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Abstract

Inspired by nature, functionalized nanopores with biomimetic structures have attracted

growing interests in using them as novel platforms for applications of regulating ion and

nanoparticle transport. To improve these emerging applications, we study theoretically for the

first time the ion transport and selectivity in short nanopores functionalized with pH tunable,

zwitterionic polyelectrolyte (PE) brushes. In addition to background salt ions, the study takes

into account the presence of H" and OH™ ions along with the chemistry reactions between

functional groups on PE chains and protons. Due to ion concentration polarization, the charge

density of PE layers is not homogeneously distributed and depends significantly on the

background salt concentration, pH, grafting density of PE chains, and applied voltage bias,

thereby resulting in many interesting and unexpected ion transport phenomena in the

nanopore. For example, the ion selectivity of the biomimetic nanopore can be regulated from

anion-selective (cation-selective) to cation-selective (anion-selective) by diminishing (raising)

the solution pH when a sufficiently small grafting density of PE chains, large voltage bias,

and low background salt concentration are applied.

Keywords: Nanofluidics; Nanopore Conductance; Charge Regulation; Ion Concentration

Polarization; Chemically Modified Nanopores
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1. Introduction

Inspired by biological protein channels, synthetic nanopores decorated with a variety of
functionalized macromolecules have developed many environmental stimuli, such as pH,"”
voltage,” temperature,'® ionic species,'’ and light."> Among them, pH-tunable biomimetic
nanopores, nanosized pores in solid-state membranes modified with pH-regulated
polyelectrolyte (PE) brushes, have attracted more attention due to their potential applications
in diverse fields, including energy transduction,’ ionic gates,™ ionic pumps,® nanofluidic
diodes” ® and biosensors,” to name a few. It has been discovered that the performance of these
applications is affected significantly by the charge property of PE layers and ionic
conductance behavior in the nanopore, which are very sensitive to pH stimuli. Recent studies
strongly suggest that as the size of pores is narrowed to the thickness of electric double layer

(EDL), unique ion transport properties, not observed in microscale pores, emerge, such as ion

13, 14 15-17

selectivity, ion concentration polarization (ICP), and ion concentration rectification
(ICR)."®2° Considering the growing applications using pH-tunable bioinspired nanopores, a
comprehensive understanding of the interplay among the charge property of PE brush layers,
conductance, and ion transport behaviors is highly necessary.

Existing theoretical studies focused mainly on the solid-state nanopores.'> '* 1%/

Compared with those, available studies on the ion transport in PE layer-modified nanopores

are very limited because of the complexity of mathematical model. For instance, Tagliazucchi
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et al.” investigated the ionic conductance in PE-modified nanopores with considering the
molecular organization under an applied electric field. They found that the molecular
structure of PE chains deform significantly, which in turn affects the ionic conductance in the
nanopore, when the molecular length of PE chains is too long and the applied electric filed is
large. Applying the same molecular theory, the same group further discussed the possibility
of using nanopores with outer membranes functionalized with PE brushes of bipolar charges
and found excellent rectification behavior in the nanopore.” Until recently, the analyses on
the electrokinetic ion’ and nanoparticle’” ** transport, ICP,”> and ICR™ in nanopores
functionalized with PE brush layers have been made by wusing the coupled
Poisson-Nernst-Planck (PNP) and modified Stokes-Brinkman equations. Nevertheless, the
systems described above assumed that the PE brushes carry homogeneously fixed charges,
implying that the charge density of PE layers is independent of the solution pH and salt
concentration, and only considered the influence of the background salt ions on the
conductance behavior in the nanopore. The understanding of the pH-tunable biomimetic
nanopores is therefore still very limited by the fact that the presence of H® and OH™ ions
is often neglected, and its response to and its impact on the charge density of PE brush layers
and other ion transport phenomena (e.g., ion selectivity and ICP) have not been investigated.
In this work, we present the first theoretical attempt to investigate the ionic conductance,

ICP, and ion selectivity in a pH tunable, zwitterionic PE brush-functionalized nanopore as
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functions of the background salt concentration, pH, grafting density of PE chains, and applied
voltage bias. To mimic the pH-tunable nature of bioinspired nanopores, our model extends
the previous continuum-based model (see Theoretical Model section), which has been
verified and is suitable for describing the underlying physics of ion transport in PE

3933 to the more general case with considering the presence of H*

layer-modified nanopores,
and OH™ ions and chemistry reactions of the functional groups on PE chains. We show that

the ion selectivity of the nanopore can be actively regulated by adjusting the solution pH

under certain conditions.

2. Theoretical Model

As schematically shown in Fig. 1, we considered a cylindrical nanopore of radius R,
and length L  fabricated in a solid-state membrane, which separates two large, identical
reservoirs of radius R and length L . Both the nanopore and two reservoirs are filled with
incompressible electrolyte solution containing M types of ionic species. PE brushes,
referred to as PE layer, of uniform thickness #, are end-grafted to the entire membrane wall
surface. We assume that the PE layer is ion-penetrable and homogeneously structured. For
simplicity, the morphology deformation of the PE layer is neglected, which is valid if the
length of polymer chains is not too long.” Due to the axial symmetry, the cylindrical

coordinate system, » and z, is adopted with the origin located at the center of the nanopore.
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It is known that molecular chains in biological systems generally reveal a pH regulation
nature, implying that their charges are exquisitely dependent on the local concentration of
protons. To mimic the pH-regulated nature of biological ion channels, we assume that the PE
brushes carry zwitterionic functional groups (e.g., lysine), PE~COOH and PE~NH,, capable
of proceeding the following dissociation/association reactions:

PE~COOH < PE~COO™ +H", PE~NH, +H" <> PE~NH;. (1)

Let K, =I' [H VT ppcoon and K,=I" /T pg i, [H'] be the equilibrium constants

PE~COO~ PE~NHj

of these two reactions, where [H'] and I', are, respectively, the molar concentration of

H® ions and the volume site densities of the functional groups &
(k =PE~COOH, PE~COO", PE~NH, and PE~NH} ) within the PE layer. The total number

concentrations of the acidic and basic functional groups are I' ,=I" + s coon =0,/ h,

PE~COO™

and I',=T" T =0, /h,, respectively, with o, being the grafting density of PE

PE~NH, m

A+
PE~NH;
chains on the membrane surface. &, is typically in the range of 0.1 and 0.6 chains/nm® **

¥ If we let e be the elementary charge, eqn (1) and the above relations of I', and I,

yield the charge density of the PE layer,

K, + KTy [HJr}
K, +[H ] 1+K,[H"] ]

0. =1027e(—r +T ):10% - )

PE~COO™ PE~NHj
Suppose that the two reservoirs are large enough so that the concentration of the jth ionic
species at positions far away from the nanopore maintains its bulk value, C,; (mM). To

simulate experimental conditions, we assume that the background salt is KCI, and HCI and

6
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KOH are used to adjust the solution pH (=—-log[H"],) with [H"], being the bulk molar
concentration of H™ (in the unit of M). Therefore, four ionic species (i.e., M =4),
including H", K", CI",and OH", should be considered. If we let C,,, j=1,2,3, and 4,
be the bulk concentrations of these ions, respectively, and C, the background KCl
concentration, electroneutrality results in C,, =107, C,, =10""*""" C, =C,, and
G,y =C, +107""7 107" for pH<7; C, =C,—10""7 +10 """ and C,,=C,
for pH>7.

13,30,32,36 , 1 : -
1, 7" " taking into account the presence

The following verified continuum-based mode
of multiple ionic species,’ is employed to describe the physics of the electrokinetic ion and
fluid transport in nanopores:

(i) Multi-ion Poisson-Nernst-Planck (PNP) equations for the electrical potential /' and

the ionic mass transport:

_V2V — pe +lpm

; 3)
&r
D, _
V-N,=V-luc,-DVc, —sz—'TchVV =0, j=1,2,3,and 4. 4)
Here, p, :Z;szcj is the space charge density of mobile ions; z,, ¢;, D;, and N,

are the valence, concentration, diffusivity, and ionic flux of the ionic species of j,
respectively; &, and T are the permittivity and absolute temperature of fluid, respectively;

R and F are the universal gas constant and Faraday constant, respectively; u=ue, +u_e,
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is the fluid velocity with e, and e  being the unit vectors in the r- and z-directions,
respectively; i=1 and 0 are the regions inside and outside the PE layer, respectively. Note
that the aforementioned PNP equations could not be replaced by the Poisson-Boltzmann
equation’”* because the EDLs in the considered system are strongly overlapped and the ICP
effect is significant.

(i1) Modified Stokes-Brinkman and continuity equations for the flow field:
,quu—Vp—(z;szcj)VV—i%u=0, )
V-u=0. (6)
Here, ¢ and p are the fluid viscosity and hydrodynamic pressure, respectively;
A, =(uly,)"” is the softness degree of the PE layer with y, being the hydrodynamic
frictional coefficient of that layer.”* Because the ionic current in nanopores is not

significantly affected by the flow field," *"*°

in the present study A, is fixed at 1 nm,
which is typical to biological PEs (ca. 0.1-10 nm).*

The following boundary conditions are assumed for the above highly coupled governing

eqn (3)-(6). (i) The ionic concentrations on both ends of two reservoirs attain their bulk

values, ¢, =C,, , and the corresponding electric potentials are }/(cathode)=0 and
V(anode) =V . A normal flow without external pressure gradient is specified on both ends of

two reservoirs. (ii) The rigid surface of the membrane wall is ion-impenetrable, uncharged,

and non-slip yielding n-N, =0, —n-V}V' =0, and u= 0,%° respectively. Here n is the unit
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outer normal vector. (iii) The electric potential, electric field, ionic concentrations, and flow
field are all continuous on the PE-layer/liquid interface. (iv) Zero normal ionic fluxes
(n-N, =0), insulation boundary condition for the potential (—n-V} =0), and slip boundary
condition for the flow field are specified on the side boundaries of two reservoirs, which are
far away from the nanopore. (v) Symmetric boundary condition is imposed along the axis of

the nanopore.

The ion conductance and selectivity of the nanopore, G and S, respectively, can be

evaluated by'*°
G=I/K)=[I(Z4:szNj)-ndQ]/I/(), (7)
o J-l
and
g - Ll =] (8)
[ca + [an
In the above, Q) denotes either end of two reservoirs, and /=|/_|+|/,| is the net ionic

2
current through the nanopore with [ =1 +1, = JQ(ZFZ/Nj)'ndQ from H" and K*
Jj=1

4
ions and [, =1,+1, :J.Q(ZFZ‘/N‘/)-ndQ from CI" and OH™ ions. If §>0 (S5<0)
j=3

I

ca

I

an

I

ca

I

ca

I

an

>

(

<

) and

and S=0, implying that 1, , the nanopore is
cation-selective (anion-selective) and non-selective, respectively.
The above strongly coupled model is solved numerically by COMSOL Multiphysics

(version 4.3a), operated in a high-performance cluster. The model without considering the

charge regulation and multiple ionic species has been validated to be sufficiently efficient and

9



Nanoscale

accurate for quantitatively describing similar electrokinetic ion transport problems in

13144143 and PE-modified nanopores.*® ** The applicability of the similar charge

solid-state
regulation model was also validated recently*® by comparing the predicted conductance in a
silica solid-state nanopore with the experimental data obtained by Smeets et al.** A more

detailed description of the numerical implementation is available in the literature.” *°

3. Results and Discussion
For illustration, we consider a PE layer-modified nanopore with radius R, =14 nm and
length L =60 nm, and the thickness of PE layer %, =5 nm. The former is in accordance

46,47

with the typical dimensions of nanopores drilled in solid-state membranes, and the latter

8,28,47 (ca. 3-15 nm) in the surface modification

is within the range for biological PE brushes
of nanopores. To simulate biomimetic nanopores with pH-tunable, zwitterionic
characteristics, we consider a typical case of amino acid-like PE chains with lysine groups’®
of pK,=2.2 (a -carboxyl) and pK,=-9 («a -amino).*” Consequently, the isoelectric
point (IEP) of the PE layer is 5.6. At T =298 K, the ionic diffusivities D, (H"), D,
(K"), D,(ClI'), and D, (OH ) are 9.31, 1.96, 2.03, and 5.30 (x10” m*/s),
respectively,”! and the other physical parameters are F =96490 C/mol, R=8.31JK 'mol™,

& =7.08x107"" F/m,and u=1x10" Pa-s.

3.1. Nanopore conductance

10
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The influences of the solution pH, background KCI concentration, C,, grafting density
of PE chains on the membrane surface, o,, and voltage bias, J;, on the nanopore
conductance, G, are depicted in Fig. 2. Fig. 2a and b reveal that at sufficiently high salt
concentration, G 1is nearly independent of V, pH, and o, , and decreases linearly with
decreasing C,. This, as expected, behaves as a bulk conductance behavior. On the contrary,
G decreases non-linearly with a decrease in C, at low regime of salt concentration. This is
due to the fact that at low salt concentration, the overlapping of electric double layers (EDLs)
in the nanopore is significant. In this case, the nanopore conductance is primarily dominated
by its surface charges.*>® This explains why the non-linear conductance behavior at small
o, =0.1 and medium small pH =5 (close to IEP of the considered PE layer), shown in Fig.
2a, is unremarkable, as a result of a very small charge density of the PE layer. Because the
amount of charges in the PE layer increases with an increase in o, , the nanopore
conductance increases accordingly, as shown in Fig. 2b.

Fig. 2c and d reveal that G shows a local minimum as pH varies; that is, the larger the
deviation of pH from the IEP of PE layer, the larger is the nanopore conductance. This stems
from the following two reasons: (i) the ionic strength of aqueous solution increases with the
deviation of pH from neutrality, and (ii) the more acidic (basic) environments, the more
amount of PE~NH; (PE~COO") formed from the considered zwitterionic PE brushes and,

therefore, the larger charge density of PE layer. As explained previously, because at low salt

11
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concentration, the charge property of a nanopore primarily affects its conductance behavior,
the dependence of G on pH is more significant at lower salt concentration (e.g.,
C, =1 mM ) and higher o, =0.5, as shown in Fig. 2d.

It is interesting to note in Fig. 2 that the ionic conductance in the pH tunable, PE
layer-modified nanopore is dependent on the levels of voltage bias, ¥, and such dependence
is related to the values of o, , pH, and C,. For example, if pH is apparently lower than the
IEP of PE layer (5.6), the nanopore conductance for ¥, =1V (symbols) is smaller than that
for V,=0.2V (lines) regardless of the values of o, , pH, and C,.If pH is close to the IEP
of PE layer, the nanopore conductance is nearly independent of V. If pH is apparently
higher than the IEP of PE layer, the nanopore conductance for ¥, =1V (symbols) is larger
than that for /,=0.2 V (lines) when o, is small, pH is medium and extremely high, or
C, is relatively high; however, the reverse trend is observed at sufficiently large o, , high
pH, and low C,, as shown in Fig. 2b and d. As pointed out by Yeh et al.* in the study of the
ion concentration polarization (ICP) in the nanopore modified with a fixed charge density of
PE layer, the ¥, -dependence of the nanopore conductance behavior is highly related to its
ICP behaviors. Typically, if ¥, is not very large, the more serious the ICP phenomenon,
which is significant at the condition of significant EDL overlapping (e.g., at low salt
concentration) and for nanopores with high surface charges, the smaller is the nanopore

conductance at relatively larger V. This is because as V| increases, the movement of ions

12

Page 12 of 34



Page 13 of 34

Nanoscale

through a nanopore will be electrostatically obstructed by an appreciable enrichment of ions
at one side of the nanopore due to the significant ICP effect. As a result, the rate of increase
in the ionic fluxes with increasing V), is smaller than that of increase in ¥, leading to a
smaller nanopore conductance at larger V. In the present case, if pH is close to the IEP of
PE layer, the ICP effect, due to a small charge density of PE layer, is insignificant, so that the
nanopore conductance is nearly independent of V. Moreover, if pH is apparently higher
than the IEP of PE layer, the PE layer-modified nanopore is negatively charged and attracts
counterions (H" and K") inside the nanopore. Note that an attraction of H" ions results in
an increase in the local concentration of protons inside the PE layer and, therefore, a decrease
in its charge density. As a consequence, a larger o, , sufficiently higher pH, and lower C,
are required to induce a more significant ICP effect, as schematically shown in Fig. 3a, and,
therefore, a smaller nanopore conductance for larger V. Note in Fig. 2d that if pH is
extremely high, the nanopore conductance for V=1V becomes larger than that for
V,=0.2 V. This is because the overlapping of EDLs in the PE layer-modified nanopore
becomes less significant, and so does the ICP effect, due to an appreciable increase in the
ionic strength from OH™ ions.

It is worth noting that if pH is apparently lower than the IEP of PE layer (5.6), the charge
density of PE layer is positive, which makes coions, including H* and K* ions, difficult to

migrate through the nanopore. Furthermore, the proton concentration at low pH is

13
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comparably high. In this case, even though a portion of H" ions is capable of being
electrokinetically driven into the nanopore, yielding a higher local proton concentration
inside the PE layer, the charge density of PE layer hence becomes large. This prevents more
protons migrating through the nanopore, and results in an apparently uneven distribution of
protons between the nanopore and reservoirs, and, therefore, a significant ICP effect, as
schematically shown in Fig. 3b. In this case, the nanopore conductance also becomes smaller

for larger V.

3.2. Ion concentration polarization

To further understand the ICP phenomenon in the pH-tunable, PE layer-modified
nanopore, Fig. 4 illustrates the influence of pH on the spatial variations of the
and net anions,

cross-section-averaged concentrations of H' ions, ¢, , net cations, ¢, +c

al?’ a2’

¢,+c,,at o, =0.1 chains/nm® and C, =1mM, and the influences of o, and C, at
pH =10 are shown in Fig. 5. As schematically shown in Fig. 3b, if pH <5.6 (the IEP of
the considered PE layer), the PE layer-modified nanopore is positively charged, thus

attracting counterions (CI- and OH™) into and repelling coions (H" and K") out of the
nanopore. In this case, the ionic flux of cations (anions) inside the nanopore is depleted
(enriched), while that at both reservoirs is enriched (depleted). Because J, <<J ,
J,,<<Jd.., J,>>J_,and J_>>J_, the ICP effect yields an enrichment (a depletion) of

an ? ca?’ an

H" ions, net cations, and net anions near the anode (cathode) side of the nanopore, as shown

14
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in Fig. 4a-d. Because the charge density of PE layer increases with the deviation of pH from
its IEP, the PE layer-modified nanopore carries more positive charges at lower pH=2.2
compared to pH=5, leading to a more significant exclusion of H" ions outside the
nanopore and, therefore, ICP phenomenon (Fig. 4a-b). Fig. 4a-b also reveals that the larger

the V), the more significant the ICP effect. This can be attributed to the same reason of a

significant exclusion effect of H" ions by the PE layer-modified nanopore with positive and
high charges as mentioned previously.

On the other hand, if pH>5.6, the PE layer-modified nanopore becomes negatively

charged, leading to more counterions (H® and K") attracted into and coions (CI” and

OH") repelled outside the nanopore. In this case, J, >>J_

ca?

J,>>Jd,,, I <<J_, and

an ca’

J,, <<J,, . Therefore, the concentrations of H" ions, net cations, and net anions are
enriched (depleted) near the cathode (anode) side of the nanopore, as shown in Fig. 4e-f and 5,
and schematically depicted in Fig. 3a. To estimate the significance of the ICP effect, we

define two parameters, fr= [(ca1 +c,,), —(c, +e ] /C, and

)
f = [(ca3 +C,4). — (€ +ca4)min]/Cb ,  where (c,+c,)  and (c,+c,).
(e, +cy, )max and (c,;+c,, )mm) are, respectively, the maximum and minimum values of
the polarized cross-section-averaged concentrations of net cations (anions) along the axis of
the nanopore. The larger the value of f* ( f ) represents the more significant the

concentration polarization of cations (anions). In Fig. 4b at pH=2.2(4f at pH=9), the

15
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values of f* and f~ are, respectively, 4.00 and 6.41 (3.24 and 0.95) for V, =0.2 V, and
7.00 and 11.40 (3.97 and 1.51) for ¥, =1 V. This implies that even though the deviations of
the solution pH from the IEP of PE layer (pH =5.6) in Fig. 4b (pH =2.2) and 4f (pH=9)
are the same, the ICP phenomenon in the former is apparently more significant than that in
the latter regardless of the levels of V. In addition, with ¥, increasing from 0.2 to 1 V, the
degree of ICP phenomenon at lower pH =2.2 becomes more appreciable than that at higher
pH =9. This explains why the nanopore conductance decreases with an increase in V| at
relatively low pH , as shown in Fig. 2.

Fig. 5 shows the typical ICP phenomenon for a negatively charged nanopore, in which the
ionic concentrations are enhanced near its cathode side, while reduced near anode side.
Comparison between Fig. 5ab (o, =0.1 chains/nmz) and 5c.d (o, =0.5 chains/nmz)
reveals that the larger the grafting density of PE chains on the membrane wall, the more
significant the ICP phenomenon. This is expected because the charge density of PE layer
increases with an increase in o, . In Fig. 5b at o,=0.1 chains/nm”> (5d &, =0.5
chains/nm?), the values of f7 and f~ are, respectively, 9.00 and 1.42 (23.98 and 1.88) for
Vy=02V, and 10.81 and 3.60 (25.74 and 6.43) for V,=1V. This implies that as ¥,
increases, the enhancement of ICP phenomenon is more remarkable for larger o, =0.5

chains/nm’. As obtained from Fig. 5f, the values of f* and f~ are, respectively, 0.75 and

0.49 for ¥, =0.2V, and 1.53 and 1.14 for ¥, =1 V. Comparing the values of f* and f~

16
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between Fig. 5d and f clearly reveals that the ICP phenomenon becomes less significant as
C, increases. This stems from the fact that the higher the salt concentration the thinner the
EDL thickness and, therefore, the less significant the degree of ICP.

Fig. 6 and 7 illustrate the influences of pH, o, , and C, on the spatial variations of the
charge density of PE layer, p, , in the considered biomimetic nanopores at two levels of V.
As described in eqn (2), p, is dependent on the local proton concentration inside the PE
layer. As shown in Fig. 3a, c, e, and 4a, c, e, because the variations of protons along the axis
of the nanopore at various conditions of pH, o,, C,, and V| are different, the charge
density of PE layer varies accordingly. For example, if pH <5.6 (pH >5.6), the considered
biomimetic nanopore, as expected, is positively (negatively) charged, and the magnitude of
the charge density of PE layer near the cathode side of the nanopore is smaller (larger) than
its anode side, as shown in Fig. 6a and 7a (6b-d and 7b-d). Apparently, these behaviors arise
from the concentration polarization of H" ions in the nanopores with different polarities of
charged nature depicted in Fig. 3a, c, e, and 4a, c, e.

Fig. 6b-d and 7b-d also suggests that the larger the grafting density on the membrane wall
and the lower the background salt concentration, the more significant the uneven distribution
of p,. This can be attributed to the more significant ICP phenomenon at larger o, and

lower C,. Comparison between Fig. 6 and 7 shows that since the ICP phenomenon is more

appreciable at larger V,, p, becomes more unevenly distributed. These results clearly

17
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28-30, 32,33, 51-53

indicate that the assumption of homogeneously fixed charge density of PE layer

is inappropriate and might result in an incorrect estimation for the ion transport in such soft

nanofluidics with a surface modification of PE brushes.

3.3. Ion selectivity

Fig. 8 summarizes the influences of pH, o, , and C, on the ion selectivity, S, in the
considered biomimetic PE layer-modified nanopore at two levels of ¥V, (lines for V, =0.2
V and symbols for ¥, =1V). In this figure, if $>0 (S5 <0), the more significant deviation
of § from O represents the more significant cation-selective (anion-selective), implying that
the ionic current (or ionic flux) arising from cations (anions) is larger than that that from
anions (cations). Fig. 8 reveals that if pH is higher than the IEP of PE layer (5.6), the
considered biomimetic nanopore generally shows cation-selective (S >0) and its ion
selectivity, S, decreases with an increase in C, except when V, and pH are sufficiently
high. The former is expected since the nanopore is negatively charged at pH higher than 5.6.
The latter can be attributed to the less significant overlapping of EDLs in a nanopore. It is
worth noting in Fig. 8c and d that if V| is sufficiently large, implying that the axially applied
electric filed is sufficiently large to disturb the equilibrium one stemming from the EDLs in

the nanopore, the ion selectivity of the nanopore for smaller C, is smaller than that for

higher C, and is even reversed from positive (cation-selective) to negative (anion-selective)

at sufficiently high pH. This can be attributed to the significantly richer OH™ ions in the

18
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entire composition of bulk solution at relatively higher pH and lower background salt

concentration. Because the ionic mobility of OH™ is apparently larger than the other two

background salt ions (K* and Cl7), a comparable enhancement of OH™ ions in bulk

solution results in an increase in the ionic current from anions (|/,,|) and might dominate the
ion selectivity of the nanopore. Consequently, the negatively charged nanopore becomes less
cation-selective at extremely high pH (i.e., S shows a local maximum as pH increases) and
even turns into anion-selective at sufficiently low C, and large V.

It is interesting to note in Fig. 8 that if pH is lower than the IEP of PE layer the ion

selectivity of the considered biomimetic nanopore depends on the levels of pH, o

m

, C,,and

V,. For example, the nanopore reveals anion-selective (S <0) when o, is sufficiently large

(Fig. 8d), pH is slightly lower than 5.6 (Fig. 8a and c), or C, is sufficiently high (inset in

Fig. 8a), while cation-selective (S > 0) when the values of o, , pH, and C, are sufficiently

small (Fig. 8a and c). The selectivity of anions for a positively charged nanopore is expected.

The apparent reverse of the ion selectivity for a positively charged nanopore is unexpected

and has not been reported previously. Because the concentration of H" ions, which have

greater ionic mobility than other three ionic species, becomes higher at relatively lower

solution pH, its transport phenomenon might dominate the ion selectivity behavior in the

nanopore. As pH decreases, an increase in the concentration of H' ions leads to an increase

in the ionic current from cations (|/_,|) and then the selectivity of cations (i.e., an increase in
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S'). Note that this effect is significant when o, is small, C, islow, and ¥, is large. This

is because the smaller the value of o, the smaller the charge density of PE layer (or

equilibrium electric field) and the larger the value of V| the stronger the axial local electric

filed in the nanopore. Therefore, it is easiler for enriched cations to pass through the nanopore,

thus leading to an increase in S . Furthermore, the lower the C,, the richer the composition

of H" ions in bulk solution, dominating the ion selectivity of a nanopore. This clearly

explains why the ion selectivity of the considered biomimetic nanopore is reversed from

anion-selective to cation-selective at sufficiently small values of o, ,pH, and C,.

4. Conclusions

The electrokinetic ion transport in a pH-tunable, biomimetic polyelectrolyte (PE)

layer-modified nanopore connecting two large reservoirs, a typical bioinspired device widely

used in modern nanotechnology, is studied theoretically for the first time. To mimic the

pH-regulated nature in biological systems, the developed model extends the existing ones,

where the charge density of PE layer is assumed to be a constant and only the background

salt ions are considered, to a more general case with consideration of the presence of H”

and OH™ ions and the interfacial chemistry reactions on PE chains. The model predicts that

the charge density of PE layer in the nanopore is pH-dependent, and spatially dependent due

to the different degrees of ion concentration polarization (ICP) effect at various values of the
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background salt concentration, pH, grafting density of PE chain, and applied voltage bias,

thus leading to many interesting and unexpected ion transport phenomena. For example, if

pH is apparently lower than the isoelectric point (IEP) of PE layer, the ionic conductance in

the nanopore for larger voltage bias is larger than that for smaller voltage only when the

grafting density of PE chains is small and the background salt concentration is sufficiently

high. However, if pH is apparently higher than the IEP of PE layer, the nanopore conductance

for larger voltage bias turns into smaller than that for smaller voltage regardless of the levels

of grafting density of PE chains and background salt concentration. We also show that the

tuning of ion selectivity in the biomimetic nanopore from anion-selective (cation-selective) to

cation-selective (anion-selective) by decreasing (increasing) the solution pH under the

conditions of a sufficiently small grafting density of PE chains, large voltage bias, and low

background salt concentration. The results provide valuable information for constructing

smart nanopore systems, which show great promise in many applications, including ionic

gates/diodes, energy conversion, and single-molecule biosensing.
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Figure Captions

| Cathode |

&'l

Fig. 1. Schematic of the ion transport in a pH-tunable, biomimetic PE layer-modified (e.g.,
negatively charged) nanopore filled with electrolyte solution containing four ionic species,

H*, K*, CI",and OH .
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Fig. 2. Nanopore conductance G as a function of the background salt concentration C, for
various pHs at o, =0.1 chains/nm”, (a), and for various o, at pH=10, (b), and as a
function of pH for two levels of C, at o, =0.1 chains/nm*, (c), and 0.5 chains/nm’, (d).
Lines and symbols denote the results for ¥, =0.2V and 1V, respectively. “[_]”, “()”, and
“/\” in (a) denote the results for pH=2.2, 5, and 9, respectively, and in (b) denote the
results for o, =0.1, 0.3, and 0.5 chains/nm’, respectively.
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Cathode
Anode

Fig. 3. Schematic illustrations of the significant ICP phenomena in a pH-tunable PE
layer-modified nanopore if the solution pH is apparently higher, (a), and lower, (b), than the
IEP of PE layer. Note that in the former case, the ICP effect is particularly significant under

the condition of sufficiently large o, , high pH, and low C,. The dotted circle in Fig. 3b

highlights the enhancement of H" ions near the anode side opening of nanopore. J~ and

J* denote the ionic fluxes from net anions and cations, respectively. The ionic fluxes inside
the nanopore, and at the cathode and anode sides of reservoirs are subscripted as np, ca, and
an, respectively.
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Fig. 4. Axial variations of the cross-section-averaged concentrations of H" ions, ¢, , (a),
(c), and (e), and net cations, c, +c,, (solid lines), and net anions, c,; +c,, (dashed lines),
(b), (d), and (), for two levels of ¥, at o, =0.1 chains/nm® and C, =1mM . (a)-(b):
pH=2.2; (c)-(d): pH=5; (e)-(f): pH=9. A scale of 10° and 10° are, respectively,
applied to all curves in Fig. 4c and e for clear visualization. The dotted lines in Fig. 4a, c, and

e are the results of the bulk concentration of H' ions, ¢, =10°"". The blue region
highlights the interior of nanopore.
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Fig. 5. Axial variations of the cross-section-averaged concentrations of H" ions, ¢, , (a),
(c), and (e), and net cations, c, +c,, (solid lines), and net anions, c,; +c,, (dashed lines),
(b), (d), and (f), for two levels of V, at pH=10. (a)-(b): o, =0.1 chains/nm’ and
C,=1mM ; (c)«(d): o, =0.5 chains/nm”* and C,=1mM ; (e)-(f): o, =0.5 chains/nm
and C, =100 mM. The dotted lines in Fig. 4a, c, and e are the results of ¢, =107 mM. A

scale of 10" is applied to all curves in Fig. 5a, c, and e for clear visualization. The blue
region highlights the interior of nanopore.
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Fig. 6. Spatial variations of the volume charge density, p,, (C/em), in the PE layer of
biomimetic nanopores for various combinations of pH, C,, and o, at V;=0.2V. (a):
pH=22, C,=1mM , and o,=0.1 chains/nmz; (b): pH=10, C,=1mM , and
o, =0.1 chains/nmz; (¢): pH=10, C,=1mM, and o,=0.5 chains/nmz; (d): pH=10,
C,=100mM, and o, =0.5 chains/nm’.
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Fig. 7. Spatial variations of the volume charge density, p,, (C/em®), in the PE layer of

biomimetic nanopores for various combinations of pH, C,, and o, at V,=1V. (a)
pH=22, C,=1mM , and o,=0.1 chains/nmz; (b):
o, =0.1 chains/nmz; (c): pH=10, C,=1mM, and o,=0.5 chains/nmz; (d): pH=10,

C, =100 mM, and &, =0.5 chains/nm”.
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Fig. 8. lon selectivity (§) of the nanopore as a function of the background salt concentration
C, for various pHs at o, =0.1 chains/nm?, (a), and for various o, at pH=10, (b), and

as a function of pH for two levels of C, at o, =0.1 chains/nm”, (c), and 0.5 chains/nm”,
(d). Lines and symbols denote the results for 7, =0.2 V and 1V, respectively. “[_|”, “O”,
and “/\” in (a) denote the results for pH=2.2, 5, and 9, respectively, and in (b) denote the

results for o, =0.1, 0.3, and 0.5 chains/nm’, respectively. Inset in (a) highlights the result
of ion selectivity at pH=2.2 for C, in the range of 100-1000 mM.
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The ion transport and selectivity in biomimetic nanopores with pH tunable, zwitterionic,

polyelectrolyte brushes are investigated theoretically.
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