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Fig. 1. (a) Structural components of POPC and cholesterol; (b) schematic diagram of the cell membrane model. I, II, and III repre-

sent the liquid phase, the region of POPC head groups and tail groups, respectively.
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Table 1. Cell membrane model parameters with different cholesterol content.
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Fig. 2. Density distribution of different cell membrane models: (a) Model 1; (b) Model 2; (¢) Model 3. The black dashed lines de-

marcate the interfacial boundaries of the two POPC molecular layers.
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Fig. 3. Schematic diagram of umbrella sampling method. The dotted red line indicates the location of the sampling window.
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Fig. 4. Schematic diagram of EP processes in cell membrane under different electric field intensities. The black box indicates the

location of the water bump, water bridge, and water channel.
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Fig. 7. FEP of ROS transport at different stages of EP in Model 1: (a) The conformation of the native cell membrane and the three-
stage conformations during the formation of EP; FEP of (b) HyO,, (¢) HO,, and (d) OH.
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Fig. 8. FEP of ROS transport at different stages of EP in Model 2: (a) The conformation of the native cell membrane and the three-
stage conformations during the formation of EP; FEP of (b) HyO,, (¢) HO,, and (d) OH.
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Fig. 9. FEP of ROS transport at different stages of EP in Model 3: (a) The conformation of the native cell membrane and the three-
stage conformations during the formation of EP; FEP of (b) HyO,, (¢) HO,, and (d) OH.
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Effect of cold atmospheric plasma induced electric fields on
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Abstract

Cold atmospheric plasma (CAP) is considered to be a highly promising cancer treatment method, due to its
“selective” anti-cancer effect. However, the physical theoretical explanation about this effect and the
microscopic interactive mechanisms between CAP and tumors are still lacking. In this work, the CAP-induced
electric field-caused electroporation (EP) processes of the cell membrane are modeled based on molecular
dynamics. Additionally, the umbrella sampling method is utilized to compute the free energy profile of the
intracellular permeation processes of the reactive oxygen species (ROS) through EP-formed pore-like structures
at different EP stages. Comparative results are shown as follows. 1) Cancer cell membranes with lower

cholesterol components show lower EP-generation threshold and faster EP-formation, and 2) lower free-energy

barrier and earlier occurrence of free-energy barrier

reduction are shown in all EP stages in cancer cell 10 _a Cancer cell
membrane. The above results explain the difference ol [6/10] _:_ 1(\31;?;?;1(;2111
between cancer cells and normal cells when affected by

CAP. Our work delves into the formation of CAP- E 6L

induced EP and the transport of ROS through EP- é

formed pore-like structures, which contributes to a B 4[5/10]

better understanding of the microscopic mechanisms of

the “selective” anti-cancer effect of CAP, and provides T [7/10] o
important references for developing CAP-based cancer . .

0.30 0.35 0.40 0.45 0.50

treatment methods, and devices, thereby facilitating
Electric field intensity/(V-nm~1)

the translation of CAP into clinical applications.

Keywords: cold atmospheric plasma, electric field, cell membrane electroporation, molecular dynamics
PACS: 87.10.Tf, 87.50.cj, 87.15.A— DOI: 10.7498/aps.74.20250080

CSTR: 32037.14.aps.74.20250080

* Project supported by the Key Research and Development Program of Shaanxi Province, China (Grant No. 2024SF-YBXM-
386) and the Natural Science Basic Research Program of Shaanxi Province, China (Grant No. 2023-JC-YB-004).

1 Corresponding author. E-mail: pczhangrui@163.com

118701-10


http://doi.org/10.7498/aps.74.20250080
https://cstr.cn/32037.14.aps.74.20250080
mailto:pczhangrui@163.com
mailto:pczhangrui@163.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

RRSESRE TR R0 4 B e 5 FL A LR B Th R R T
WEH KT &Rk MAZF K
Effect of cold atmospheric plasma induced electric fields on cell membrane electroporation and related transport

functions

HU Xiaochuan  ZHANG Yimiao  JIN Xinrui  XING Renfang =~ ZHANG Rui

5] Fi{i5 &, Citation: Acta Physica Sinica, 74, 118701 (2025) DOI: 10.7498/aps.74.20250080
CSTR: 32037.14.aps.74.20250080

TELERE View online: https://doi.org/10.7498/aps.74.20250080

BN 2 View table of contents: http://wulixb.iphy.ac.cn

AT RE RSB HAN S R

Articles you may be interested in

Ve RURAE B T IF S A5 AL 0 R A 3R - 645K S DI RE AR5 IR

Effect of alternating electric field induced by cold atmospheric plasma on conformation and function of interleukin—6

YIBR2A4R. 2024, 73(18): 188703  hitps:/doi.org/10.7498/aps.73.20240927

RAT K v Fi A58 B - PSR R AR S LR 52
Discharge characteristics and mechanism of plasma plume generated by atmospheric pulsed discharge

YrHE2EAR. 2021, 70(9): 095202  https:/doi.org/10.7498/aps.70.20202246

DR PR3 5 8 AR ) i S A A

Deposition of titanium oxide films by atmospheric pressure corona discharge plasma jet

WIFEAEA. 2021, 70(9): 095205  https://doi.org/10.7498/aps.70.20202181

D) B R N W A S a7 W =R N R R ) 4 o o

Spectral diagnosis of atmospheric pressure AC argon plasma jet at constant power

WIFEAEA. 2023, 72(11): 115201 https://doi.org/10.7498/aps.72.20230307

IRAEAR VA7 45 2 1A P g 10 B R S AR B4

Zero—dimensional numerical simulation of dry reforming of methane in atmospheric pressure non—equilibrium plasma

YIBR2EA. 2021, 70(7): 075206  hitps://doi.org/10.7498/aps.70.20201700

Pt AR X [ il SO S R R A S AU 120 Afi Y ST

Effect of flow rate of shielding gas on distribution of particles in coaxial double—tube helium atmospheric pressure plasma jet

YyFEEEAR. 2022, 71(16): 165201 https:/doi.org/10.7498/aps.71.20220421


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20250080
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240927
https://doi.org/10.7498/aps.73.20240927
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20202246
https://doi.org/10.7498/aps.70.20202246
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20202181
https://doi.org/10.7498/aps.70.20202181
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230307
https://doi.org/10.7498/aps.72.20230307
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20201700
https://doi.org/10.7498/aps.70.20201700
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220421
https://doi.org/10.7498/aps.71.20220421

	1 引　言
	2 研究方法
	2.1 细胞膜模型
	2.2 模拟体系参数设置
	2.3 伞状采样法

	3 结果与讨论
	3.1 细胞膜的EP形成过程
	3.2 电场强度对细胞膜EP形成的影响
	3.3 不同EP阶段下ROS的转运过程

	4 结　论
	参考文献

