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Abstract

The effect of an oscillating external electric field on ion transport in nanoscale channels
is investigated within the framework of the classical Poisson-Nernst-Planck (PNP) model.
Three cases are analyzed by multiscale method: (1) an externally applied time-oscillating
electric field along the channel direction; (2) a time-oscillating electric field coupled with
a spatially periodic electric field along the channel; (3) an oscillating electric field applied
along the channel direction in the presence of periodic surface charge distributions on the
channel walls. An effective model for high oscillation frequencies is derived by considering the
leading order approximation, which shows that the ion distribution and average transport
properties within the channel depend only on the time and space averaged properties of the
external oscillating electric field. Numerical simulations on a two-dimensional single-channel

nanoscale model confirm the validity of these analytical results.
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(V:c+5vx> l&- <Vw+5VX>T§5 d KZC

i) (5 o+ (Bt (o

(vm + %VX> : {Di [ (vm + %Vx> 25%&”}
e (S rd) (e o) (Soram) 0

i=1,2,...

o)l

(500

) (S -

1=1,2,...,N, onIy,
0 1 0 = e ﬁ
e (2 9 ngln] _ Ce
5T<ax2+5a 2)2_:05 d - s (X1), on Iy, .
(3.27)
AT HES AR IR R, BATTFHRFEE v = 0 WIETE. &%, BAIHEEHI,
Bp
DiAxd” + Dz Vx - (egowxw) =0, i=12...,N,
— e, Ax®l0 =,
oé! 0 OBI0 . (3.28)
D, <8X2+ 101‘ X, ) 0, 1=1,2,...,N, onIy,
o0l
*57«8—)(2—0, on FNl.
7 75 22 5 A R A (I DC e 4% 1, B
lim c[ ] (21,0,t,X) = lim c[O]
Xo—00 Xo—00
lim @ (z1,0,¢,X) = lim &),
Xo—00 z2—0
B0l (3.29)
lim 22 (21,0,¢,X) =0,
X2~>OO 2
. 29l Hpll] o]
Xilinoo ( 6:52 + 8X2 ) (xho t X) N Ilzlg(J 6{E2
BT o, ol BIREIT X1, Xo, LR FRIL A, BATATLIEE &, 310 ARk

T X1, Xo.
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AT Rt — P KT, B

D, = ;[ (29, - Vxél” + Axdl)
+ 2 (vwego] Vx® + Vi v, a0 + 20y, . vxém)
+ 2 (vxég” Vx® 4 AP0 vl vl 4l Axé[”) } 7
i=1,2... N,

& (2V0 - Vx4 Ax ) —0, (3.30)

~[0] =1 &) Hl1 Lo
D; [861 L A (é&‘”a L0027 0 =0,

(9172 8X2 ! (3':172 K 6X2 g 8X2

1=1,2,..., N, on I'y,,

ool Hpl] €.
€T<8x2 + X, —gas(Xl), on 'y, .

i1 d% B0 ReRHT X1, Xo, FATAT LIS E Rt — 40T

D& = DiAxéY, i=1,2,...,N,
Ax ol =0,
od” oY 0] €3 (3.31)

Di . — — i~' s X = U, r ) ’

( (91'2 * 8X2 G GTGOJ ( 1) 0 on i n

o9l Hopll e

—cr — —0s X 5 I'n,.

¢ ( 81'2 * 8X2 €o 7 ( 1) on LN

HI (3.31) RO AR, EHE lnx, o B = 0, FIHK (3.31) B ATTREKR
1 {0 < X1 < 1,0 < X < oo} FBUY, RATALUHESH [ 220 [x,—0dX; = 0. T (3.31)
HISEIAANITRRAE X1 19— MR IR, JFZRU 4 T 15

OPLO] e
—51-8—1:2 = g<0’5 (X1)>, on FNI. (332)

R @O Fn @O fypuig 44k (3.29), B TAT LA E:

o] e
57’% = 6—06<0'3 (AXV1)>7 on FN1~ (333)

B (3.20) 6T & mpemsprran &0 5 r B, I (3.31) s AN R AT ARTAL A
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—~ Laplace JiH&. SRJERALLAGHE ST K, BATAT DLF

dc; []8<I>[0] .
D, % —0, —1,2,...,N, Ty,. 34
(81‘2 + zi¢; i 0 i on I'y (3.34)

BB 5 T, BFEOLREL, 25 EPE, BT LA SISl B IGE L &, X 0 LB /NG,
TR B SRR T
el el

_v. gl 96 -: :
5 = V- -J;7+ D,z Ot (f (1)), 1=1,2,...,N, inQ,
= 0]
— V- (e, Vo) =4 c?“lkzic-o + Qo, in Q,
( ) ; o (3.35)
J% . n =0, i=1,2,...,N, onTy,
o0l .
& 6505 (05 (X1)), on T'y.
$op1, g1 = =Dy (Vel? + 2 Vol (£ (7)) a7 W, (70 (X0) R X, 5

H TR AR Do AR A ARG 8 0 2%, BBl o A o) 4t fe T W2
K FAAEFTTRE (3.1) F—2L

4. BEFAE

7E BARTG R B 7 vE 2 07, BATES B — 20 S MER S . AT 15RH Sobolev Z3¥[A]
WeP(Q) BIFRERFS, 4G HA R IITEEL || - s pio FIETEEL |- [opo P BARTIE, 24 p =2
i, BAVEH H*(Q) = W*2(Q), IHid Hy(Q) = {v € H'(Q): v|an = 0}, HHt v|og = 0 RAED
IR J8EL |- (2.0 H - o0 FoR.

4.1. MZEH

BT Nernst-Planck 77 F&  [F] & &5 FE, A TTHEXT PNP 752 [R] BF3E47 I ) A1 28 ) 1
Bl X FEE @ M b4 o MIA=EA Hp ,(Q) = {v € H'(Q): v =0, on T'p;}, H
1 Tp; C 0N FIN ¢; B Dirichlet 3 54444 1) F Xﬂi%% L @ MR A Hp(Q) =
{fve H'(Q):v=0, on Tp}, it T'p C 99 F7x  HL Dirichlet 7144 138 5, WIFATHT LA
735 PNP M5

ko€ L(0,T;H (), @ € L(0,T; H' () 463 cilrp, = LO|r, = ec0p,

Oc;
q Ot

/ETV<I>-V1/de://$§ c?”lkziciwdx—i—/ Qm/)dx—i—/ CﬁaswdS, Vep € Hp(Q).
Q Q 4 Q Iy €0
(4.1)

HATRAIREK Euler J5 k%t PNP J5 R 2EAT I 1] B 545 I A X A) [0, T BEATA55] 7
Blo=to<ti < <ty =T, % 0t =tpi1 — tm, WATRRL, BATAER KL f(2,1)

—v;dr = — /D (Vei + 2,¢,VP) - Vv,da:—F/Rledz szeHDl(Q)
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FERTZ to, W{EA f7. W] PNP J5RERHIEE m + 1 AN E] D R i E) 2 B OB 2804
kot e HY(Q), o™ e HYQ) i T r,, =1, p, =efRRT, H
et gm
/ 4 ydr=— / D; (Ve + 2 'V em ) - vy da
Q ot Q

+/ Ryl de, Vv e Hp,(Q), i=1.2,...,N,
Q (4.2)

/ervw“ wdx—/ Zcbu‘k m“q/)dx—i—/ QM Hly da
Q

ecﬁ m
+ /FN “Lortiyas, v e HH(®).
BE—35, BA 1 B B B R SR T B B BA IS IAF R ILZSA Vi, Un € HY(Q),
HA Vipi=VaNHp (2),Unp = Uy NHL(Q). BATH ML FL @M FEZR ] Vi, Uy IR
LA A0 A cm+1 O MIFRATAT LGS PNP SRR B OB R

* C:,n}j—l7®m+l 1%1’%“ :n+1‘FD = ]- ®m+l|FD - GCB(berl E.
m—+1

C. —
/ kR de = / (vc;”h“ + zc m“vw“) Ve dx
Q ot Q

+/R;”+1¢lda:, vi, i=1,2,...,N,
Q

N
/ e, VOt . vy dr = / kY ez gy da + / QI lyy da
Q @ =

+/ € ymtiy ds, v,
I'n

€0
TESE LT BUE S5, JATIEIR A 3 v etk Lagrange £ [ o 2% (8] #4725 18] B 1.

4.1.1. ZMHLRE

HIT PNP J5#E (4.3) R & AR M FEd, 7ER W% R TR Z AL TT %, B
ATIRHA Newton b fIEBEATRM. HAAH, BB ATC M E— DB I (.05, %Ak
PEZR ST AT LA LR A

F(cWh opthie) =0  i=1,2,...,N,
{ (zh h) (44)

m—+1 m-+1 m—+1 m—+1\
FO(Clh 1 Cy e N7h7q)h )=0.

Hrp, F 228 0 Py B 71 Nernst-Planck 5#E, Iy & Poisson J5#E. Newton £k HAA S
B
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Bk 1. KT (4.4) 1) Newton ZEARE
Require: F—NEFEPRI# O3, ¢y, i =1,2,..., N, WSRYE tol, FAihEF n;
Ensure: [ —/MFE]E I f# @)1, cZLhH, i=1,2,...,N;

g @) = o, o) = i =12, N;

2: whilek =1,2,... do

3:  3Rf# Jacobian f{E R4

%_f”k—l 0 %|k—l ey Filp—1
0 ’nglkfl %Mq den Frnli-1

o, ooy FORTESE b — 1 im0, 5V i =12, N bEE;
4 TR

cgkh) = cg’khfl) +n6¢; h, (bl(lk) = égkfl) + noéPy,

Hep, n B SE
IFs(efty) @0 serm)
5 WEAMXERE - =  max ‘G Th Gk

k—1 E—1). m .
=1,2,..,N [[Fi(ef5 @l D iem )|

IR v < tol, s IEIRAR, FR [l fff:

m+1 _ (k) m+1 _ 5 (k)
Cin = Cino e, =0,

<

RIEARREL ke =k + 1

7: end while

5. HUEHEDG

AT, BANG EIRG B Eox WIEAATE X, FHHBAETTE DRI (3.1) F1Z R
PP RGBS RO RE, A B ARG R 0 TR PIE AR 225 B UESE =T I
BB 2

5.1. HERBMEMSHIRE
B, BATLTIRE (3.1) HIIRG I B BEEIT B

27 27 r
Eex - — |:B =+ At Sin (Tt> + A;c COSs (F‘Id) 7O:| ) (51)

HH,B, Ay, Ay, 0 93 IRFRYR G BRI E g IR, 25 1R IR 1 0 % 5. I3
REERSE Le £ 0 KI5

HEEE, XTIBM (5.1) KRG Eex, BATH ISR E] — DS Pox MG Eox =
_vq)ex» EI]

2 2
P = | B+ A;sin T 1+ Ami sin —Warl (5.2)
) 27 1)
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K, LI o WHLIIT R

2 2
-V (e, VD) = Awsr%- sin (%ml) , in Q,
b =0, onIp,,
/o (5.3)
®ox = BL. + A¢ L. sin ?t , onI'p,,
Er Oex _ 0, on I'y.
on

R, BATTRT LB S 18] H T I B R E A BT AR i Dior = Pex + P, MIATIREIB K PNP J5
Py N

oc; .
8Ct =V - [D; (Ve + ¢, VPiot)] in Q,
N T

—V (e, VDiot) = H;c;?“lkzici + G (%) , in Q,

0
Ci(x70) = czbslq]:k)a in Q,

G
c; =1, onI'p=TIp, Ul'p,, (54)
Ji-n=0, on 'y,
Dot =0, on I'p,,

t
Doy = €.fPpF (5) , on FDzJ
e aq)tot 606 (1’1) onT
r = Os\—<|>» .
on €0 0 N

HeF (%) =1+ efngD + eféé; sin (%’Tt) G( ) Qo + Age, 2= 5 Sln( ) HeAh, HFEA
MRHRGT T A R 11 2 1 PR 5 R 2 A A0 A (A 1, (5.4) HRiE o = o (5H).

AT BRI B S50 0 LS 5 ROBE MR, R RS0 45 e IR AE K208 UL = 10nm,
FHERTE A UT = 10ns. SCPRBHUI RS A S KT, C1- MBI RS HABSEL Bk
WL SC g S HORE, W3R 1 Fs. A PRUERS R AP, T4 B PR B 7 AR VR EAH
& B chulk = cbulk — cbulk,

BT R E (i S 5 A i () RSB R, BR T AN B BATAT LU L2 (Q) 1 HY(Q) ¥
BOE R, WABLKEA P ([t tar], HH(Q)) FI ([t tar); L2(Q)) 33X BRI T EBE Hk BT A I 3 25 1
BRZE. Horp ([t tar), HY(Q)) ([t ta]; L2(Q)) FEEoE LA

M 2
||u||l2 ([t1,tam], HL () <5t Z |Um||§{1(sz)> )

m=1

(5.5)

letlli e erpizecay = | maxJlu™ |22,

SRS, R I I, TR RS R AN IR BT B AL B A 4 Y B BSL A A R R A TE RN
o A G —FRFAE AL UL, UT FIOASE.
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5.2. Hfl—: @R

5, A AR AR SR v B B A TR R Q = [-5, 5] %
[~ %, 51, IRBIZ XA 3 © FIES IR cxcr, cor WERITFE

o
081? =V [Dxy (Veks + 2x4cxs V®)] + Ry,  in Q,
decr
g(;l =V [Dcr. (Veer + zer.co. V)] + Ror, in €, (5.6)

=V (e:V®) = k™ (zq ekt + 201con) + Qo,  in

Hor, BURGESNIB I AT H S Qo = 0, 24 = L zaw = —1, FRE il 10 M R B R+, Row
FIWIAAEAAE, MG RETHA AT T it

1 t
cky =1+ B cos (27r?p> cos (77%) cos (TF%) ,

1 t
coL =1+ 3 cos (277?1) cos (ﬂ‘%) cos (7‘(‘%) ,

L2 kebulk t T To
d=— cos | 2mr— ) cos |7 ) cos (77—)
212 e, T,

+e.0Pp {1 + %sin <27rTip>}

FESZEGH, AW L =1,T, =2, T =05, &p = 0.01V, "% = 0.1mM. AR5 H
ANBYETRIRS EEAT SRR BT I RS 40 34 0.08, 0.04, 0.02, 0.01, 0.005. Hifi S 25 54
% 2 I 2 Fiow, BUEMARTRLE 12([t, ta], HY(Q)) JEHEE SCF IHIXT R 2K B B ek
Br O(DOF2), %45 H Ui B T HUMH 77 12 10 TE .

% 2 HERMBTROETRERLTHRSH (BH—)
P([tr, tn], H'(Q) ST BAIXT 82

B A RIS
CK+ ccl- d
788 3.0009E-02 3.4839E-02 1.7599E-03 -
3014 1.4964E-02 1.7528E-02 8.8525E-04 0.4977

11827 7.4632E-03 8.7828E-03  4.4349E-04 0.4996
46679 3.7275E-03  4.3985E-03  2.2208E-04 0.4995
185703 1.8620E-03  2.2001E-03 1.1107E-04 0.5001

5.3. HE|Z: mERSEIS

TEARFR R, BAIZE— DK IEEE, R XA AR mE 1 R, b Le =
5,d. = 1, FHBBLIZXIRA T @ FIBFUPE cxy, cor IR EAFWE LT (5.4) Hrp
Rx4,Re, Qo HJh 0. 5B T =08, ™ =1mM, ¢p =01V, 0, =0C/m?, F (%) =
Y1+ yesin (Bt) . AERIIRAAEA ¢ = 0 2B T IRGS 0, B ckq = cor = 1. 528G 4%
R, ANE RIS 4% W7, 5 I EE 0 RBECRFME, IREGIRE 12 LA, ¥
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FiES T SEAEIX I Q B HHL L B E RS AR 0 = 0.1, iR o HORRIERS, B HIR
B I ) (K AR AL B B BN P 3 s, AT LU HY, AR IBRINY FELIAL O AU I FBEAS ], (EL 7R Isf 1] X
8] 0,77 _Ead 24 38 i s e 0S5 I P 4% 57 L Y I )P40 5%, AR 57 i PR AT
TR WARSLH 25 RN L R BRI —p 4 —2

1.0E-01

o
0
o
.";_<‘ 1.0E-02
EE ——K
= —e—Cl
9 ——
3 ——k = -1/
n:_ 1.0E-03
=
+
5
=
o~
1.0E-04
788 3014 11827 46679 185703
BHEEN
P2 BofE AT Al B AR IR ZE WS 2 (1 —)
y2 =10
40 y2 = 2.0
— y2=40
— y2=8.0

R (pA)

0 1 2 3 5 6 7 8

EHI‘E% (ns)
E 3 REYRIE BB 4R 5 3T i8R B E b ) B AR o (B )

5.4. HI=: MZ=IRFEIF

FEASAN B, BT 58 S S e 25 8 237 PR, L ) B 10 30 X P B R, X ©
T FRBNE 4 Frow, Ty, SFEERXIAE A WA 8 BRI S A R A R
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A Le =10, A de = 1, WP TFHERKIE L = Hy = 5. i TE BB R M AT o XE
Tk AT A HA AR, HAESC A0 8 i REI e A7, AR, BAT % 8
EERE Dy, AAEARZR I BT TGO BZ Q WS © I TR ek, con BHDH
HAWRITRE (5.6), K, Ry, Ror B4 0, G(%) = 3 + yanc™ ¥ sin (o), HARKP A
R A T ORUESN H W LA B B B AT RO L AR 45 e RN

K+ = cc1- =1, onl'p=Tp, UT'p,,
Jxy - n=Jdc. -n=0, onI'y =Tn, UT'N,,
P =0, on I'p,,
t

® = e, fOpF (5) , on I'p,, (5.8)

0P ¢
Epo— = %o’s’ on I'y,,

on €0

0P
er— =0, onI'y,.

on

Hrp, Pk = 1mM, &p =0.1V,0, = —1E-3C/m? F (%) = 1 + yesin (35t). AR
B ] DX ) A 5 3 50 4R 5 o B L R A B[R] S 48/, A 7935 T 9 PN P 455 BRI DA
B R, FATEL T = 0.8, B[4 6t = 0.005, WA R 1A 0.005. 45 € MFIMESR t =0 1)
BAFMT, RENTRESM, 24 0 = 0.4 Bf, FHEWME 5 .

Bt A Tnr Tnr b B

H,|Tp, v, i C - Tp, |H,

L, L

P4 BB A L I DR R R R R

K5 B afiiiaSiEs gl (=)

Eﬁigﬁqﬂ, ﬁa'ﬂ‘]lﬁl% M= 17’72 = ]-, 3 = Oa 4 = 57 %ﬁ%ﬂﬁx 0= 0470270150057 ﬁ
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U 1 2 ) R A AE R 7 FEL 7 AR R il 30 20 A T rELRT I, B AL O BOusiDS, B TR RES)
AT RV TR A T A s P R PO T R . AT 1V B AR B v x B 22 ROBEP B )R 1
HHHEETFAEAS I, MSEHCY 1 = 1,72 =73 =71 =0, AFANF ¢ T THE M
PRIV T A A A0 PR LTI 2 S DL AR IR 2. SR g R 6 AN 7 Pos. i
K 6 FTLAA Y, EIE P TR LB 0 i /NE R TSR B 7 KR
LR S S OUT WS AR 7E v 55 I 17 X [0] A A F S LA R, TT LU HY, T AR I
B T B 0 BN [ TSSO W RAE T 2 REECFEIBLE M E —
I 1) 9% 95 P 7 R 25 18] Jo 393 A FEL 7S R, 0k 8 o (5 4k 357 LA B~ B0 SR I 25

— 6=04
—— 6=02
— 6=01
— 6=10.05

—e— I2([ty, tu], H(Q)
—— 17([ty, tu], L2(Q))

= K100

z g

,E’ 0. o * \\\\

TG
0.02 g
\
~
=y

0 1 2 7 8

4 5 6 x x 2x10°
t(ns) 6 (ns)

B 6 Pl YR BE AT RIS A DL P2 AR RS IR 22RE 0 WALt OL (BB =)

112 1.6%
1.1

1.08

(1E-8pC)

1.06

O
i

BET

1.04

1.02

4 2 1 0.5

6 (ns)

B 7 IR 6T, B AR IR A S ] DX A U FL A RS S A LR B AR R 22 R (B =)

5.5. EEIM: B EHRS B IHFA T B9 RE B

FEASAN R, FATTRE UE ISF 1] 9% v55 FEL 7 1320 S8 90 A F) 28 1 P X T 8 3 i PO 3 .
AT T XA FRIKIR S5 = AR, anlsl 4 s, BATRARKMIHE (5.6), H
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' Rk, Rew, Qo #1040 45 @ Wi 4T

ck4 = ccl- = 1, onI'p =Tp, UT'p,,

Jxy -n=Jdc. -n=0, OnFN:FNCUFNM

P =0, onIp,,

®=efOpF <§> , on T'p,, (5.9)

0P e, T
sra—n = 5O'SH (5) , on I'y,,
[0

STg_n = on FNW

Hrp, cbulk mM,®p = 0.1V,0, = —1E-3C/m?, F (L) = v + yesin (2t), H (%)

=1
V5 + v sin (3£ x).

SEGI =M, BATR T = 0.8, WAL 6t = 0.005, R RF74 0.005.

FERPMER ¢ = 0 WA AT REIITEASAE, 24 0 = 0.4 I, FIEANIE 8 Frzs.

K 8 B S TME s I ()

0.10

— 6=04
—— 6=02
— 6=01
— 6=0.05

H'(Q) AE3IRZE

107t

—o— P([ty, t], H(Q)
— 17([ty, t], L2(Q))

[ 1 2 3 4
t (ns)

B9 PR TR BE S A AN S U DL P AR R HRZZRE 0 922 fLAs oL

5

6

7 8

6 (ns)

ssssss

(5-1)

758
,n

FEZSERH, BAVEE 1 =72 =7 = Ly = 2, 4 HE 0 = 0.4,0.2,0.1,0.05, #5524
N FAFAERNR 55 P AR [ JE 0 5 0 o0 A R T R T B, BEE B O RO, B A A AN
PR R T A O P i e R . RAT 98 1% R 5 HR A A R A SR T R R R Y &
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R PR EMEE T FREASH, Bl 2 =% =0,m1 =7 =1, &FAFE 0 FHET
G S 43 AT ARV TR A I T o 1 B P R RTZE 5 JRUS D AR T IR 22, S 2 i 9 A 10
fioR. B 9 ATLLE W, BB B IR TS ABEE 0 Nk T2 RGN J
10 HH I HEZR RS IR D0 T I T8 R 80 i 7 oA o [ X ) A 95 1 B e o, AT DA,
AR JE 1A 43 A7 1 2 1] PR 2SN TR 9 357 FRL A IO R W, 7E 4R35 R B R 0 iEgE R T, K
REmTSRIGH. FEBRIE T2 REFEEIEAHTEE =H, X T3R5 A 1
A3 AT FE T LA R, R B 2 AN 5 e R) 2 ) (6 P-4 SR I 458

1.09 0.48% 0.50%
1.08
1.07

1.06

(1E-8pC)

1.05
I 104
1.03
1.02

1.01

1.00

1 2 3 4
6 (ns)

B 10 ANIF] 0, i A ARR T 7E o S50 IV X ] A3 R PR R R S 2 A DU EL AR IR 22 (S48 1Y)

6. & 4

AICAEL: Y Poisson-Nernst-Planck (PNP) #RUHEZR T, KRGS T SR & X 44K
REEETEN B FHath B, x5 mIaBes i m g o, 3T 2 RECFEI T+
(KP4, 7RI HE S T = A R TR B B AL S R R (1) WA 7 1 B it
4% 5 L5 (2) WY A 75 140 Bt T )90 57 b, 9455 2 ) S PR A 11 LAy (3) ‘B B BEAF A
Je PSR T P 20 A B DL B I 28 75 ) B I i 7 L. 37

BRI SRR, AELL B =FETE T, S s R v HE s T 1 P B T AR S R
1 PRSI 5 Wi U T HEL 7 B I IR~ MR, T -5 R G 3R TE K. DA e Ui S S R B IE A
ASCHIHE T —HEGPR RUSE A IE ) SE PR, SR BROCT IS BT 25 A B R 1)) Buler 554
I IE BEAT B, I idid Newton dEABEATEMEALSRAR, 5SS T HEB. 25 R iR, el
SR TR B SE— P UE T S R v

AW B IR AT S BUE AR S &, 878 T AN = Bk 5 i b T B T e T Y
AL, P T — ML SE AR, 2T PNP BB s Ot su it it 7 BRSa% 5554,

2 % X M|

[1] Hille B. Ionic channels in excitable membranes. Current problems and biophysical approaches [J].
Biophysical journal, 1978, 22(2): 283-294.



188

BAE S LN 2025 4

2]

(15]

[16]
(17]
18]
[19]

20]

Herzig S, Neumann J. Effects of serine/threonine protein phosphatases on ion channels in excitable
membranes [J]. Physiological reviews, 2000, 80(1): 173-210.

Unwin N. The structure of ion channels in membranes of excitable cells [J]. Neuron, 1989,
3(6): 665—676.

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. Ion channels and the electrical
properties of membranes [G]. In Molecular Biology of the Cell. 4th edition. Garland Science, 2002.
Catterall W A. Structure and function of voltage-gated ion channels [J]. Annual review of
biochemistry, 1995, 64(1): 493-531.

Daiguji H. Ion transport in nanofluidic channels [J]. Chemical Society Reviews, 2010, 39(3): 901
911.

Sparreboom W, van den Berg A, Eijkel J C. Transport in nanofluidic systems: a review of theory
and applications [J]. New Journal of Physics, 2010, 12(1): 015004.

Shin D W, Guiver M D, Lee Y M. Hydrocarbon-based polymer electrolyte membranes: importance
of morphology on ion transport and membrane stability [J]. Chemical reviews, 2017, 117(6): 4759—
4805.

Nikonenko V, Zabolotsky V, Larchet C, Auclair B, Pourcelly G. Mathematical description of ion
transport in membrane systems [J]. Desalination, 2002, 147(1-3): 369-374.

Bo W, Guo L, Yang Y, Ma J, Wang K, Tang J, Wu Z, Zeng B, Gong Y. Numerical study of
voltage-gated Ca 2+ transport irradiated by terahertz electromagnetic wave [J]. IEEE Access,
2020, 8: 10305-10315.

Li Y, Chang C, Zhu Z, Sun L, Fan C. Terahertz wave enhances permeability of the voltage-gated
calcium channel [J]. Journal of the American Chemical Society, 2021, 143(11): 4311-4318.

HuZ H, Lv W P, Hui D X, Wang X J, Wang Y N. Permeability enhancement of the KcsA channel
under radiation of a terahertz wave [J]. Physical Review E, 2022, 105(2): 024104.

WOCRE, Rk, FLAE TR, RN ZLAM BOORRE R I T A A RN R SR [J]. P B AR,
2021, 70(24): 248707.

Hollerbach U, Chen D P, Eisenberg R S. Two-and three-dimensional Poisson—Nernst—Planck
simulations of current flow through gramicidin A [J]. Journal of Scientific Computing, 2001,
16: 373-409.

Lu B, Holst M J, McCammon J A, Zhou Y. Poisson—Nernst-Planck equations for simulating
biomolecular diffusion—reaction processes I: Finite element solutions [J]. Journal of computational
physics, 2010, 229(19): 6979-6994.

Ciucci F, Lai W. Derivation of micro/macro lithium battery models from homogenization [J].
Transport in porous media, 2011, 88: 249-270.

Richardson G, King J. Time-dependent modelling and asymptotic analysis of electrochemical
cells [J]. Journal of Engineering Mathematics, 2007, 59: 239-275.

Holmes M H. Introduction to perturbation methods[M], volume 20. Springer Science & Business
Media, 2012.

Daiguji H. Ion transport in nanofluidic channels [J]. Chemical Society Reviews, 2010, 39(3): 901—
911.

Ciarlet P G. The finite element method for elliptic problems[M]. STAM, 2002.



