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A. Supplementary Text

A.1 Experimental method

To verify the findings obtained from the MD simulations in the present study, the membrane-

crossing of NP across cholesterol-containing lipid bilayer membranes was investigated experimentally. 

In this study, a planar bilayer lipid membrane (BLM) with the electrophysiological technique was used 

[1, 2]. This experimental technique can investigate the cell membrane-crossing of ions, molecules, and 

NPs under an electric field [1-5]. Materials and methods used in this study are presented in the following 

section. More details can be seen in our previous study [2].

The following reagents were used in the experiment: 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC, Avanti Polar Lipids, 850375), 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA, Avanti Polar 
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Lipids, 540875), cholesterol (47127-U, Merck), n-decane (040-21602, FUJIFILM Wako Pure Chemical), 

and KCl (169-03542, FUJIFILM Wako Pure Chemical). DOPC, DOPA, and cholesterol were dissolved 

into the n-decane at the same molar fraction as the simulation conditions, and a lipid/oil solution (10 

mg/ml of all-lipids/n-decane) were prepared. For the NP, a cationic gold NP coated with 11-amino-1-

undecanethiol (NP BS 003-075, ProChimia Surfaces) was used. The nominal particle diameter was 5.5 

nm. The mean diameter and surface potential of the NP were 11.06 nm and 21.7 mV (in 154 mM KCl 

solution, the same as the simulation conditions). Characterization of the NP was conducted using a 

surface potential and particle size analyzer (Zetasizer Nano ZS, Malvern). The properties of the NP used 

in the experiment were very similar to the NP used in the MD simulation. 

Fig. S1 shows experimental device and set-up. Planar BLMs were prepared by the droplet 

contact method (DCM) [1, 2, 5] as depicted in Fig. S1a. In a lipid/oil solution, an aqueous droplet covered 

with lipid monolayers were prepared. When the two droplets contacted each other, a BLM can be formed 

at the contact interface. A double-well device (Fig. S1b and S1c) was used to prepare a BLM. Details of 

the device were described in the literature [1, 2, 5]. Briefly, the BLM was formed at the through-hole 

fabricated between the two wells. Application of a transmembrane external electric field and the 

measurement of transmembrane current was performed through the Ag/AgCl electrodes fabricated at the 

bottom of the well. Fig. S1d shows the experimental setup, which was composed of the double-well 

device, recording electrode, patch-clamp amplifier, function generator, and personal computer for 

controlling and data recording. To measure transmembrane current through the BLM, the double-well 

device was connected to the multi-channel patch-clamp amplifier (Flex, Tecella). The patch-clamp 

amplifier was also connected to the function generator (FG110, Yokogawa Electric) for applying 

transmembrane voltage to the BLM. Ag/AgCl electrodes were connected to the recording electrode of 

the patch-clamp amplifier through a solderless breadboard (Fig. S1e). The double-well devices and patch-

clamp amplifier were placed in a Faraday cage to minimize noise. 

The experimental procedures were as follows. First, 1.2 μL of lipid/oil solution was dropped 

into each well. Second, 20 μL of KCl solution (154 mM) without NPs was dropped into each well. The 

two aqueous droplets contacted each other at the single through-hole, forming a BLM. To verify the 

quality of the formed BLM, the membrane resistance Rm and capacitance Cm were measured in situ. In 

the case of Rm ≥ 1 GΩ and Cm ≥ 0.4 μF/cm2 [2], the BLM was considered to have passed the quality 

check and was used in the subsequent experiment. After that, 3.0 μL of solution dispersed with the 
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cationic gold NPs (2.0 × 1011 NPs/μL in 154 mM KCl) was injected into the aqueous droplet connected 

to the positive voltage side (left side droplet in Fig. S1a). 3.0 μL of solution without NPs (154 mM KCl 

only) was also injected into the aqueous droplet connected to the negative voltage side (right side droplet 

in Fig. S1a) to ensure the same volume in both droplets. Subsequently, a constant positive voltage was 

externally applied to the BLM for 60 min. After removing the applied voltage, the membrane resistance 

and capacitance were measured again. Finally, the aqueous droplets in both wells were sampled by 

pipetting, and their absorbance at 523.5 nm was measured using a microvolume spectrophotometer (Nano 

Drop, Thermo Fisher Scientific) to quantify the NP concentration in each droplet. 

Fig. S1 (a) Planar bilayer lipid membrane (BLM) prepared by the droplet contact method (DCM).     (b) 

Top view and (c) side view of the double-well device used in the experiment. (d) Experimental setup. (e) 

Double-well devices connected to solderless breadboard and recording electrode.

A.2. Comparison of the simulation results with the experimental results

Fig. S2a shows an experimental result, presenting a classification diagram of representative 

membrane and NP behaviors with respect to cholesterol content and applied membrane potential. The 

behaviors can be classified into the three modes, as was done with the MD simulation results. In the case 

of the experiment, the criteria for the three modes were defined as shown in Table S1. The mode of NP 

behavior with the highest occurrence probability among five independent experimental runs was 
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summarized, as was done with the MD simulation results. For comparison, Fig. S2b shows the simulation 

results presented in the main text (Fig. 5b in the main text). 

The experimental results demonstrated qualitative agreement with the simulation results from 

the following viewpoints. First, the ∆ψappl-criterion between mode I and II (or I and III) exhibited only 

slight variation as the cholesterol content increased. Second, the ∆ψappl-window for mode II broadened 

at higher cholesterol contents (40 and 50 mol%). Therefore, the experimental results implied that the 

findings obtained from the MD simulation are valid. When we look at the experimental results in detail, 

some small inconsistencies were observed between the experimental and simulation results (ex., value 

of the ∆ψappl,C and transition of the modes of NP behavior with an increase in ∆ψappl). We considered that 

this may be owing to difference between experimental and simulation systems and variability of the 

experimental data which is inherent in the experimental set-up. Nevertheless, the experimental results 

supported the findings obtained from the MD simulations in the present study.

Fig. S2 Classification diagram of representative NP behavior with respect to cholesterol content and 

applied membrane potential, ∆ψappl. (a) Experimental result and (b) simulation result. (b) is the same as 

Fig. 5b in the main text.
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Table. S1 Criteria for the three modes of membrane and NP behaviors in the experiment. The criteria 

were defined according to Rm, Cm, and translocation ratio of NP. Rm and Cm are the membrane resistance 

and capacitance at the end of BLM experiment (after removing the applied voltage). The translocation 

ratio of NP was defined as APV/(APV +AG) [%], where APV and AG are the absorbances of NP in the droplets 

connected to the positive voltage side and ground, respectively, at the end of BLM experiment.

A.3. Influence of the NP-membrane interaction events on the membrane lateral pressure

Fig. S3 shows the lateral membrane pressure in a system composed of cholesterol-containing 

membranes and solvents with NP under electric field. The vertical axis of Fig. S3 ( ) 𝑃𝑖𝑖,𝑤/𝑁𝑃 ⟨𝑃𝑖𝑖⟩𝑤𝑜/𝑁𝑃

denotes the lateral pressure of membrane interacting with NP ( ) normalized by the time-averaged 𝑃𝑖𝑖,𝑤/𝑁𝑃

pressure of membrane without NP ( ). The normalized value ( ) of 1.0 means that ⟨𝑃𝑖𝑖⟩𝑤𝑜/𝑁𝑃 𝑃𝑖𝑖,𝑤/𝑁𝑃 ⟨𝑃𝑖𝑖⟩𝑤𝑜/𝑁𝑃

there is no effect of the interaction of NP with membrane on the membrane lateral pressure. As seen in 

Fig. S3,  exhibited a fluctuation around 1.0 and their average components were almost 𝑃𝑖𝑖,𝑤/𝑁𝑃 ⟨𝑃𝑖𝑖⟩𝑤𝑜/𝑁𝑃

unchanged regardless of the time. Importantly,  did not change significantly even when 𝑃𝑖𝑖,𝑤/𝑁𝑃 ⟨𝑃𝑖𝑖⟩𝑤𝑜/𝑁𝑃

the NP adhered to the membrane and translocated across the membrane (please see the regions with red 

and gray backgrounds). These results indicate that influence of the NP-membrane interaction events 

(adhesion, penetration, and translocation) on the membrane lateral pressure was almost negligible in the 

case of the present study.

Membrane 
breakdown

Membrane
crossing of NP

Criteria for mode classification
Mode Translocation 

ratio of NP [-]Rm and Cm

NoNo0.0Rm ≥ 1 GΩ ∩ Cm ≥ 0.4 μF/cm2I

NoYes>0.0Rm ≥ 1 GΩ ∩ Cm ≥ 0.4 μF/cm2II

YesYes>0.0Rm < 1 GΩ ∪ Cm < 0.4 μF/cm2III
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Fig. S3 Temporal change in the lateral pressure in a system composed of cholesterol-containing 

membranes, solvents, and NP under electric field. The region with a red background represents the 

duration during which NP adhered to the membrane. The region with a gray background represents the 

duration of NP translocation across the membrane with pore formation in the membrane. The vertical 

axis ( ) denotes the lateral pressure of membrane interacting with NP normalized by the 𝑃𝑖𝑖,𝑤/𝑁𝑃 ⟨𝑃𝑖𝑖⟩𝑤𝑜/𝑁𝑃

time-averaged pressure of membrane without NP.  corresponds to the moving average of the raw 𝑃𝑖𝑖,𝑤/𝑁𝑃

data over 1.5 ns. The subscript w/NP denotes the simulation system with NP. All simulation results were 

obtained under the NPzAT ensemble. Applied membrane potential was 165 mV.
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