of both primitive organisms and evolved animals, offers
fascinating examples of spatiotemporal patterns, such as those
formed by, for example, colonies of bacteria4, schools of fish5,
flocks of birds6, ungulate herds and even human crowds7, in
which individuals can behave in synchrony. Simple abiotic
synthetic systems that are capable of autonomous coherent
motion are useful for unveiling the underlying mechanisms of
biological collective motion. Since the earliest reports of the
‘camphor dance’8,9, the autonomous motion of solid or solid-like
particles has attracted interest in associated phenomena,
including micromotors such as catalytic particles10,11, AgCl
particles12, self-oscillating responsive polymer gels13, nematic
liquid crystal phases14 and magnetic disks15. With regard to
liquid systems, droplets of partially water-soluble alcohols16,
aniline17 and dichloromethane18, when dissolved at the surface of
water, have been shown to display complex shapes and self-
motility. None of these systems, however, exhibit coordinated
droplet dynamics, which could lead to synchronous collective
movement of the ensemble. Fluorocarbons offer a combination of
unique properties, including quasi-insolubility in water, rapid
spreading on water surfaces, low surface tension and high
volatility with respect to molecular weight, which makes them
effective building blocks for the design of self-assembling systems.

We describe here a series of hitherto unreported phenomena
that occur over time during the dewetting of thin films of a liquid
fluorocarbon (perfluorooctyl bromide (PFOB), C8F17Br) spread
on water. These phenomena include the spontaneous formation
of similarly sized and regularly spaced humps at the fluorocar-
bon’s dewetting front, the chain ejection of linear arrangements of
microdroplets from these humps and the transition from these
one-dimensional (1D) arrangements to two-dimensional (2D)
hexagonal arrays through a shrinking/expanding rhythmical
behaviour. These events are made possible by the distinctive
properties of the selected fluorocarbon, which is essentially
insoluble in water, yet highly volatile and fast spreading. The
observed unique time-dependant dynamic coherent translational
motion that leads to regular ordering of the droplets is interpreted
solely on the basis of a dissipative effect due to evaporation of the
fluorocarbon.

Results
A series of dynamical events of a fluorocarbon droplet. When a
droplet of the selected liquid but volatile fluorocarbon, PFOB, is

deposited on the surface of deionized water, it spreads immedi-
ately over the entire surface due to its positive spreading coeffi-
cient (þ 2.7mNm� 1)19. Surprisingly, the thin layer (film) of
PFOB then spontaneously undergoes a series of dynamical events
that occur in a cascade that culminates with the collective
translation of ensembles of microdroplets (Figs 1 and 2;
Supplementary Movie 1). Chronologically, these events involve
(I) the formation of circular PFOB-free domains (water holes) in
the PFOB film caused by its dewetting; (II) the progressive
upheaval of the rim of these holes (which is the three-phase
circular contact line) to form regularly distributed humps of
PFOB; (III) the rhythmical cascade ejection of microdroplets
from these humps, creating radial 1D alignments; (IV) the
collective translational motion of the microdroplet ensemble
resulting in the formation of regular 2D hexagonal patterns.

To the best of our knowledge, this is the first report of
spontaneous transformation from a 1D array to a 2D array of
microdroplets through coherent motion. This dynamic behaviour
strongly differs from previously reported static orderings, such as
the formation of hexagonal patterns of crystallized polymer
aggregates, generated by a stick–slip sequence of the contact line
during dewetting of the polymer solution on a solid substrate20,
or the hexagonal lattices of monodisperse crystalline
nanodomains formed by (perfluoroalkyl)alkanes on water and
solid substrates21–23.

Formation of liquid fluorocarbon humps around water holes.
At the very initial stage of the experiment, the existence of a thin
film of PFOB covering the entire surface of water demonstrates
that the spreading coefficient of PFOB is indeed positive (Fig. 2b).
During the thinning process caused by the evaporation of PFOB,
the film of PFOB becomes unstable when it becomes thinner than
a critical thickness, which induces a dewetting transition.
A circular water hole is then spontaneously generated within the
film (Figs 1 and 2c). Note that the surface of the hole is not pure
water, but rather is covered by PFOB molecules (nanolayer) as
described later. The formation of holes in a thin oil film, as well as
fragmentation, fingering, pulsation and/or autonomous motions,
is well known when organic solvents such as 1-butanol and
3-octanol16, aniline17 or dichloromethane18 are spread on water.
These phenomena are interpreted in terms of dewetting
instability24. The behaviour of our system is original. As the
hole grows, the rim of the PFOB film starts upheaving, resulting
in the formation of PFOB humps that are regularly distributed
along the periphery of the hole. To the best of our knowledge, the
generation of regularly spaced humps in receding organic solvent
fronts has not been observed previously. Actually, we verified that
a film of a volatile hydrocarbon solvent, cyclohexane, exhibits a
monotonous evaporation process, with the formation of water
holes that grow without the formation of ordered humps until the

1 mm

PFOB

H2O

Figure 1 | Generation of droplets pearling accompanied by a dewetting transition. (a) A thin film of PFOB floating on a water surface yields water

holes decorated with pearling humps caused by the dewetting transition of the film, accompanied by the slow evaporation of PFOB. (b) A critical point

is reached when, during the growth of the hole, the PFOB rim acquires a smaller curvature than that of the humps. (c) This triggers a rhythmical chain

ejection of microdroplets from the humps. (d,e) After the first ejection, humps that are smaller than the initial humps are created and ejected repetitively.

The black dotted line and red arrows represent the contact line between PFOB and water, and the direction in which the contact line recedes, which also

indicates the direction of the growing hole of water. Note that the images (a,b) and (c–e) were obtained from different holes, due to technical reasons.
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film disappears (Supplementary Movie 2). The formation of these
humps at the rim is attributable to the bistability of the PFOB film
height h on the water surface. It can be described as a pearling
instability (Fig. 3). The occurrence of the dewetting transition
implies that the local free energy F(h) of the film exhibits a

maximum at the film’s critical height hc. By considering the
intrinsic property of the dewetting transition, one can expect that
the disjoining pressure PðhÞ ¼ � @F

@h is positive or negative when
h is above or below hc, respectively. Thus, we can expect that the
kinetics of the change in height can be given in a first-order

Dewetting

Hole (water phase covered
by PFOB molecules)

Hump

Circular pearling

Conveyance of humps

PFOB film

Linear pearling (1D ordering)

Microscope

PFOB

Deionized water

Hole

91 mm

Generation of linear array of droplets
Conveyance

of humps

Self-tuning onto hexagonal packing

~10 μm

Figure 2 | Spontaneous dynamic behaviour of PFOB spread on water. (a) PFOB is pipetted onto a water surface. (b) Immediately after contact with water,

it spreads to form a thin film. On the basis of the injection volume (8ml) and the surface area of water (B65 cm2), the thickness of the film can be

estimated to be 1mm. (c,d) As the PFOB gradually evaporates, the system exhibits characteristic pearling phenomena consisting of four successive

non-equilibrium events; event I: a water hole is generated through the evaporation of PFOB molecules and the dewetting transition; event II: fluorocarbon

humps are formed on the rim of the water holes, which causes circular pearling of the droplet array; event III: appearance of a linear pearling (1D array),

where droplets are generated periodically; event IV: (d) a regular hexagonal 2D structure is formed over the entire water surface by rhythmical shrinking

and expanding motion, and remains for a relatively long time as a stable pattern. Finally, the arranged droplets disappear within 20 s due to evaporation.
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Figure 3 | Scheme of the dewetting transition leading to pearling instability. The dewetting transition first causes circular pearling and then linear

pearling. (a,b) Schematic representations of the side view along the circular and radial lines in a hole, which correspond to the blue and red lines in the

top view (c), respectively. F(h) is the free energy of a PFOB film per unit surface area as a function of film thickness h, and the film thickness exhibits

bistability with a maximum at h¼ hc (d)
24. If we begin the experiment with the entire surface covered by a sufficiently thick PFOB film, h4ha, thinning of

the film due to gradual evaporation causes instability and, accompanied by the dewetting transition, a hole appears and grows. Depending on the time

development of the hole, the dewetting transition generates circular and linear pearling, as depicted in the figure. A more detailed explanation of the

pearling instability in these experiments is given in Supplementary Note 1.
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approximation as @h
@t � � @F

@h � h� hcð Þ. Here, the term � @F
@h

corresponds to the disjoining pressure P(h). Thus, near the
critical height, the disjoining pressure exhibits symmetry with
respect to h as follows: P(h)B(h� hc). Along the dewetting line,
the thin film exhibits a severe instability attributable to the
bimodality of the free energy depending on the depth of the film,
that is, positive/negative disjoining pressure. Therefore, the
disjoining pressure symmetry leads to the formation of humps
(for a detailed theoretical interpretation, see Supplementary
Note 1).

1D alignments through periodical ejection of microdroplets.
The spatio-periodically arranged humps generated through
pearling instability evolve to emit radial linear strings of micro-
droplets (Figs 1 and 2c). This behaviour is believed to occur as
follows: as a consequence of hump formation, portions of the rim
located in the vicinity of a hump acquire a highly negative
curvature and tend to show an increase in height by attracting
fluorocarbon oil molecules, thus further contributing to the
instability of the film. This growing instability causes the repeti-
tive, radial ejection of microdroplets from the humps, resulting in
a time- and spatio-periodical 1D repeating pattern. Such 1D
ejection of microdroplets to form a dendritic pattern is a unique
phenomenon, and is different from all previous examples of
the ejection of droplets, such as from drops of fatty alcohols
deposited on water or of dichloromethane on solutions of

cetyltrimethylammonium bromide16,18. In the latter case, the
daughter droplets that are ejected radially from the mother drop
disappear in less than 1 s due to rapid evaporation (vapour
pressure: 47 kPa for CH2Cl2 versus 0.59 kPa for PFOB at 20 �C19)
and the dissolution of CH2Cl2 in water. A seminal difference with
our system is that the CH2Cl2 droplets radiate outwards from the
periphery of the mother droplet onto a practically infinite water
surface, while the fluorocarbon droplets propagate within a finite
water hole that is confined by the fluorocarbon film. Therefore,
our system uniquely provides self-confined conditions that allow
the interactions between droplets to operate and generate close-
packed patterns as described below.

As the microdroplets are continuously ejected in the cascade,
the humps surging at the rim and the ejected droplets become
slightly smaller than those observed during the initial ejection
period (Fig. 4). Figure 4b shows a spatiotemporal diagram of the
repetitive microdroplet ejection pattern that propagates on a
water hole. The time interval between two subsequent ejections is
about 0.2 s, and the ejected droplets are aligned at almost identical
spatial intervals. During repetitive ejection, the droplets move
away from the contact line: the speed of their vectorial motion is
maximal (B0.5mm s� 1) just after ejection and decreases
afterwards. This means that a repulsive force is at work between
the droplets and the rim of the PFOB film. This repulsive force
cannot arise from Marangoni flow25,26, because of the extremely
low solubility of PFOB in water (B5� 10� 9mol l� 1)19.
Actually, the surface tension of water saturated with PFOB
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Figure 4 | Transformation from 1D linear pearling to 2D hexagonal regularity. (a) Linear alignments of numerous regularly spaced droplets are

produced by repetitive ejection. The contact line between PFOB and water (black dotted line) is a cycloid-like curve. Blue dashed lines represent typical

trajectories of the projection points of the contact line. Red arrows show the direction in which the PFOB/water surface recedes. This demonstrates that

microdroplets are ejected from projection points of the contact line to form 1D arrays. (b) Spatiotemporal diagram of 1D linear pearling is prepared along a

red diagonal line in box I. (c) Spontaneous transformation from 1D linear pearling to a 2D hexagonal regular lattice in box II. To clarify the nature of the

changes over time, the droplets are assigned different colours, indicating rearrangement from 1D to 2D hexagonal. Insets in snapshots at 11.0 and 15.5 s

show the 2D Fourier transforms of the pattern. Times displayed on the figures represent the elapsed times after the injection of a PFOB droplet.
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(measured after the deposition of a PFOB droplet at the bottom of
a water-filled cell) is essentially identical (B72mNm� 1) to the
surface tension of pure water at 25 �C. Thus, we consider that the
repulsive force is attributable to the outward 2D flow caused
by dewetting transition together with gradual evaporation. The
detailed mechanism is described in the next section.

Collective motion of microdroplets generating 2D ordering.
Our fluorocarbon oil/water system offers the remarkable capacity
to spontaneously confine a population of droplets with a long
lifetime in a closed space. As shown in Fig. 4c, the microdroplets
that are initially aligned in a 1D pattern (10.5–13.0 s) rearrange to
form a regular 2D hexagonal pattern (13.0–15.5 s). Insets in
snapshots at 11.0 and 15.5 s show images of the 2D Fourier
transforms of the pattern, demonstrating that the linear and
hexagonal pattern is not local. The extent of the hexagonal
ordering may appear modest on the figures because they are
snapshots on a dynamic behaviour. Supplementary Movie 1
shows clearly that the droplets self-organize into a hexagonal
ordering under large dynamical fluctuations, revealing that the
self-organization is accompanied by rhythmical shrinking and
expanding translational movements reminiscent of those of flocks
of birds (Supplementary Fig. 1). Remarkably, contact between
droplets and subsequent coalescence have never been observed to
occur during their lifetime. This suggests that each droplet has an
excluded area around itself that induces mutual repulsion. The
existence of this excluded area is more easily appreciated at a
lower temperature (10 �C). Each droplet shows rapid translational
movement (B8mms� 1, corresponding to B200 body lengths
per sec) (Supplementary Movie 3). When two droplets get close to
each other (B100mm distance, only 3 body lengths), they start

repelling each other. As a result, the direction of translational
motion undergoes a rapid change, despite the droplet’s high
speed, to avoid collision.

The mechanism that underlies the generation of the regular 2D
hexagonal pattern is understood to be as follows: instead of being
dissolved in water, the PFOB molecules contained in a droplet
actually spread to form a fluid nanolayer floating on the water
surface around the droplet. Simultaneously, this nanolayer
evaporates slowly into air. As a result, the nanolayer spreads
over a certain area that has a characteristic length scale. This scale
is determined by the balance between the supply of PFOB
molecules coming from the droplet and their evaporation from
the nanolayer. Such evaporation maintains a flow in the
nanolayer that is directed outwards. This type of repulsion, due
to the intrinsic nature of dewetting transition, is also at work
between droplets and the rim of the film, which drives the
periodical ejection. Collision between the flows of the nanolayers
issued from two neighbouring droplets will transform the kinetic
energy per unit volume into pressure. This pressure would cause
the observed repulsive force arising between droplets. Actually,
when we covered the Petri dish with a glass plate just after having
spread PFOB to reduce evaporation rate, the ordering of droplets
became more irregular than that without the plate (Fig. 5a,c). This
demonstrates that the driving forces for the formation of the
dynamic pattern are not of thermodynamic origin (such as
depletion force, for example), as they cannot operate in the
absence of evaporation-generated motion, but are rather driven
by nonlinear kinetics of the dewetting transition and evaporation
under thermodynamically dissipative conditions. The rates of
surface-spreading and evaporation of the fluorocarbon around a
certain droplet can be evaluated as follows: the flow rate supplied
by a droplet onto the surface is proportional to the length of a
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Figure 5 | Rates of surface-spreading and evaporation of the fluorocarbon. (a) A Voronoi diagram of an example of a shrinking hexagonal pattern;

seed points are set to be the centre of gravity of each droplet. (b) The relationship between droplet radius r and surface area of Voronoi domains

SVor , as obtained from a. Dark-blue circles show data points that have the minimum SVor in the particular range of droplet radius (interval of log-scaled

radius: D(log10 r)¼ 1/30). (c,d) Results of a control experiment where evaporation rate is reduced by covering a Petri dish with a glass plate.
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contact line between the PFOB layer and the water surface
(p2pr, where r is the radius of the droplet), while the rate of
evaporation is proportional to the surface area of the nanolayer
(pS, where S is the area of the nanolayer). Considering a quasi-
steady state where both rates are balanced, the area of the
nanolayer is proportional to the radius of the droplet (Spr). It is
technically difficult to precisely evaluate the excluded area
generated by a droplet. Nevertheless, we estimated this area
based on a Voronoi diagram (Fig. 5a). The relationship between
the radii of the droplets and the area of their individual Voronoi
domains is shown in Fig. 5b. The red line in Fig. 5b demonstrates
that the minimum size (marked by dark-blue circles) of the
Voronoi domain linearly correlates with the droplet radius. This
threshold value is thought to correspond to the excluded area of
the nanolayer, while the threshold value when we covered the
Petri dish is equivocal (Fig. 5d). This correlation supports the
validity of our proposed mechanism based on evaporation-
induced flow within the nanolayer (Spr).

Discussion
We describe a new synthetic system for the spontaneous creation
and dynamic self-assembly of fluorocarbon droplets on water.
This ensemble of droplets undergoes a transformation in a
confined space between 1D arrays of microdroplets and 2D
hexagonal arrays through periodical collective motion. This
results in the formation of a hexagonal pattern that shows a
unique collective cyclic shrinking and expanding behaviour,
reminiscent of a flock of birds. These dynamics can be attributed
to repulsive force between the droplets. An evaporation-induced
surface flow, which is a quasi-2D flow of a PFOB nanolayer on
the surface of water, may account for this phenomenon. This
simple synthetic system that exhibits spatiotemporal behaviour
appears to mimic collective behaviours found in nature and may
serve as a model for the study of dynamically assembled systems.
Furthermore, liquid fluorocarbons are generally immiscible with
most organic solvents. Their characteristics are expected to
provide new strategies for the design of systems of hybrid
particles composed of mutually immiscible liquids that are
expected to show novel non-equilibrium behaviour.

Methods
Chemicals. PFOB, C8F17Br, was obtained from Alliance Pharmaceutical Corp.
(San Diego, CA) and thoroughly purified by repeated distillations and alumina
column treatment.

Observation of the dynamic behaviour of a PFOB droplet. A droplet of PFOB
(8ml) was deposited on the surface of deionized water (30ml) in a Petri dish with a
diameter of 91mm (Fig. 2a). PFOB floats on water, even though PFOB is more
dense (1.9 gml� 1) than water, because the high interfacial tension overcomes the
growth of Rayleigh–Taylor instability. The behaviour of droplets was monitored
at room temperature (20–25 �C) using an optical microscope (VX-6,000/5,000,
Keyence Corp.) equipped with a universal zoom lens (VH-Z20UW, Keyence
Corp.).
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Branched-Chain Polyamine Found in Hyperthermophiles
Induces Unique Temperature-Dependent Structural
Changes in Genome-Size DNA
Takashi Nishio,[a] Yuko Yoshikawa,[a] Wakao Fukuda,[b] Naoki Umezawa,[c] Tsunehiko Higuchi,[c]

Shinsuke Fujiwara,[b] Tadayuki Imanaka,[d] and Kenichi Yoshikawa*[a]

A pentavalent branched-chain polyamine, N4-bis(aminopropyl)-

spermidine 3(3)(3)4, is a unique polycation found in the

hyperthermophilic archaeon Thermococcus kodakarensis, which

grows at temperatures between 60 and 100 8C. We studied the

effects of this branched-chain polyamine on DNA structure at

different temperatures up to 80 8C. Atomic force microscopic

observation revealed that 3(3)(3)4 induces a mesh-like structure

on a large DNA (166 kbp) at 24 8C. With an increase in

temperature, DNA molecules tend to unwind, and multiple

nano-loops with a diameter of 10–50 nm are generated along

the DNA strand at 80 8C. These results were compared to those

obtained with linear-chain polyamines, homocaldopentamine

3334 and spermidine, the former of which is a structural isomer

of 3(3)(3)4. These specific effects are expected to neatly concern

with its role on high-temperature preference in hyperthermo-

philes.

1. Introduction

Polyamines are found in all living organisms, where they play

important roles in many cellular processes including cell growth

and proliferation.[1–3] The most commonly occurring natural

polyamines are putrescine [2+], spermidine [3+] and spermine

[4+], all of which have a linear chain structure. Linear

analogues of these polyamines, such as norspermidine [3+],

norspermine [4+], thermospermine [4+] and homocaldopent-

amine [5+], which differ with regard to the length and

arrangement of CH2 spacers and valency, are also found in

various organisms.[4,5] It is known that polyamines induce DNA

condensation/compaction because of their polycationic nature

at physiological pH.[6] A number of in vitro studies have

investigated the physicochemical mechanism of polyamine-

induced DNA condensation/compaction.[7–25] These in vitro

studies shed some light on the manner of packing of DNA in

living systems.[26,27]

Recently, it was reported that a hyperthermophilic archaeon

microorganism, Thermococcus kodakarensis, synthesizes a

unique branched-chain polyamine N4-bis (aminopropyl)spermi-

dine 3(3)(3)4 that has not been found in other microorgan-

isms.[28,29] T. kodakarensis grows at temperatures between 60

and 100 8C, with an optimum growth temperature of 85 8C.[30]

Interestingly, synthesis of the branched-chain polyamine

3(3)(3)4 increases with an increase in the growth temper-

ature.[28] Therefore, this branched-chain polyamine may be a

key molecule for survival in high-temperature environments.[28]

We previously investigated the effects of branched- and

linear-chain polyamines on the higher-order structure of

genome-size DNA at room temperature by the use of

fluorescence microscopy and atomic force microscopy (AFM).[31]

We found that branched-chain polyamines tend to induce a

meshwork assembly of randomly oriented DNA fibers, whereas

linear-chain polyamines cause a parallel alignment between

DNA segments.[31] Circular dichroism (CD) measurements re-

vealed that branched-chain polyamines induce the A-like form

in the secondary structure of DNA, while linear-chain poly-

amines have only a minimal effect.[31]

Here we extended this work by focusing on the temper-

ature-dependence of the interactions of polyamines with DNA.

We evaluated the temperature-dependent effect of a pentava-

lent branched-chain polyamine, 3(3)(3)4, on DNA structure. The

results were compared to those obtained with linear-chain

polyamines, spermidine SPD and homocaldopentamine 3334

which is a structural isomer of 3(3)(3)4. Their chemical

structures are shown in Scheme 1. We used a genome-size

DNA, T4 GT7 DNA (166 kbp), to monitor the change in

conformation by AFM observation. It has been shown that the

size or length of DNA molecules is a critical determinant

governing their overall morphological features.[32–36] Teif re-

ported that long enough DNA molecules can collapse into

compact globules with various shapes such as a toroid or rod,
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while DNA fragments shorter than the persistence length do

not form such ordered structures.[34]

2. Results and Discussion

2.1. AFM Observation of the Higher-Order Structure of DNA
at Room Temperature

Figure 1 shows typical AFM images of T4 GT7 DNA in the

presence of linear- or branched-chain polyamines on a mica

surface at 24 8C. The mica surface was not pretreated with any

polycations such as magnesium or SPD before the application

of a droplet of sample. In this experiment, we adopted 200 mM

SPD, 5 mM 3334 and 3 mM 3(3)(3)4 as the polyamine concen-

trations based on the results obtained through a single

molecule observation by fluorescence microscopy (see Support-

ing Information). The average long-axis length of DNA was ca.

0.4 mm for all polyamines (Figure S1 in the Supporting

Information). We have confirmed that the degree of shrinking

on the higher-order structure of DNA molecules are essentially

the same under the conditions of 200 mM SPD, 5 mM 3334 and

3 mM 3(3)(3)4. Figure 1a shows an elongated conformation of

DNA in the presence of a low concentration of SPD (10 mM) as a

control observation. In the presence of a linear-chain poly-

amine, SPD (200 mM) or 3334 (5 mM), DNA molecules with

multiple loops tend to crossover at the same point and produce

flower-like structures (Figures 1b–1e). Similar DNA conforma-

tions induced by SPD were reported by Fang and Hoh.[37] On

the other hand, in the presence of 3 mM 3(3)(3)4, a mesh-like

structure with a number of crossings or bridges appears. In

other words, DNA segments are aligned parallel to each other

in the presence of a linear-chain polyamine but are randomly-

oriented in the presence of a branched-chain polyamine. This

difference between linear- and branched-chain polyamines is in

good agreement with our previous result.[31] To compare the

frequency of crossings in the presence of linear- and branched-

chain polyamines, we calculated the number of crossings per

1 mm, x, from AFM images based on the method of analysis

depicted in Table 1. We counted the number of crossings N for

the total length L of DNA for the region where the density of

DNA segments is not so high and is similar among AFM images

with different polyamines. The number of crossings per 1 mm is

thus obtained as x ¼ N=L. From the data shown in Table 1, the

degree of crossing for 3(3)(3)4 is more than twice those for SPD

and 3334.

2.2. Temperature-Dependent Changes in the Higher-Order
Structure of DNA Observed by AFM

Figure 2 shows AFM images of DNA in the presence of

polyamines on a mica surface at 50 8C; DNA molecules tend to

Scheme 1. Chemical formulas of linear- and branched-chain polyamines
examined in the present study.

Figure 1. AFM images of T4 DNA in the presence of polyamines at 24 8C: (a)
control image at a low concentration, 10 mM SPD.; (b) and (c) 200 mM SPD;
(d) and (e) 5 mM 3334; (f) and (g) 3 mM 3(3)(3)4. Scale bar: 1 mm. The DNA
concentration is 0.5 mM in nucleotide units.
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unwind with increasing temperature. As the temperature rose

to 80 8C, there was a marked difference between DNA

structures induced by linear- and branched-chain polyamines

(Figures 3–5). Especially, the unwounded parts in 3(3)(3)4-

induced structure are noted (Figures 5b and 5c). The high-

magnification AFM image in Figure 5d clearly indicates that

multiple nano-loop structures with diameters of 10–50 nm are

formed along the DNA strand in the presence of 3(3)(3)4. Such

structural features at 80 8C generated by 3(3)(3)4 may be related

to its ability to enhance the thermal stability of DNA. The

observed nano-looping conformation is similar in size to the

inner diameter of a toroid in the tightly folded state of DNA,

Table 1. Degree of entanglement x, for a DNA chain evaluated from AFM
images, where x represents the number of crossings per 1 mm of DNA
chain as depicted schematically in the lower part.

Polyamine x[mm�1] L/S [mm�1]

SPD 5.8�0.2 62.7�2.2
3334 5.7�0.4 59.4�5.8
3(3)(3)4 11.5�0.3 63.7�4.0

x: number of crossings per 1 mm N: number of crossings,
L: total length [mm], S: area [mm2]

Figure 2. AFM images of T4 DNA in the presence of polyamines at 50 8C: (a)
200 mM SPD; (b) 5 mM 3334; (c) 3 mM 3(3)(3)4.

Figure 3. AFM images of T4 DNA in the presence of 200 mM SPD at 80 8C: (a)
wide scan image; (b) and (c) enlarged images.

Figure 4. AFM images of T4 DNA in the presence of 5 mM 3334 at 80 8C: (a)
wide scan image; (b) and (c) enlarged images.
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where the outer diameter is 50–80 nm.[32–36] Here, we will

roughly estimate the energy cost for the formation of such a

nano-loop structure. It has been well established that the

persistence length, Lp, of double-stranded DNA is around

50 nm.[38] Under the Hooke’s law, the bending elastic constant,

B, has the following relationship with Lp .
[39]

B ¼ kBTLp ð1Þ

where kB is Boltzmann constant and T is absolute temperature.

Thus, the energy cost, DE, to form a loop with diameter D is

given as in Eq. (2).

DE ¼ 2pB=D ¼ 2pkBTLp=D ð2Þ

From this relationship, the energy cost to form a loop of

D ¼ 10 nm (with ca. 100 bp DNA or with ca. 200 phosphate

groups) is estimated to be 10pkBT ð� 80 kJ=molÞ. It is

considered that stabilization energy caused by the binding of a

single polyamine to phosphate groups is in the order of

10 kJ=mol or more. Thus, an energy cost of 10pkBT to form a

10 nm loop is regarded to be within the range of stabilization

energy that can be afforded through the binding of plural

number of branched-chain polyamine to the nano-loop.

2.3. Effect of Temperature on the Secondary Structure of
DNA as Evaluated by CD Measurements

Figure 6 shows the effect of temperature on CD spectra of calf

thymus DNA in the presence of linear- and branched-chain

polyamines. The CD spectra with different polyamine concen-

trations were given in the Supporting Information (Figure S2).

Without polyamine, the CD signals at 240 nm and 275 nm

decreased with an increase in temperature to 80 8C, indicating
the occurrence of a helix-coil transition (Figure 6a). In the

presence of the linear-chain polyamine, SPD, the profiles of CD

spectra remained essentially the same from 20 8C to 80 8C,
indicating that the secondary structure retains the B-form even

at 80 8C. (Figure 6b). This is due to the protective effect of

polyamines against the thermal helix-coil transition. The linear-

chain polyamine, 3334, was also associated with minimal

changes in the CD spectra (Figure 6c). On the other hand, the

branched-chain polyamine, 3(3)(3)4, induced a transition from

B-form to A-like form DNA characterized by a higher intensity

of the positive band at 275 nm over a wide range of temper-

atures (Figure 6d).[40] To better understand the changes in the

CD spectrum induced by an increase in temperature, we

calculated the difference in ellipticities at 275 nm, Dq, between

ellipticities obtained in the absence of polyamine, q0 and those

obtained in the presence of polyamines, qr as defined by the

following equation:

Dq ¼ ðqr � q0Þ ð3Þ

The change in Dq at 275 nm depending on the temperature

is depicted in Figure 6e, which shows a marked change in CD

with the addition of 3(3)(3)4 even at 20 8C. The value Dq tends

to increase slightly with an increase of temperature in the

presence of 3(3)(3)4. In contrast, the minimal effect of the linear

polyamines, SPD and 3334, indicates that the secondary

structure retains the B-form even under high temperatures. It

was reported that a virus that infects a hyperthermophile,

which lives at 80 8C and pH 3, encapsidates A-form DNA.[41,42]

Whelan et al. suggested that the A-form is prevalent in cells

under stress based on observations of live bacteria by FTIR

spectroscopy.[43] At present, the mechanisms underlying the

change from the B-form to A-like form of DNA induced by the

branched-chain polyamine 3(3)(3)4 remain unclear, but the

preference for the A-like form over the B-form at higher

temperatures suggests that the A-like form is associated with

thermal resistance.

3. Conclusions

Past studies showed the effect of various polyamines on

thermal stability of DNA oligonucleotides.[44,45] Here we used a

large genome-size DNA (166 kbp) and showed that the

branched-chain polyamine induces a unique temperature-

dependent structural change. To the best of our knowledge,

this is the first report to investigate the effect of polyamines on

the higher-order structure of large DNA with increasing temper-

ature up to 80 8C. In addition, the branched-chain polyamine

induces the secondary structural change from B-form to A-like

form that is more marked at higher temperatures. These effects

are specific to the branched-chain polyamine and are clearly

different from the effects of linear-chain polyamines. These

findings in the present study will provide additional insights

not only on thermo-adaptation but also on understanding the

Figure 5. AFM images of T4 DNA in the presence of 3 mM 3(3)(3)4 at 80 8C:
(a) wide scan image; (b) and (c) enlarged images; (d) magnified image of the
red square in (c), where arrows indicate the appearance of nano-loops.
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mechanism how hyperthermophiles maintain their genetic

activity under high temperature environments.

Experimental Section

Materials

Spermidine SPD was purchased from Nacalai Tesque (Kyoto, Japan).
Homocaldopentamine 3334 and N4-bis(aminopropyl)spermidine
3(3)(3)4 were synthesized according to a previous report.[31] Calf
Thymus DNA (CT DNA: 8–15 kbp) was purchased from Wako Pure
Chemical Industries (Osaka, Japan). T4 GT7 phage DNA was
purchased from Nippon Gene (Toyama, Japan). Other chemicals
were analytical grade and obtained from Nacalai Tesque.

AFM Observations

AFM measurements were performed with an SPM-9700 (Shimadzu,
Kyoto, Japan). For the preparation of sample specimens, 0.5 mM T4
DNA was dissolved in 1 mM Tris-HCl buffer solution at pH 7.5.
Polyamines were then added to the solution. The resulting DNA

solution was incubated at the target temperature for 3 min. Freshly
cleaved mica was also incubated at the same target temperature.
The DNA solution was then transferred onto the mica surface and
was stood for 10 min at room temperature (24 8C). Subsequently,
the sample was rinsed with ultra-pure water, dried with nitrogen
gas and imaged by AFM. All measurements were performed in air
using the tapping mode. The cantilever, OMCL-AC200TS-C2
(Olympus, Tokyo, Japan), was 200 mm long with a spring constant
of 9–20 N/m. The scanning rate was 0.4 Hz and images were
captured using the height mode in a 512�512 pixel format. The
obtained images were plane-fitted and flattened by the computer
program supplied with the imaging module.

CD Measurements

CD spectra of CT DNA upon heating were measured in the
presence of each polyamine in 1 mM Tris-HCl buffer (pH 7.5) on a J-
720W spectropolarimeter (JASCO, Tokyo, Japan). The DNA concen-
tration was 30 mM in nucleotide units for all of the CD measure-
ments. The cell path length was 1 cm. Data were collected every
1 nm between 220 and 340 nm at a scan rate of 100 nm/min, and
were accumulated 3 times.

Figure 6. CD spectra of calf thymus (CT) DNA at different temperatures in the presence of polyamines. The black broken line in (b), (c) and (d) indicates the CD
spectrum at 20 8C in the absence of polyamine. The concentration of CT DNA is 30 mM in nucleotide units.
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Very Important Paper

Specific Spatial Localization of Actin and DNA in
a Water/Water Microdroplet: Self-Emergence of a Cell-Like
Structure
Naoki Nakatani,[a] Hiroki Sakuta,[a] Masahito Hayashi,[b, d] Shunsuke Tanaka,[b]

Kingo Takiguchi,*[b] Kanta Tsumoto,*[c] and Kenichi Yoshikawa[a]

The effect of binary hydrophilic polymers on a pair of repre-
sentative bio-macromolecules in a living cell has been exam-

ined. The results showed that these bio-macromolecules exhib-
ited specific localization in cell-sized droplets that were sponta-

neously formed through water/water microphase segregation

under crowding conditions with coexisting polymers. In these
experiments, a simple binary polymer system with poly(ethyl-

ene glycol) (PEG) and dextran (DEX) was used. Under the con-
ditions of microphase segregation, DNA was entrapped within

cell-sized droplets rich in DEX. Similarly, F-actin, linearly poly-
merized actin, was entrapped specifically within microdroplets

rich in DEX, whereas G-actin, a monomeric actin, was distribut-

ed evenly inside and outside these droplets. This study has
been extended to a system with both F-actin and DNA, and it

was found that DNA molecules were localized separately from
aligned F-actin proteins to create microdomains inside micro-

droplets, reflecting the self-emergence of a cellular morpholo-
gy similar to a stage of cell division.

Living cells keep a highly crowded cellular cytoplasm with 30–
40 wt/wt% of cellular materials, such as DNA, RNA, and a rich

variety of proteins.[1] Macromolecular assemblies, such as poly-
nucleotides and cytoskeletons, are dynamically arranged in a

self-organized manner during the cell life cycle to contribute
to various biological functions, including cell motility, morpho-

genesis, and division, as well as the spatial arrangement and
migration of organelles. It is generally considered that the sys-

tematic localization of cytoskeletal networks and the manner
of polymerization is controlled by regulatory factors deter-

mined by genetic material. Various actin-binding proteins have

been found to play a role in actin network systems, through
polymerization/depolymerization, resulting in the constitution

of either a backbone structure or skeleton inside cells.[2]

Recently, it has been suggested that the crowded cellular

environment plays a fundamental role in the construction of
subcellular organelles and granules, as well as in the cellular

morphology, that is, liquid droplets (cytoplasmic bodies) con-

sisting of RNA and proteins,[3] assembly of the bacterial cyto-
skeleton protein FtsZ,[4] and cytoskeletal networks.[5] Interest-

ingly, it is becoming clear that these systems lack specific regu-
latory factors, which suggests that subcellular structures are

generated spontaneously under nonspecific environmental fac-
tors in a self-organized manner under the crowded conditions

of the cytoplasm. Studies to unveil the fundamental mecha-

nism of intracellular self-organization under certain environ-
ments are expected to shed light on the fundamental un-

solved problem of life: how can individual cells undergo ap-
propriate differentiation in the right location under the same

genetic information?
Herein, we report the characteristic behavior of DNA and/or

actin in a simple binary hydrophilic polymer system, poly(ethyl-

ene glycol) (PEG)/dextran (DEX), as a simple model of a cyto-
plasmic solution or intracellular fluid crowded with polymeric

molecules. If the two polymers were mixed at certain concen-
trations, cell-sized water/water (w/w) microdroplets (referred to

herein as cell-sized aqueous/aqueous microdroplets, CAMDs),
with diameters ranging from 10 to 100 mm, emerged and were
sustained for more than several hours (Figure S1 and Table S1

in the Supporting Information).[6] The interior and exterior of
CAMDs were occupied by DEX and PEG solutions, respectively.

PEG is a flexible polymer and DEX is a branched polymer with
a stiff backbone, and thus, they constitute a binary aqueous

two-phase system (ATPS), which exhibits liquid–liquid phase
separation (LLPS).[7] Because the CAMDs apparently provide

cell-like crowded microenvironments, we have tried to exam-

ine whether microcompartmentalization has exotic effects on
the behavior of fundamental bio-macromolecules, such as

DNA and actins.
Figure 1 shows confocal laser scanning microscopic images

of CAMDs in the presence of DNA molecules. Figure 1A reveals
that fluorescence-labeled short single-stranded DNAs (11-mers)
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are distributed evenly inside and outside of CAMDs. In con-

trast, long DNAs (l-DNA, 49 kbp) are distributed homogene-
ously inside DEX-rich CAMDs (Figure 1B). Thus, it is evident

that CAMDs can entrap long DNA chains in a selective manner.

Such selective entrapment of long DNA is attributable to the
difference in the manner of packing of crowding polymers

between PEG and DEX, that is, nanosized void space exists in
the DEX-rich phase because of its stiff backbone and branched

conformation, whereas the PEG-rich phase is fully occupied
with flexible chains.[8] For double-stranded DNA with a diame-

ter of about 2 nm, the persistence length is known to be
around 170 bp, corresponding to about 50 nm. Thus, l-DNA
behaves as a semiflexible polymer chain. It has been reported
that such long DNA molecules are compressed to form a com-

pact state and/or align in a liquid-crystalline-like condensate
under crowded conditions with a flexible polymer, such as

PEG.[9] In contrast, it is expected that a semiflexible DNA chain
can penetrate into the nanosized void space under crowded
conditions with DEX. On the other hand, short oligomeric

single-stranded DNA has no preference for a phase rich in
either PEG or DEX because it is so small.

Figure 2 shows the distributions of actin molecules in solu-
tions with CAMDs. Using a confocal laser scanning microscope
(CLSM), we observed that an actin monomer, G-actin, was de-
localized evenly outside and inside the droplets (Figure 2A). In

contrast, a polymerized actin, F-actin, was distributed homoge-
neously inside DEX-rich CAMDs (Figure 2B). Here, actins were
induced to polymerize through the addition of potassium chlo-

ride, and their lengths were between 1 and 30 mm. Figure 2C
shows the specific localization of the bundled state of F-actin

(bundled F-actin), which was caused by the addition of magne-
sium ions.[10] In contrast to F-actin in a dispersed state, as in

Figure 2B, F-actin bundles tend to be located at the interface

between the PEG- and DEX-rich phases. If much higher con-
centrations of MgCl2 were added, F-actins formed a cluster of

Figure 1. DNA localization in CAMDs in the presence of 5.0 wt% PEG and
5.0 wt% DEX observed by a confocal laser scanning microscope (CLSM).
A) Single-stranded DNAs (undecamers, 21 mm in nucleotide units) were dis-
tributed homogeneously inside and outside DEX-rich CAMDs. Oligomer
DNAs had been labeled with 3’-TAMRA. B) Long double-stranded l-DNAs
(49 kbp, 38.5 mm in nt units) were observed only for DEX-rich CAMDs, and
were specifically localized inside the droplets. l-DNA was labeled with Gel-
Green. Fluorescence profiles along the dashed lines in the DNA fluorescence
images (middle panels in A-i and B-i) are shown in A-ii and B-ii, and schemat-
ic representations are depicted to illustrate how both DNA molecules are lo-
cated in the PEG/DEX phases (A-iii and B-iii). Scale bars: 50 (A-i) and 100 mm
(B-i). (See Tables S2 and S3 for detailed information regarding the condi-
tions.)

Figure 2. Actin is localized in CAMDs depending on the state of actin poly-
merization. All CLSM images were acquired with PEG/DEX (5.0 wt% each)
and an actin concentration of 9.0 mm with 1.0 mol% Alexa Fluor 546-labeled
actin. A) G-actins were distributed homogeneously inside and outside of
DEX-rich CAMDs. B) Polymerized F-actins, generated by the addition of
40 mm KCl, were entrapped in DEX-rich CAMDs. C) Bundled F-actins, gener-
ated by the addition of 2.0 mm MgCl2, were located at the surface of DEX-
rich CAMDs, and simultaneously F-actins existed inside the droplets. Scale
bar: 50 mm. (See Tables S4, S5, and S6 for detailed information regarding
each condition.)
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large bundles that appeared to form a cytoskeletal network,
and the cluster was entrapped near the periphery of DEX-rich

CAMDs (Figure S2). Interestingly, such bundled F-actin caused
deformation of the interface, which was not observed for ex-

periments with G-actin and was less frequently observed with
F-actin in a dispersed state. Actin plays important roles in cell

motility and morphological development,[11] and can transform
giant liposomes, which are considered to be artificial mem-
brane vesicles, through its interaction with the surface of lipid

bilayers.[12] The present observation of the deformation of the
interface of CAMDs implies that actin, by nature, plays a role in
the development of the morphology of interfaces of soft
matter by modulating tension through its accumulation on the

surface.

Based on the systematic observation by microscopy, we de-
duced a phase diagram for the changes in the distribution and

polymerization state of actins in CAMDs with different concen-
trations of KCl and MgCl2 (Figure 3). It has been well estab-

lished that, in bulk in vitro solution, actin polymerizes into fila-
ments in the presence of KCl (30 mm or more) or MgCl2 (a few

mm or more), and F-actins form bundles by paracrystal forma-
tion in the presence of 10 mm or more of MgCl2.

[10] In our ex-
periments with the crowded solution of PEG/DEX, interestingly,

the threshold concentration of KCl to induce actin polymeri-
zation decreased by about one order of magnitude (Fig-
ure 3A), and the threshold concentration of MgCl2 to cause
bundling of F-actin decreased to about one-third (Figure 3B).

This is attributable to a cooperative effect between the restrict-
ed localization of actin into the DEX-rich CAMDs, as a result of

its polymerization and facilitation of polymerization by accu-

mulation due to restricted localization.
Based on the above-mentioned observations of specific lo-

calization and/or morphological changes of DNA or actin, we
conducted an experiment in which long DNA and F-actin co-

existed within the solution of PEG/DEX with CAMDs. Figure 4
exemplifies the results for the condition in which F-actin is

dispersed inside DEX-rich CAMDs, as in Figure 2B, and long

double-stranded l-DNA is entrapped therein, as in Figure 1B.
We found that the entrapped DNA and F-actin assembled in a

separate manner inside the droplet, that is, segregation be-
tween pair of different biopolymers was caused spontaneously.

Observation by polarization microscopy, as in the lower-right
panel in Figure 4, indicates that F-actin was assembled in paral-

lel with some ordered (nematic) alignment. As a result, long

DNAs might be located separately to form discrete domains
within CAMDs in a self-organized manner. We sometimes ob-

Figure 3. Phase diagrams for the localization and morphological state of
actin, depending on the concentrations of A) actin and KCl, and B) MgCl2. In
B), the concentration of actin was fixed at 6.0 mm. Crosses indicate the pa-
rameter area for even distribution inside and outside CAMDs (as shown in
Figure 2A). The black and gray circles in A) show the localization of dis-
persed F-actin inside CAMDs (as in Figure 2B). The conditions indicated by
closed circles caused actin localization soon after sample preparation,
whereas under the conditions indicated by gray-filled circles, several tens of
minutes were required for actin localization and the reproducibility of the
results was relatively low. The open diamonds show the localization of bun-
dled F-actin at the interface, which causes deformation of the droplets (as in
Figure 2C). The open circles indicate the clustering of bundled F-actin inside
CAMDs (as shown in Figure S2).

Figure 4. Specific localization of long DNA (l-DNA) and F-actin in DEX-rich
CAMDs. Fluorescence microscopic images of DNA (GelGreen), actin (Alexa
Fluor 546), and those merged are shown, together with observations by po-
larization microscopy (four panels on the left). Images were acquired under
conditions of 120 mm l-DNA, 10 mm actin, and 4.0 mm KCl. F-actins were
observed to be in a nematic liquid-crystal state in the center of DEX-rich
CAMDs, and DNA molecules appeared to be segregated from the center. In
other words, long DNAs are compressed by the aligned F-actin region, as il-
lustrated schematically (right). Scale bar: 100 mm. (See Table S8 for detailed
information regarding the conditions.)
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served that entrapped DNAs and actins failed to be segregated
in the CAMDs; this suggested that the phenomenon may

occur within only a certain range of conditions and further in-
vestigation is awaited on the regime at which the microstruc-

tures emerge. Actin has also been found in the cell nucleus,
and its physiological significance and role are still enigmatic,

despite vigorous research.[13] The nuclear actins have been
argued in the context of maintenance of LLPS structures occur-
ring in nuclei of actual cells.[14] The result observed herein

would help to clarify these hypotheses. Even without DEX or
PEG, long DNA and F-actin can show phase separation.[15] How-
ever, in order to induce the local phase separation of DNA and
F-actin in the bulk solution, the concentration of F-actin has to

be at least about tenfold higher than that in the present
result ; otherwise, DNA and F-actin should be confined to a

space with a diameter comparable to that of the F-actin

length.
In summary, in the presence of binary polymers (PEG/DEX),

1) both semiflexible long DNAs (l-DNAs) and F-actin proteins
were spontaneously localized within CAMDs, in contrast to the

observations with short DNAs and G-actin proteins, which
were distributed evenly both inside and outside of the drop-

lets ; 2) actin proteins exhibited various localizations in CAMDs

if they had different polymerization states (monomer, fiber,
and bundle), depending on the salt concentrations without

proteinaceous regulatory factors; and 3) long DNAs and F-
actin, if they coexisted in the same CAMDs, exhibited micro-

segregation to form domains. To our surprise, despite the sim-
plicity of the system, PEG/DEX CAMDs, or self-emergent micro-

compartments under crowding, could exhibit primitive proto-

cell-like morphologies based on the nature of the biopolymers:
first, actin proteins can deform the surfaces of CAMDs as they

act on cell membranes; second, the bipolar localization of long
DNAs, possibly due to the exclusion of aligned F-actins, may

also imply a primitive function of cytoskeletal proteins to gen-
erate intracellular structures. Because macromolecular crowd-

ing regulates biochemical activities,[16] such confined micro-

compartments under macromolecular crowding are expected
to change both the physicochemical properties and localiza-
tion of entrapped proteins,[17] and biological functions, such as
enzymatic activities.[18] Herein, we found that polymerization
and bundling of actin in CAMDs were induced at much lower
cation concentrations than that in typical aqueous medium in

the absence of a crowding polymer. In the discipline of bio-
chemistry, it is usually assumed that specific key–lock interac-
tions determine the structure and function of living cells. How-
ever, the present results suggest that nonspecific environmen-
tal factors under confined crowding conditions may also play a

decisive role in living things.
On the other hand, it should be noted that the localization

of DNA, that is, entrapment of long double-stranded DNA and
almost homogeneous distribution of single-stranded DNA,
could be a specific case with the PEG/DEX CAMDs that we

adopted herein. For instance, single-stranded RNA and/or DNA
can be entrapped inside microdroplets if the droplets are com-

posed of proteins that possess some affinity to the polynucleo-
tides.[14,19] The manner of localization of DNA and proteins

would be dependent on which components mainly constitute
CAMDs. Because PEG and DEX possess no particular affinity to
single- or double-stranded DNA, the localization observed
herein could only be determined due to structural characteris-

tics of these polymers. Moreover, it is known that the distribu-
tion of biopolymers, such as DNA, is affected by species and

concentrations of coexisting salt in the bulk ATPS.[7] Although
we indicate concentrations in bulk solutions in Figures 2–4, at
present, it remains unclear how salts such as MgCl2 and KCl
would be distributed over microsystems of the CAMDs in rela-
tion to actin localization. In addition to adenosine triphosphate
(ATP), it is necessary to investigate local concentrations of such
small polyelectrolytes in the CAMDs; meanwhile, ATP is smaller
than the oligomeric single-stranded DNA used here, and the
polymerization activity of actin was not changed, even during

long-term observations; this implies that ATP is distributed

almost uniformly therein.
Actual cells contain highly complicated macromolecular sys-

tems, and this motivated us to simplify these systems to realize
an artificial cell model.[20] A PEG/DEX LLPS that can provide mi-

crodroplets, such as CAMDs, has recently gained attention be-
cause of its active[21] and morphological[22] behavior and useful-

ness in cell biotechnology.[23] The present results of coexisting

DNA/actin suggest that CAMDs are compartments that devel-
op interactions among bio-macromolecules, and thus, are

useful for artificial cell studies. In other words, herein we
showed that microdroplets caused by simple depletion effects

served a simple real-world model of a cellular system. These
systems are generated under markedly different physicochemi-

cal interactions from that of coacervates, that is, aggregation

products among macromolecules.[24] Recently, it was found
that nuclei could express LLPS with multiphase structures.[14]

Actually, biological macromolecules could interact both attrac-
tively and exclusively inside such microcompartments in a

complicated manner. CAMDs can provide cell models in which
attraction to crowd molecules is avoided, and it is expected

that the result of the present study may help to open up new

horizons on the significant role of phase separation in the for-
mation of organelles.[5, 6, 25]

Experimental Section

Polymers : We used a PEG/DEX ATPS. PEG 6000 was purchased
from Wako Pure Chemical Industries (Osaka, Japan), with an aver-
age molecular weight (MW) of 7300–9300 Da. DEX was also pur-
chased from Wako Pure Chemical Industries, with an average MW
of 180000 to 210000 Da. These two polymers were dissolved in
nuclease-free water (Milli-Q, 18.2 MWcm) to prepare 20 wt% stock
solutions. For use as a tracer for PEG-rich domains, methoxyl PEG
fluorescein (mPEG-Fluorescein) was purchased from Nanocs Inc.
(New York, NY), with an average MW of 10 kDa, an excitation wave-
length (lex) of 490 nm, and an emission wavelength (lem) of
520 nm. The mPEG-Fluorescein was dissolved in nuclease-free
water to give a 10 wt% stock solution.

DNA : Single-stranded oligomer DNA was purchased from Hokkaido
System Science (Sapporo, Japan). The 3’-labeled single-stranded
oligomer DNA had the following properties: 11-mer (ATG CTG ATC
GC), MW=3953.84 Da, 3’-carboxytetramethylrhodamine (3’-TAMRA;
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lex=542 nm, lem=568 nm). It was dissolved in nuclease-free water
at 100 mm. l-DNA with a MW of 31.5 MDa (48502 bp) was pur-
chased from Nippon Gene Co., Ltd. (Tokyo, Japan). It was dissolved
at a concentration of 0.25 gL@1 (nucleotide concentration of
770 mm). To label l-DNA, GelGreen, as a fluorescent dye (lex=
500 nm, lem=530 nm), was purchased from Biotium Inc. (Fremont,
CA). It was dissolved in nuclease-free water as a 0.5 mm stock solu-
tion.

Actin : Monomeric actin (globular actin, G-actin) was prepared from
acetone powder obtained from chicken breast muscle.[26] To obtain
filamentous actin (F-actin), G-actin was polymerized in G-buffer
(1 mm NaHCO3, pH 8.0, 0.2 mm CaCl2, 0.2 mm ATP) containing salt
(potassium chloride or magnesium chloride). Whole actin
(1.0 mol%) was labeled with Alexa Fluor 546 C5 maleimide (lex=
537 nm, lem=556 nm; Thermo Fisher Scientific, Inc. , Waltham, MA),
against actin monomer, as reported previously.[27] Experiments with
actin were performed in G-buffer with or without salt.

Other materials : The antioxidant 2-mercaptoethanol (2ME) was
purchased from Wako Pure Chemical Industries. The buffer solution
tris(hydroxymethyl)aminomethane·HCl (Tris·HCl 1m, pH 7.5) was
purchased from Nippon Gene, and diluted with nuclease-free
water to obtain 200 mm stock solutions. Potassium chloride and
magnesium chloride were purchased from Wako Pure Chemical
Industries and dissolved in nuclease-free water at 1.0 m as stock
solutions.

Microscopy : Images were obtained with a CLSM or an epifluores-
cent microscope. The CLSM was a Nikon A1 (Nikon Corp., Tokyo,
Japan) instrument equipped with a 10V objective. The acquired
images were analyzed by using a NIS Elements Viewer (Nikon). For
phase contrast and polarized epifluorescent microscopic images,
we used a BX60 microscope with a 40V objective (NA=0.75, Olym-
pus, Tokyo, Japan). The BX60 microscope was equipped with a
charge-coupled device (CCD) camera (WAT-910HX; Watec Co., Ltd. ,
Yamagata, Japan). The obtained images were analyzed by using
ImageJ software (Rasband, W.S. , ImageJ, US National Institutes of
Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997–
2016).

Procedures : We first prepared stock solutions as described above,
and then mixed them in each microtube, as shown in the Support-
ing Information (experimental solution details), prior to microscop-
ic observations.
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