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ABSTRACT. A quasi-one-dimensional steady-state Poisson-Nernst-Planck model
with Bikerman’s local hard-sphere potential for ionic flows of two oppositely
charged ion species through a membrane channel is analyzed. Of particular

interest is the qualitative properties of ionic flows in terms of individual fluxes

without the assumption of electroneutrality conditions, which is more realistic

to study ionic flow properties of interest. This is the novelty of this work. Our

result shows that i) boundary concentrations and relative size of ion species play

critical roles in characterizing ion size effects on individual fluxes; ii) the first or-

der approximation Jx1 = Dk Jg1 in ion volume of individual fluxes Jx = Dy Ji

is linear in boundary potential, furthermore, the signs of 9y Jx1 and 8‘2,>\Jk1,

which play key roles in characterizing ion size effects on ionic flows can be both
negative depending further on boundary concentrations while they are always
positive and independent of boundary concentrations under electroneutrality
conditions (see Corollaries 3.2-3.3, Theorems 3.4-3.5 and Proposition 3.7). Nu-

merical simulations are performed to identify some critical potentials defined
in (2). We believe our results will provide useful insights for numerical and
even experimental studies of ionic flows through membrane channels.

1. Introduction. One of the fundamental concerns of physiology is the function
of ion channels. Ton channels are approximately cylindrical, hollow proteins with a
hole down their middle that provides a controllable path for electro-diffusion of ions
(mainly Na™, K*, Ca** and C17) through biological membranes, establishing com-
munications among cells and the external environment. In this way, ion channels
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control a wide range of biological functions. Ionic flows are governed by fundamen-
tal physical laws of electrodiffusion which relate rates of quantities of interest. The
macroscopic properties of ionic flows through ion channels rely further on external
driving forces, namely, boundary potentials and concentrations of ion species in-
volved; and specific structural characteristics, more precisely, the shape of its pore
and the distribution of permanent charge along its interior wall. Two most relevant
biological properties of a channel are permeation and selectivity, both of which are
characterized by the current-voltage (I-V) relations measured experimentally under
different ionic conditions.

Taking the structural characteristics into consideration, the basic continuum
model for ionic flows is the Poisson-Nernst-Planck (PNP) system, which treats the
aqueous medium (within which ions are migrating) as a dielectric continuum (see
[3, 7,12, 13, 15, 16, 17, 18, 19, 20, 25, 27, 28, 29, 37, 38, 42, 59], etc.). Under some
reasonable conditions, the PNP system can be derived from more fundamental mod-
els such as the Langevin-Poisson system (see, for example, [14, 38, 55, 53, 59, 65])
or the Maxwell-Boltzmann equations (see, for example, [2, 37, 38, 59]), and from
an energy variational analysis (see [34, 35, 36, 45, 67, 70]).

The simplest PNP model is the classical PNP (cPNP) system that contains only
the ideal component of electrochemical potential. The cPNP system treats ions
essentially as point-charges, and neglects ion size effects. It has been simulated
(see, e.g., [6, 12, 13, 15, 25, 33]) and analyzed (see, e.g., [1, 4, 5, 9, 21, 22, 26,
40, 46, 47, 44, 51, 58, 63, 64, 66, 69]) to a great extent. However, a major weak
point of the cPNP model is that ions are treated as point of charges, which is only
reasonable in the extremely dilute setting. To study ion size effects on ionic flows, in
particular, for ion species with the same valences but different ion sizes, for example,
Na™ (sodium) and KT (potassium), one has to consider excess (beyond the ideal)
component in the electrochemical potential. One way is to include uncharged hard-
sphere (HS) potentials to partially account for ion size effects. Physically, this means
that each ion is approximated as a hard-sphere with its charges at the center of the
sphere. Both local and nonlocal models for hard-sphere potentials were introduced
for this purpose. Nonlocal models give the hard-sphere potentials as functionals
of ion concentrations while local models depend pointwise on ion concentrations.
An early local model for hard-sphere potentials was proposed by Bikerman ([8]),
which is simple but unfortunately not ion specific (i.e., the hard-sphere potential
is the same for different ion species). The Boublik-Mansoori-Carnahan-Starling-
Leland local model is ion specific and has been shown to be accurate ([61, 62],
etc.). Obviously, local models have the advantage of simplicity relative to nonlocal
ones. The PNP models with ion sizes have been investigated computationally for
ion channels and have shown great success (see [27, 28, 29, 31, 32, 34, 35, 36, 42, 54,
68, 70], etc.). Existence and uniqueness of minimizers and saddle points of the free-
energy equilibrium formulation with ionic interaction have also been mathematically
analyzed (see, for example, [23], [45]).

Recently, extending the approach in [21, 47], the authors of [41] studied a quasi-
one-dimensional version of a steady-state PNP type system which involves two
oppositely charged ions with zero permanent charge and a local model for the hard-
sphere potential to account for finite ion size effects. In particular, an approximation
of the I-V relation was derived by considering the ion sizes to be small parameters,
more precisely, the authors treat ¢ and v = v as small parameters and derive
approximations for the individual flux J; and the current Z expanded in v with
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A = 1o /v and fixed boundary concentrations Ly and Ry as follows (will be further
discussed in Section 2):

Jr =Dy Jy, ZDkao(V;€) +Dka1(V; /\,€)V+0(l/), (1)
IZ(Vie,d) =z1D1J1 + 2eDaJo = Io(Vie) + Li(V; A e)v + o(v).

This is crucial to further study the qualitative properties of ionic flows. It turns
out that, for &k = 1,2, both Ji1(V; A, e) and I1(V; A, ¢) are linear functions in V
(see (12) in Section 2.2). In particular, six critical potentials Vi, Vi¢, V., V¢ are
defined by

Ji1(Vie; A,0) =0, 11 (Ve; A, 0) =0, ijkl(V,f;)\,O) =0,

™ (V4 A,0) =0.

(2)
The significance of the six critical potentials is apparent from their definitions
(See Theorems 4.8, 4.9, 4.18 and 4.19 in [41] for details), and from (1), the sign
of OvJi1 (resp. OvaJri, OvIi and OyyI,) plays a key role in characterizing the
effect from ion sizes. Furthermore, the signs of those terms depend sensitively on
multiple physical parameters, such as the boundary potentials and concentrations,
ion valences, diffusion coefficients and ion sizes. The characterization of the distinct
effects of the nonlinear interplay between these physical parameters will provide
detailed information for one to better understand the flow property of interest.

With the assumption of electroneutrality conditions z1L1 = —z3Lo = L and
z1R1 = —29Rs = R, and L # R, the authors in [41] established that

OvI(V;2,0) >0 and 9%,I;(V;\,0) > 0.

Furthermore, the authors in [41] also provided a very special case showing that, for
z1 = —z9 = 1 and fixed Lo > 0, 0y Z1(V; \,0) < 0 if either Ry > Ry > L; > 0 and
vVLi1Ly > +/RiRy,0or Ry > L1, Ry < Ry and v/L1Ls > pu*v/R1 Ry, where p* > 1 is
a constant.

Two interesting questions arising immediately are i) in general, when Oy I (V; A,
0) and Oy xI1(V; X\, 0) are negative? ii) Can the total flux be studied in terms of the
indiwvidual fluxes Ty, = Dy Jy ?

To answer these questions, in this work, we study a quasi-one-dimensional PNP
model with the same setting as that in [41] ezcept for the assumption of electroneu-
trality conditions. Of particular interest is the sign study of Oy Ji1(V;A,0) and
Ovadi1(V; A, 0) in terms of the individual flux. We take particular advantage of
the work in [41] to provide a detailed explanation of how these physical parame-
ters interact to produce a wide spectrum of behaviors for ionic flows. Our rigorous
analysis (see Theorems 3.2-3.3, Corollaries 3.4-3.5 and Proposition 3.7) shows that

2
't

(i) boundary concentrations and relative size of ion species play critical roles in
characterizing ion size effects on individual fluxes;

(ii) the first order approximation Ji1 = DgJk1 in ion volume of individual fluxes
Jr = DyJy is linear in boundary potential, furthermore, the signs of 0y Jx1
and 0%, Jr1 which play key roles in characterizing ion size effects on ionic
flows can be both negative depending further on boundary concentrations
while they are always positive and independent of boundary concentrations
under electroneutrality conditions.

This is our main contribution in this work. To the best of the authors’ knowledge,
this work is the first analysis on roles that ion size plays in individual fluxes without
electroneutrality conditions.
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We emphasize that our results, for the relatively simple setting and assumptions
of our model, are rigorous. We believe these results will provide useful insights for
numerical and even experimental studies of ionic flows through membrane channels.
It should be pointed out that the quasi-one-dimensional PNP model and the local
hard-sphere model (see (7) below) adopted in [41] and in this paper are rather
simple. Aside the trivial fact that they will miss the three-dimensional features of
the problem, a major weakness is the missing of the excess electrostatic component
in the excess potentials. Important phenomena such as charge inversion and layering
may not be detected by this simple model.

The rest of the paper is organized as follows. In Section 2, we describe the
quasi-one-dimensional PNP model of ion flows, a local model for hard-sphere (HS)
potentials, the formulation of the boundary value problem of the singularly per-
turbed PNP-HS system, and the basic assumptions. Some results from [48] are
recalled, and these will be the starting point of our study. In Section 3, without
the assumption of electroneutrality conditions, we study the sign of Oy Ji1 (resp.
Ovadi1, OvIi and Oy 1), which plays a key role in characterizing the effect from
ion sizes. It also turns out that the signs of those terms depend sensitively on
multiple physical parameters such as boundary concentrations, ion valence and ion
sizes. Partial orders of critical potentials identified in (2) are provided. Numerical
simulations are performed to system (9)-(10) to identify some critical potentials
defined in (2). The paper ends with a concluding remark provided in Section 4.

2. Models and some previous results. In this section, we briefly recall the
model of Poisson-Nernst-Planck (PNP) systems, and some main results obtained in
[41] related to ion size effects on ionic flows.

2.1. A quasi-one-dimensional PNP system. We assume the channel is narrow
so that it can be effectively viewed as a one-dimensional channel that connects the
interior and the exterior of the channel. A quasi-one-dimensional steady-state PNP
model for ion flows of n ion species though a single channel is (see [50, 52])

ﬁ% (ET(X)EOA(X)ii) = —€<;Zj0j(X) —|—Q(X)>7 (3)
X =0 ~Ji= pPAXIC(X) Gy, i= 12

where X € [0,1], e is the elementary charge, kp is the Boltzmann constant, T is the
absolute temperature; ® is the electric potential, Q(X) is the permanent charge of
the channel, e,.(X) is the relative dielectric coefficient, ¢ is the vacuum permittivity;
A(X) is the area of the cross-section of the channel over the point X € [0,]; for the
ith ion species, C; is the concentration (number of ith ions per volume), z; is the
valence (number of charges per particle) that is positive for cations and negative
for anions, p; is the electrochemical potential, J; is the flux density, and D;(X) is
the diffusion coefficient.

For system (3), we impose the following boundary conditions (see, [21] for justi-
fication), for k =1,2,--- ,n,

®(0)=V, Ci(0)=L;,>0; ®1)=0, C;(I)=R; > 0. (4)

For ion channels, an important characteristic is the so-called I-V relations (current-
voltage relations). For a solution of the steady-state boundary value problem (3)-(4),
the rate of flow of charge through a cross-section or current T is
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I=Y zeJ; (5)
j=1

For fixed boundary concentrations £;’s and R;’s, J;’s dep_end onV only and formula
(5) provides a relation of the current Z on the voltage V. This relation is the I-V
relation.

2.1.1. Fxcess potential and a local hard sphere model. The electrochemical potential
wi(X) for the ith ion species consists of the ideal component p:?(X) and the excess
component p§®(X):
pi(X) = wi?(X) + i (X)

where

1 (X) = ze®(X) + kT In CgX ) (6)

0
with some characteristic number density Cy. The classical PNP system takes into
consideration of the ideal component pi4(X) only. This component reflects the
collision between ion particles and the water molecules. It has been accepted that
the classical PNP system is a reasonable model in, for example, the dilute case
under which the ion particles can be treated as point particles and the ion-to-ion
interaction can be more or less ignored. The excess chemical potential u§®(X)
accounts for the finite size effect of charges (see, e.g., [60, 61]).
In this paper, we will take Bikerman’s local hard-sphere model for pé*(X)

pP*(X) = —kpTIn (1 - zn: ujcj(X)), (7)

j=1

where v; is the volume of a single jth ion species. We would like to point out that
since C; is the number density of ith ion species, it follows that Z?Zl v;C; < 1. In
this sense, Bikerman’s LHS takes into consideration of nonzero ion sizes, however,
it is not ion specific, more precisely, one has pP*(X) = pB*(X) = ... = Bk (X)
in our PNP model.

2.1.2. The steady-state boundary value problem and assumptions. The main goal of
this paper is to examine the qualitative properties of the ion size effect on ionic flows
via the steady-state PNP system (3)-(4). For definiteness, we will take essentially
the same setting as that in [39], that is,

(A1l). We consider two ion species (n = 2) with z; > 0 and 2 < 0.

(A2). We assume the permanent charge Q(X) to be zero.

(A3). For the electrochemical potential p;, in addition to the ideal component
pi?(X) defined in (6), we also include a local hard-sphere potential (7) to
approximate the excess component pf*(X).

(A4). The relative dielectric coefficient and the diffusion coefficient are constants,
that is, €,(X) = ¢, and D;(X) = D;.

In the sequel, we will assume (A1)—(A4). We first make a dimensionless rescaling
following ([26]). Set Cy = max{L;, R; : i = 1,2} and let

5  ereokpT X A(X) .
~apg, " MO=TE Di=lGbs

_kBch(X), ci(z) = . Ji= D,

(8)

¢(z)
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kT — L; R
= V, Li=—=; Ri= .
e Co CO

Using expressions (6) for the ideal component ui(X) and (7) for the excess
chemical potential p§®(X), the boundary value problem (3)-(4) becomes

\%4

d? dJ;

2% ki
€ d$2¢ (21(31 + 29¢9), . 0,

dc

d—xl = —(21 — 211101 — ZQVQCQ)Clﬁ — (Jl — (i + VQJQ)Cl), (9)
dc d

T; = —(22 — 211101 — 22V262)02£ — (Jo = (ndh + mada)es),

with boundary conditions, for i = 1,2,

#(0) =V, ¢(0)=Li; ¢(1)=0, ci(1) =R, (10)
To end this section, we would like to point out that

(i) for typical ion channel problems, physical range for the parameter ¢ is 1072 —
1079, which is smaller for crowded ionic mixtures (large Cy) and larger for
less crowded ionic mixtures. It is further assumed that the dimensionless
parameters v;’s are small; typical physical range for v; = v;Cp is 1072 — 1074
with 1072 corresponding to crowded ionic mixtures, say, Cyp ~ 10 M (molar)
and with 10™* to less crowded ionic mixtures, say, Cy ~ 100 mM..

(ii) we take h(z) = 1 over the whole interval [0, 1] in our analysis. This is because
for ion channels with zero permanent charge, it turns out that the variable
h(z) contributes through an average, explicitly through the factor W

(for example, the individual flux will be %, see [48]), which does not
0

affect our analysis of the qualitative properties of the ionic flows.

2.2. Some previous results. We now recall some results obtained in [41], which
are crucial for our study and which will be frequently used. In [41], the authors
treat € and v = 14 as small parameters and derive approximations for the current
7 and the individual flux Jj expanded in v with A = v /v for k= 1,2,

I(Vie,v) =11 + 22J2 = Io(Vie) + (Vi A\ e)v + o(v),

11
Je(Vie,v) =D Jko(Vie) + D Je1 (Vi N e)v + o(v), (11)

where Jr = DyJ, Jio is the zeroth order expansion in v, Ji; is the first order
expansion in v, and

Al (Cfo — c{%)(ln(Lle) — ln(LgRl))
(21 — 22)(Incfy — Incfy)

Jio(V;0) :clLO — cﬁ) +

ach—c) e
(lncfo - lncﬁ)) kT’

zi(cfp —cih)  zi(cfp —efh)(In(LiRy) — In(LaRy))
29 (21 — 22)(Incly — Inch)

JQQ(V; 0) = —

k- e
(lncfo—lncﬁ]) kT’
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e
J11(V5A,0) =ai0(La, L2, R1, R2, A) + a11(La, L2, Ri, B2, ) —V,
kgT (12)
Jo1(V; A, 0) =B10(L1, L2, R1, R2, A) + B11(L1, Lo, R, Ra, )\)mV
In particular,
e
I (V;A,0) =21 Dyao + 22D2B10 + (21D1011 + Z2D2611)k37TV' (13)
Here,
. In —i;gf + (21 — z2)(Incly — Inelh) {(zl)\ — 22) ((cly)? = (cf})?)
10 (21 — 22)(Incly — Inch) 229
+ el (Ly 4+ ML) — e (R + ARQ)]
N z1(efy — eff)(Ry — Ly + A(Rg — Ly)) In £2422
(71— 22) (Incky —In cﬁ))2 7
_zicfy(Ly + ALg) — zicfh (R + ARy) | z1(21A = 22) ((efo)® — (efh)?)
a1 = Incl — IncR + L R
necy, — Inejy 229 (1n cip —1n 010)
N z1(cfp — cfy) (R — Li + A(R2 — Lo)) (14)
(Incky —In c{%)2
Biy = — 29I B2 4 2 (21 — z)(Incfy — Ineff) [ (21) — 20) ((chy)? — (¢)?)
0= z2(z1 — 2z2)(Incly — Inck) 229
+ el (Ly 4+ ML) — e (R + ARQ)]
21 (cky — ) (Ry — Ly + AM(R2 — Lg)) In f;gf
_ > 7
(21— 22) (Incfy —Incf)
Bi1 = — a1,
where ¢k and ¢k are landing points given by
z167 = — 22050 = (z1L1) o (—29L5) o ,
zicth = — zochy = (lel)%(—ZQRg)z%zz
Under our setups, the critical potentials Vi, V)¢, V., and V¢ identified in (2) are
given explicitly by
kT kT kT kT
Vie—— keTow e kpTawn 0 ks @7 ye = kB [310)\’
€ o1 € Q11,) € an € Q11,)
Vo—_ kT z1 Dy + 22D2B10
¢ e

Ve _ kT z1Diovox + 22D2B10,0
z1D1aq1 + 29Do 311

e z1Diaqyn + 22D B11,2

(15)
From (14) and (15), we observed that
Lemma 2.1. Viewing Vi., VS, Ve and V© as functions of L1, Ri with —zaLo =
o(z1L1) and —z2Rs = o(z1R1) for k = 1,2, one has Vie, V¢, V. and V¢ are
homogeneous of degree zero in (L1, Ry), that is, for any s > 0,
Vie(sL1,8R1) = Vie(L1, Ry),  Vi(sLi,sRy) = Vi'(L1, Ry),
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‘/C(SLl,SRl) = %(L17R1)7 and VC(SLl,SRl) = VC(Ll,Rl).

Note that, from (13) and (14), one has

v (V;\,0) = e T(lel = 22D2)0v J11(V; A, 0)
e
=7 T(ZlDl — 22D2)a11(V; A, 0),
e (16)
e
0%, 1 (V; ), 0) :m<Z1D1 — 20D2)0%, J11(V; A, 0)
e Oa
D D A
k T(Zl 1 — 22D2) —+— 8/\ (V ,0).
To better answer the question imposed in the introduction, the first step is to
study the the signs of Oy J11(V;A,0) = 57a11(V;A,0) and 83,J11(V;A,0) =
T agj\l (V;A,0) in terms of the 1nd1v1dua1 ﬁux without assuming the electroneu-

trality conditions.

3. Qualitative properties of ionic flows without electroneutrality condi-
tions. In this section, we would like to study the ion size effects on ionic flows
without electroneutrality conditions. More precisely, we would like to study the
sign of Oy Jx1 (resp. 0%, Jy1, Ov I and dyxI1), which plays a key role in character-
izing the effects on ionic flows from ion sizes.

Due to the difficulty in analysis, we will consider a relatively simple but more
general (compared to the study in [41]) case with

_ZQLQ = O'(ZlLl) and — 22R2 = O'(Z1R1) (17)

for some positive constants o, which is not equal to 1 (¢ = 1 implies electroneutrality
conditions on boundary concentrations). Under this assumption, one has ¢, =

R e
o=1-= Ly and cf}) = 071-%2 Ry. Tt follows form (12) and (14) that

e 210212*122 (L? — R?)

Ay J11 (Vo3 A, 0
vIn(Vioi0) = kBT “ T WLk )
- (18)
e zio=—= (L3R} ;
Ovadii(Via; A, 0 el L1
adu(Vioi,0) = kTo‘l“ ThpT iz Wl —mR )
where
A — _a
FO)=A "t (l-mo+ 22" 2575 11 -m
—Z9 222 (19)
~ —Z 1
flo) =(1 =m)o==3 — 2,
where
1 Li—R

- L1 +R1 lIlLl 71HR1

To get started, we establish the following result, which will be used frequently in
our analysis.

1 Li—R 1
Lemma 3.1. For Ly # Ry, one has m = y e iy ey S (0,5). As L1 — Ry,

1
m— 3.
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Li1—R,

Proof. For convenience, for L1 # Ry, we define m = m(Ly, Ry) = ﬁm

Let x = 1%, we have m(z) = ﬁ, x > 0. Direct calculations give
m/(z) = o) where n(z) =2lnz—z+ —
[(z+1)Inz]2’ T
For n(z), one has n/(x) = —(1;721)2 <0;and n''(z) = % It follows that

n'(1)=0, n"(1)=0, n"(z) >0<=0<z<1; and n’(z) <0<z > 1.

Hence, m/(z) > 0if 0 < z < 1; and m/(z) < 0 if z > 1. Note that m(z) — 0 as
x — 0; and m(z) — 0 as & — oo. Therefore, m(z) has its global maximum at x = 1
(that is, as L1 — Ry), which is % This completes the proof. O

3.1. Signs of dv Jy; and 9%, Ji1. It is clear from (12) that the sign of Oy Ji1 (resp.
0%, Jy1, k = 1,2 plays an important role in characterizing the size effects on ionic
flows. It is worth analyzing it in details. Note that, from (12) and (14), one has

8\/J11 = —8VJ21 and 8‘2/)\(]11 = —8‘2//\J21.

Therefore, we will mainly focus on the study of the individual flux J1;. We first
consider the sign of dy Ji1.

Corollary 3.2. Assume Ly # Ry. Then, there exist A\] and A3, two distinct real
roots of h(X) = Z In A+ ( - 7) In(z1 A — 22) — ( - 7) In2(z1 — 22) with X} < \}
such that

(1) for either 0 < A < A} or A > A3, there exist two distinct real roots of f(o) =0,
denoted by o1, and oo with o1, < 0. < 09 such that dy J11(V;0;0,0) > 0
if either 0 < o < 014 or 0 > 0ay; and Ay J11(V;031,0) < 0 if 014 < 0 < 024,

1—-22

) s the unique critical point of f(o).

2(z1—22)A(1—m)
21)\—Z2

(II) for A} < XA < X3, there exists m* € (0,1) such that
(II-1) with 0 <m <m*, dyJ11(V;0;1,0) >0 for o > 0;

(II-2) with m* < m < %, 8y J11(V;0;),0) > 0 if either 0 < 0 < o} or
o> o3 and Oy J11(V;0;0,0) < 0 if of < 0 < 03, where o} and o} are

two distinct real roots of f(o) = 0.

where o, = (

Proof. Note that the sign of dyJ11(V;0;A,0) is determined by the sign of f(o)
since

e = L2 —R?
—— >0 and o122 L L

T m >0 for 0 >0 and Ly # Ry (even as L1 — Ry).

From equation (19), direct calculations give

A 2\ z A — 2z9—z

f'(o)

— 2 229(z1 — 22)

It is easy to see that f”(o) > 0 for o > 0, which implies that f(o) is concave up for

o > 0. It follows that f(o) has a global minimum at some point o, which is the
2(z1—22)A(1—z1m) 21;222
21)\—22

unique solution of f'(¢) = 0. It is given by o, = (



10 H. LU, J. LI, J. SHACKELFORD, J. VORENBERG AND M. ZHANG

Note that f(04) =1—m > 0 since from Lemma 3.1, 0 < m < 1 for Ly # Ry. It
is clear that f(o) obtains its global minimum at o = 0., which is given by

21N — 22 [ 2(z1 — 29)A\(1 —m) B
1—m.
2(z1 — 29) ( 21\ — 22 tem

We now consider the sign of f(o.). For convenience, we redefine the quantity f(o.)
as a function of m, denoted by g(m). Note that z; > 1 and zo < —1. Careful
calculations give

floe) =—

z1
A — 29 =% 4 2 1
(m)=—14 L (22722 A= (1—m)* 0, 0 -
g'(m) +Z2 21— ) 2(1—-m)= " <0, <m <
Note also that
1—21
2:1)\—2:2 2z
04)=1— [ 22—=2 A% 21
04 =1~ (522 (21)

One can easily check that g(0+) > 0 if A7 < A < A}, and g(0+) < 0 if either
0 < A< Ay or A > A5 where AT and A5 are two distinct real roots of

h(A\) = 2lnx+ (1 - Zl) In(z1 A — 2o) — (1 - zl) n2(z, — 22).  (22)

29 z9 )
We next study the sign of g(m) for two cases.

Case L. g(0+) < 0. It is easy to check that g(m) < 0 for 0 < m < 3 since g(m)

is decreasing for 0 < m < 3. This implies f(o.) < 0. Therefore, there exist two

distinct real roots of f(o) = 0, denoted by o1, and o9, with o1, < 09, such that
flo) >0if 0 <0 <014 0r 0 > 094, and f(0) <0 if 01, < 0 < 094. It follows that,
with 0 < A < A*, 9y J11(V;054,0) < 0 for 01, < 0 < 0294, and dy J11(V;050,0) >0
for 0 < o < 014 Or 0 > 094.

Case II. g(0+) > 0. Note that

1 1 Z1A — 2o -5 En
_—) = — ]_ — _— )\z' .
9(2 ) 2 < ( Z1 — %9 ) ’
One has g(3—) < 0 if and only if k(\) > 0, where

k() = LA+ (1 - Zl) In(z1\ — 23) — (1 - Zl) In(z1 — 20).

<2 22 22
Direct calculations give

21 ()\ — 1)
)\(Zl>\ — 22)
Hence, k'(A) > 0if A > 1, ¥'(A\) < 0if 0 < A < 1. Furthermore, A = 1 is the unique
critical point of k(A), where k() has its global minimum. It is given by k(1) = 0.
This implies k() > 0 for A > 0. It follows that g(3—) < 0. Therefore, we have
g(0+) > 0 and g(5—) < 0 for A < XA < A}, and there exists m* € (0, §) such that
g(m) > 0if 0 <m <m*, and g(m) < 0 if m* < m < %. That is,

K\ = , for A > 0.

1
floe) >0if0<m<m”, andf(ac)<01fm*<m<§.
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Hence, f(o) > 0if 0 < m < m* for ¢ > 0; and if m* < m < 3, there exist
two distinct real roots of f(o) = 0 denoted by ¢} and ¢} with of < o3 such that

flo)<0ifof <o <o}, and f(o) >0if 0 < 0 < o} or o > o5. Therefore,

(i) Oy J11(V;0;A,0) > 0 either for o > 0 with 0 < m < m*, or for 0 < o < o7 or
o> 05 Withm*<m<%;

(i) OvJ11(V;0;4,0) < 0 for 0f < 0 < 03 with m* < m < 3. This completes the
proof. O

A similar argument leads to the result related to the sign of dy)J11.
Corollary 3.3. Assume Ly # Ry. Then, 0%,J11(V;),0) > 0, if 0 > &, and

8‘2//\J11(V;)\,0) <0,if0 <o <, where ¢ = (2(1 - m)) = is the unique real
root of f(o) = 0.

Together with (2), the following results can be established.

Theorem 3.4. Assume L1 # Ry. For small € >0 and v > 0, one has

(i) for either 0 < X < A} or A > A},

(i-1) for either 0 < o < 01, or o > 02y, J11(V;0;A,v) > J11(V;0;A,0) (resp.
Ju(Vios\v) < Jii(V;o30,0)) if V> Vie (resp. V < Vi), that is, the
ion size enhances (resp. reduces) the individual fluz;

(i-2) for o1x < 0 < 02k, Ju (V50N v) > J11(V;0;A,0) (resp. Ji1(V;05\,v)
< J1(V;0:0,0)) if V< Vie (resp. 'V > Vi), that is, the ion size
enhances (resp. reduces) the individual fluz.

(i1) for A\f < X < A5,

(#i-1) with0 <m < m*, foro >0, J1(V;0;\,v) > J11(V;0;A,0) (J11(V; 03
A\ v) < Ji1(Vio; A, 0)), that is, the ion size enhances (resp. reduces) the
individual fluz, if V> Vi, (resp. V < Vi.);

(ii-2) with m* <m < i,

(ii-2-a) for either 0 < o < of oro > o3, Ju(V;o; A\, v) > J11(V;0;A,0)
(resp. Ji1 (Vo0 v) < Ji1(V;0;X,0)), that is, the ion size enhances
(resp. reduces) the individual fluz if V> Vi (resp. V < Vie);

(1i-2-b) for of <o <oy, J1(Vio; A\ v) > Ji1(V;03X,0) (resp. Ji1(V; 03
A v) < Juu(V;o;X,0)), that is, the ion size enhances (resp. reduces)
the indwidual fluz if V < Vi, (resp. V > Vi.).

Theorem 3.5. Assume L1 # Ry. For small € >0 and v > 0, one has
(i) for o > &, J11(V;0; )\, v) is increasing (resp. decreasing) in X\ if V. > Vf
(resp. V< V) ;
(ii) for 0 <o <a, J11(V;o; A\ v) is increasing (resp. decreasing) in X if V. < V¢
(resp. V> V).

In particular,

Proposition 3.6. As Ly — Ry, one has

(i) For A\ # 1, there exist two distinct real roots of f(c) =0, denoted by V) and
0@ with oW < @ such that OvJi1(V;037,0) > 0 if either 0 < o0 < oM
or o >c®; and Oy J11(V;0;0,0) <0 if oM < 0 < 0@ . Furthermore, for
A=1, dyJi1(V;0;),0) >0 for all o > 0.

(ii) 0%, J11(V;A,0) >0, if o > 1, and 8%, J11(V;1,0) <0, if 0 < o < 1.
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To show the existence of those particular values of o, A and m in Theorem 3.2,
we provide the following example. Example. We take z; = —z5 = 1. Numerically,

we obtain Figures 1, 2 and 3, respectively.

z,=1,2,=-1, A=1.382

z,=1,z,=1
1 . 0.8
05 0.6+
—~ 04
~ 0
=3 £
< 05 =02
1 0
15 -0.2 L L
0 : 0 5 20 0.1 0.2 03 0.4 05
A m
4 01 0.06
3
0.05 0.04
2
2 . 2 o = E oo
= /\1 =0.072 = )\2 =13.93 =)
0 =
0.05 0 m’ = 0.4934
-1
2 01 -0.02 : ‘ : ‘ : ‘
[¢] 0.5 1 13 135 14 145 15 0.465 0.47 0.475 0.48 0.485 0.49 0.495 0.5
A A m
FIGURE 1. Numerical detection of critical values for A (left graph) and
m (right one) in Theorem 3.2.
. 21:1, 22:—1, A=0.07, L1:14, R1:20 . 21:1, 22:’1' A=14, L1:14. Rlzzo
05
Al
0
05 T2
-1
0
1.5
2 2
0 50 100 150 200 250 0 0.2 0.4 0.6 0.8 1 12 14 16 18 2
o H
0.6 0.1 0.6 0.5
0.4
0.4 0.05
0.2
o < — .. =0.0052 -
= 02 = 0 0, =199.24 é 0 é 0 0, = 0.9763
7,.=1.023 0.2
0 -0.05
-0.4
0.2 01 0.6 05
0 05 1 15 2 195 200 205 0 0.005 001 0015 0.02 0.9 0.95 1 1.05 11
“ o a -

FIGURE 2. Numerical detection of critical values for o, which cor-
responds to statement (I) in Theorem 3.2. The left graph is for
A < Al =0.072, and the right one is for A > A5 = 13.93.

We next would like to point out that

Proposition 3.7. Under electroneutrality conditions z1L1 + 2oLy = 0 and z1 Ry +
2Ry =0, for Ly # Ry, one has v J11(V; A, 0) > 0 and 02, J11(V; A, 0) > 0.

Proof. Upon introducing z1 L1 = —z2Ls = L and 21 Ry = —29Rs = R, one has

1 1
L ¢ =R =—Randcf =Ry= —R.
Z1 —z2

1

1
L L
ClOZLIZ—L’ CQOILQZ
21 —Z2

By careful calculations, we obtain
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0.6

2;=1,2,=-1, \=1.382, L =10, R =20, m=0.4809 2,71,2,=-1, \=1.382, L =14, R =20, m=0.4948

0.5

o, =0.8362

FIGURE 3. Numerical detection of critical values o corresponding to
statement (II) in Theorem 3.2 with A] < A < A3. The left graph is for
0 <m <m* = 0.4934, and the right one is for m* <m < %.

e (Az1—z)(L+R) L-R 1
ovJi11(V;\,0) = - =
vJu(ViA,0) kgT 2129 InL—-InR m 2/’

) . e L+R L-R _1
av)\Jll(Vv)‘vo)_k.BT zo InL—-—InR " 2)"

Notice that k}:T > 0, zo < 0 and ﬁ > 0. Together with m < % from
Lemma 3.1, one has 9y J11(V;A,0) > 0 and 93, J11(V;A,0) > 0. This completes

the proof. O

Remark 3.8. Proposition 3.7 is a special case of Theorems 3.2-3.3 with o = 1.

To end this section, we would like to comment that since a1 = —f11 in (14),
one has dyJ11 = —0y Jo1 and 8‘2//\J11 = —8‘2/)\J21. Corresponding results related to
J21 can be easily obtained, and we leave them to the readers.

3.2. Sign studies related to the total flux. Some qualitative properties of the
total flux (the total flow rate of charge) in terms of I; = 21 D1J11 + 22D2J21 have
been studied in [41]. In particular, under the assumption of electroneutrality con-
ditions, the author established that dyI;(V;A,0) > 0 (resp. 82,11 (V;A,0) > 0),
which implies that, for small € > 0 and

However, there are not too much discussion about the negativeness of these terms
except a very special case stated in our introduction.

From (16), the study of the signs of 02,1;(V;),0) and dvI;(V;A,0) follows
directly from our analysis of the individual fluxes (Theorem 3.8 and Theorem 3.14).
More precisely,

Proposition 3.9. Under assumption (17), one has

O\ (V32,0002 J11(V; X, 0) > 0; and dv 1, (V; A, 010y J11(V; A, 0) > 0.
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3.3. Partial orders of critical potentials. Our main interest in this section is
to provide a partial order for the critical potentials identified in (2) (see [41] for
more details). We first consider the critical potentials Vi, Va. and V. that balance
the ion size effects on both the individual flux and the total flux.

For the six critical potentials, Vi, V) related to the individual fluxes, and V., V¢
related to the total flux, given by (15) (see also [41]), it is expected that V, and V,
depend on Vi, and V5., and V¢ and ye depend on V¢ and Vi. More precisely,

Corollary 3.10. We have

21D1Vie — 29Da Vo,

‘/c _ VC _ ZlDlef — ZQDQ‘/QC '

21Dy — 2Dy z1D1 — 22Ds
Proof. 1t follows from the relation (14) and the expressions of the six critical po-
tentials in (15) directly. We omit it here. O

The following result can be established.

Proposition 3.11. Assume (17) and Ly < Ry. Assume further that ay; > 0. With
Al and X5 as given in Theorem 3.2,

(i) for A\ < XA < A3, one has Vo < Ve < Vig;

(i) for either 0 < A < A} or A > A}, there exist two distinct real roots &1 and &2
with 61 < 09 of p(o) = il—z);UJr %0% + 1 =0 such that Vo, < V. < Vi, if
either 0 < o < a1 or g > da; and Vi, < Vo, < Vi, if 61 < 0 < 73.

Proof. We only provide the proof for the case with a7 > 0. Similar argument can

be easily applied to the case with a1 < 0.
From (15) and Corollary 3.10, one has

kBT 1 zZ1 2 2
Voo — Vie = —(1-—=)(L1—R ,
2 1 ¢ o ( z2> (L7 1p(o)
A A — 21
where p(o) = LA A
—2Z92 222
Direct calculations give
’ Z1A 21 (Zl)\ — ZQ) 22 " 21 (Zl>\ — ZQ) 222—21
plo)=—4+ ——S0c==2 andp'(0) = ——F0 71— >0 foro > 0.
( ) —Z9 22’2(2’1 — 2’2) ( ) 2(21 — 22)2
21 =22
2(z1—22)A

In particular, & = ( ) “ is the unique critical point of p(c) for o > 0.

Zl/\fzg
p(o) has its absolute minimum at o = &, which is given by
1—21
~ Z1>\ — 22 2z
o)=1-|——= A=,
»(%) (2(21 - Zz))
Notice that p(&) = g(0+), where g(0+) is given in (21). It follows that p(5) > 0 if
AT < A < A3; and p(6) < 0if either 0 < A < A} or A > AS, where A and A} are two
distinct real roots of (22).
Together with p(0+) =1 > 0, one has

(i) with AT <A < A5, Vo, — Vi < 0 since p(o) > 0 for all o > 0.

(ii) with either 0 < A < A} or A > A}, there exist two distinct real roots ; and
g9, say 01 < 03, of p(o) = 0 such that p(c) > 0 if either 0 < 0 < 71 or 0 > F9;
and p(o) < 0if 61 < 0 < &9. Thus, Vo, — Vi, < 0 if either 0 < 0 < 77 or
o> 0d9; and Vo, — Vi, > 01if 61 < 0 < 79.



ION SIZE EFFECTS ON INDIVIDUAL FLUXES VIA PNP SYSTEMS 15

Note also that

Z2D2(‘/Ic - VvQC) ZlDl(‘/Ic - ‘/20)

‘/C - VC = d ‘/c - Vc =
! ZlDl — ZQDQ an 2 21D1 — ZQDQ
One has Vi. < V. < Vo, if Vo — V1. > 0; and Vo, < V. < Vi, if V. — V4. < 0.
This completes the proof. O

Similarly, for the critical potentials V°, Vi and V¢ that separate the relative size
effects on both the individual flux and the total flux, we have

Proposition 3.12. Assume (17) and L1 < Ry. Assume further that aiix > 0.
P

Z21—22 . . 2
Then, for o > 2772 | one has V& < V¢ < V¢ and for 0 < 2772 | one has
V< Ve <V

Proof. The proof is straightforward, and we omit it here. O

Remark 3.13. Similar results can be obtained for the case with a7 < 0 and
o115 < 0, respectively. We leave it to readers.

To end this section, we perform numerical simulations to system (9)-(10) directly
to numerically identify the six critical potentials given in (15) and to further examine
our analytical result established in Theorem 3.2 and Corollary 3.4 (see Figure 4).

In our numerical simulations, we take 14 = Ly < Ry = 20 (implying m(L1, R1) =
0.4948 > m* = 0.4934) and 0.072 = A} < A = 1.38 < A\ = 13.93. For small ¢ =
0.001, our numerical result shows that Vo, < V, < Vi, and Vi < V¢ < V¢, which
is consistent with our analytical ones stated in Proposition 3.11 and Proposition
3.12. We comment that those critical potentials split the potential region into
several subregions, and over each subregion, the ion size effects on ionic flows will be
different. This provides a possible way to control the boundary potential to produce
desired properties of ionic flows while the boundary concentration and relative ion
sizes satisfy certain conditions. Take Vi, < V. < Vj. (the critical potentials that
balance ion size effects) for example, from Theorem 3.4 and Proposition 3.9, one
has, for small € > 0 and small v > 0,

(S1) for V. < Va., 1(V;v) < J1(V;0), Fo(Viv) > Fo(V;0), and Z(V;v) <
Z(V;0);

(S2) for Vo <V < V., h(V;v) < J1(V;0), Jo(V;v) < Jo(V;0), and Z(V;v) <
Z(V;0);

(S3) for V. < V < Vi, h(V;v) < J1(V;0), Jo(V;v) < Jo(V;0), and Z(V;v) >
Z(V;0);

(84) for V. > Vi, J1(V;v) > J(V;0), F2(Viv) < F2(V;0), and Z(Viv) >
Z(V;0).

In particular, in (S3) and (S3), the ion size reduce both the individual fluxes J;

and J2, however, the effect on the total flow rate of charge Z is opposite. Recall

that Z(V; v, A) = Zo(V), JT1(V;v,A) = J10(V) and Jo(V;v, N) — T (V) are all linear

functions in the potential V', (S1)-(S4) can be further verified by our numerical

simulations in Figure 4 (left column).

To find the critical potentials V¢, Vi and V¢, our numerical approach is a nu-
merical interpretation of the following analytical result (taking the individual flux
Jp for example). For fixed (A*,v*), we define

HWV,A) =L (Vs v") = (VA5 v").
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3,(V; 1 A)0 (V)

Proposition 3.14. For fized (\,v) = (A\*,v*), VI* is the value defined in (2) if
and only if the point (VI*, \*) is a saddle point of H(V, X) under the condition that

H. LU, J. LI, J. SHACKELFORD,

, ¥=0.0001, ¢=0.001; L =14, R, =20; A=1.382
a0® ‘ L :

5
4l
3l
2l
s 1t
<
=0
3
> -1r
= V =-25.47476065
ol
3l
4l
5 , , , , ,
-25.8 -25.7 -25.6 -25.5 -25.4 -25.3 -25.2
v
1o V=0-0001, ¢=0.001; L =14, R, =20; A=1.382
37X - - T T
2l
S 1y
3
2
=0
é‘:
'l V,=31.42479480
2l
-3
30 305 31 315 32 325
v
©=0.0001, €=0.001; L =14, R,=20; A=1.382
0.015 T T T T
0.01}
0.005
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0,005 V,.=-36.85305261
001}
-0.015 . . . .
-38 -37.5 -37 -36.5 -36 -35.5
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»=0.0001, ¢=0.001, L1:14, R1:20

g x10°
6
4
2
=
>0
I
-2
-4 V°=-39.68355603
-6
-8
-39.8 -39.75 -39.7 -39.65
Y
10° v=0.0001, ¢=0.001; L, =14, R,=20
155 . . - -
1L
0.5
=
> 0
I
-0.5
{3
1
al
15 . . . ,
17.2 17.25 17.3 17.35 17.4
. »=0.0001, ¢=0.001; L, =14, R, =20
%10 1 1
4
2
<o
2
I
2 V;5=-51.08299062 |
-4
-6

-51.2 -51.15 -51.1 -51.05 -51

FIGURE 4. Numerical identification of six critical potentials in (15)
with 21 = —z2 = 1. In the left column, the vertical axis actually repre-
sents, from top to bottom, Z(V;v, \) — Zo(V), J1(V;v, ) — J10(V) and
T2(V; v, A) — J20(V), respectively. In particular, the x-axis for all figures

actually represents V.

e
kBT

02\ H(VE X)) = 02, J1(VEx, AF) # 0.
Proof. Notice that H(V,A\*) = 0 for all V. Hence, Hy(V,\*) = Hyy(V,\*) = 0.

From the definition of Vi, one has Hx (V™ ,A*) = Ji (VI A%, v*) = 0, which

implies that (V*, \*) is a critical point of H(V, ). Following from

0’H

O°H0°H
V2 A2

0’H

2 2
8V6)\) (VA )_<6V8)\> (VI M) <0,

one concludes that (V™*,\*) is a saddle point of H(V, \).

-50.95
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It follows that, for fixed (A*,v*), one can numerically compute J;(V; A, v*), and
hence H(V,A) for any A close to \*, then apply Proposition 3.14 to estimate V/°*
from the saddle point of H(V, ). In our numerical simulations, we fix A* = \/3
and plot H(V,\) as a function of V' with three different A values (see the second
column in Figure 4 for Jy,Js and I). Our analytical results for zeroth order in
and first order in v tell us that the graphs for these three different A values should
have a common intersection point with V' = V°.

vots v=0.0001, ¢=0.001; L,=10, R,=20; \=1.382, Q;=0.5 %10 v=0.0001, €=0.001; L,=10, R,=20; Q,=0.5

°
2

o
o
8
@

3, (Vv A3, (V)

)
S
S
@

= _
S o -
h i
02 ]
V1C=13.B39182 0.4 1

0015 L L L L 1 L L L L
125 13 135 14 145 15 5 5.05 5.1 515 52 5.25

001

FIGURE 5. Numerical identification of critical potentials V3. and V° for
individual flux J1 with 21 = —z2 = 1 and nonzero permanent charge.
The x-axis for all figures actually represents kE%TV.

Contour map of H(V,\) for 3,
1.392 I T

Z

1.388F

139

1.386 £
1384 F
~< 1.382F
1.38F
1.378
1.376

1374+

1.372

506 508 5.1 512 514 516 518 52 522 524
\

FIGURE 6. Numerical approximations of critical potentials V;¢ for in-
dividual flux J1 with z1 = —z2 = 1 and nonzero permanent charge as
illustrated in Proposition 3.14. The x-axis for all figures actually repre-

=
sents T V.

4. Concluding Remarks. In this work, we consider the PNP model with local
excess chemical potentials to account for finite size effects on ionic flows for two
ion species, one positively charged and one negatively charged. The qualitative
properties of ionic flows, in terms of individual fluzes, are studied without the as-
sumption of electroneutrality conditions, which is more realistic, and it turns out
that these properties depend very sensitively on boundary concentrations (in terms
of m(L1, R1)) and relative ion sizes (in terms of A) in addition to other physical pa-
rameters such as boundary potentials, ion valences and ion sizes. Our result shows
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that the first order approximation Jip; = DyJi1 in ion volume of individual fluxes
Jr = Dy Jy is linear in boundary potential, and the signs of dy Jx1 and 8‘2/)\\7;@1
which play key roles in characterizing ion size effects on ionic flows can be both
negative depending further on boundary concentrations while they are always posi-
tive and independent of boundary concentrations under electroneutrality conditions.
This is the novelty of our work. For the relatively simple setting and assumptions
of the model studied in this paper, we are able to characterize the distinct effects
of the nonlinear interplay between these physical parameters. The dynamical be-
haviors of ionic flows studied in this work are much more rich compared to those in
[41] under electroneutrality conditions.

Finally, we comment that the model studied in this paper is oversimplified and the
specific setting (such as zero permanent charge assumption) of our problem may not
reflect precisely any realistic biological settings. However, we believe the existence
of these critical potentials are generally in valid (even for PNP model with nonzero
permanent charge, see Figures 5 and 6 for Vi, and Vi with nonzero permanent
charge Q(x) defined piecewise by Q(z) = 0 if x € [0,1/3] U [2/3,1] and Q(z) =
Qo if x € [1/3,2/3], where Qp = 0.5) and the awareness of the potential existence
of these critical voltage itself would be useful for further numerical studies and
stimulate further analytical studies of ionic flows through ion channels. We believe
our results will provide useful insights for numerical and even experimental studies
of ionic flows through membrane channels.
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