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In next generation cosmetics utilizing nanoparticles, the nanoparticles are often required to translocate across a cell
membrane. Application of the external electric field has been utilized to increase the cell membrane permeability, however,
damage to the cell can be a great concern. Using a molecular dynamics simulation, we here show that even under a weak
external electric field that is lower than the membrane breakdown intensity a cationic nanoparticle directly translocates
across a model cell membrane without membrane disruption. We then reveal its physical mechanism. At the contact
interface between the nanoparticle and the cell membrane, the electric potential across the membrane is locally enhanced
by superimposing the nanoparticle surface potential on the externally applied potential, resulting in the nanoparticle direct
translocation. Our finding implies that by controlling the nanoparticle-induced local enhancement of the membrane potential
the cellular delivery of nanoparticles via non-endocytic and non-disruptive pathway can be realized.
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Amino-OT : 0T=1:9 4:6

D

Amino-OT:0OT 1:9 4:6 73 10:0
Total number of ligand [-] 120 120 120 120
Number of amino-OT  [-] 12 48 84 120
Particle diameter [nm] 3.78 3.82 3.86 3.90
Surface charge density [e/nm?] 0.27 1.05 1.79 2.51
Wi (in 154 mMNaCl)  [mv] 78 20.5 24.0 25.7

W+ = NP’s surface potential at the Debye length

Fig. 1

Simulation system used in this study. (A) Initial configuration. Water

molecules are not displayed for clarity. (B) Individual coarse-grained molecules. (C)
Snapshots and (D) physical properties of nanoparticles.
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Fig. 2

Interaction of NP with cell membrane under external electric field. Dynamics of NPs (A) without
external electric field and (B) with external electric field ( A,p,=207mV=0.9 A, o).

Water molecules

were not shown for clarity. Snapshots are cross-sectional side view. (C) Occurrence probabilities of five
modes of final fate of each NP as a function of applied membrane potential.
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22.0ns

Fig. 3 Dynamics of solvent molecules during the direct permeation of NP across the cell membrane. Cyan dots show
water molecules. Purple and cyan beads are sodium and chloride ions, respectively. In the case of the NP with amino-
OT:0T = 7:3 under A ¢,,,=207 mV=0.9 A ¢, .. Snap shots are cross-sectional side view.
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Fig. 4 Typical contour maps of the calculated overall membrane potential (A@,.....) along the membrane surface: (A)
without external electric field and without NP; (B) under external electric field without NP; (C, D) under external
electric field with NP adhesion on the membrane surface. In the case of Ay,,,=184mV = 0.8 A Y, . and NP with
amino-0T:0T=10:0. Ay, is the membrane potential derived from imbalance of the membrane surface charge. A ¢yp
is the enhanced membrane potential arising from the NP adhesion.
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Fig. 5 Overall membrane potential at the contact interface between the NP and the
membrane surface as a function of the applied membrane potential. Error bar
corresponds to the max-min within five independent simulation runs. A @o,eran, ¢ IS
the critical overall membrane potential for the membrane breakdown. The A Yy erai,
was preliminarily determined as 337 mV. Detail about the determination of A yoyerai,
can be found in Supplementary Text and fig. S4.
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Fig. 6 Contour maps of the calculated overall membrane potential (AW ,ean) (A) before and(B)
after membrane-crossing of the NP. Ay, . is the critical overall membrane potential for
the membrane breakdown. In the case of the NP with amino-OT: OT=10:0 under A,,,=

184 mV =0.8 A, o.
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Fig. 7 Developed experimental set-up. (A) Schematic of droplet contact method. (B)
Multi-well device and multi-channel electrode used in this study. (C) Applied
voltage and measured current when bilayer was formed.
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