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Abstract 

Functionalized nanofluidics has recently emerged as a powerful platform for applications 

of energy conversion as well as ionic diodes. Inspired by biological cells, we theoretically 

investigate for the first time the gate modulation of ion transport and selectivity in the soft 

nanochannel functionalized with biomimetic, pH-tunable, zwitterionic polyelectrolyte (PE) 

brush layers. The gate effect on the modulation of Donnan potential, ionic conductance, and 

ion selectivity in the biomimetic soft nanochannel is remarkable when the background salt 

concentration is low, pH is close to the isoelectric point of PE brush layers (slightly acidic), 

and the grafting density of PE brushes on the channel wall is small. Under those conditions, 

the biomimetic gated soft nanochannel is capable of being highly cation-selective when a 

negative gate voltage is applied. The findings provide a novel way for designing nanofluidic 

devices used in osmotic energy conversion and ion current rectification.  

   

Keywords: Nanofluidics; Nanochannel Conductance; Ion Selectivity; Donnan Potential; 
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1. Introduction 

   Recently, chemically functionalized nanofluidics, solid-state nanochannels or nanopores 

decorated with functional polyelectrolyte (PE) brushes, has attracted increasing interests 

because of its implications for emerging areas such as ion current rectification [1-6], energy 

harvesting [7-9], electrochemical sensors [10, 11], and single (bio)nanoparticle sensing 

[12-14], to name a few. Such emerging potential is due to the significant overlapping of 

electric double layers (EDLs) in the functionalized nanofluidics. The liquid in such confined 

nanospace becomes charged, thus creating several unique and important phenomena, such as 

ion selectivity [15, 16] and surface-charge-governed ion transport behavior [17-19], which 

are not observed in the bulk state. The fundamental understanding of the physics behind these 

ion transport phenomena is essential for the development of functionalized nanofluidics. 

Despite the growing experimental and theoretical efforts, the understanding of the ion 

transport behaviors in functionalized nanofluidics remains limited. The difficulty, in addition 

to the significant EDL overlap effect, comes from the interfacial chemical reactions between 

the functional groups in PE chains and bonded ions (e.g., protons), taking account of which in 

the model will significantly increase the complexity of mathematical analysis.   

   Controlling the ion transport in nanofluidics is a key for the design of next generation 

nanofluidic devices. However, the surface charge properties and ion transport behaviors in 

the above-mentioned functionalized nanofluidics are passively and inherently determined by 

the solution properties (e.g., pH and salt concentration). This implies that active control of the 

ion transport in the functionalized nanofluidics is difficult. Recently, the nanofluidic field 

effect transistor (FET) [20-22], comprising a gate electrode embedded beneath the thin 

dielectric channel layer, has been developed. It has been demonstrated that the FET is capable 

of actively controlling the surface charge property and ionic conductance in a solid-state 

nanochannel and nanopore by controlling the gate voltage applied to the gate electrode 



 4

[23-34]. Compared to the large number of studies on the solid-state nanofluidic FET, Benson 

et al. [35] and Milne et al. [36] recently initiated the studies of the FET control of the Donnan 

potential, the electrical potential at the PE layer/solid channel interface [37], and the 

electrokinetic flow (EKF) in the functionalized soft nanochannels. The major difference 

between the solid-sate and the functionalized soft nanofluidics arises from the fact that the 

field effect control of ion transport in the former is dominated by the zeta potential at the 

solid channel wall [27, 30], while in the latter by the Donnan potential and the charge density 

of functionalized PE brush layers, which will be shown later. Benson et al. [35] and Milne et 

al. [36] demonstrated that by regulating the gate voltage, the Donnan potential and EKF in 

the soft nanochannel can be actively controlled. However, they only analyzed the fluid 

transport in the soft nanochannel and neglected the EDL overlap effect in their model. It is 

known that the ion transport is far more significant than the fluid transport in nanofluidic 

devices because the principle of nanofluidic sensors is based on analyzing the ionic current 

(or conductance) stemming from the transport of ions [38-40]. Moreover, as explained 

previously, the EDL overlap effect in functionalized soft nanofluidics is extremely significant. 

Neglecting the overlapping effect of EDLs, although makes the mathematic analyses much 

simpler, could yield incorrect estimation of the relevant transport behaviors in functionalized 

nanofluidics under the condition of overlapped EDLs.  

   In this study, the FET control of the ion transport and selectivity in a soft nanochannel 

functionalized with biomimetic, pH-tunable, zwitterionic PE brush layers is investigated for 

the first time. The study extends the previous analyses on the electrokinetic flow [35, 36] to 

the case of ion transport, which is more significant than the fluid transport in the nanofluidic 

applications. Moreover, the EDL overlap effect, which was neglected in previous studies [35, 

36], is also taken into account in the present study. Through the comprehensive parametric 

studies, we show that the FET control of the charge property of PE brush layers, ionic 
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conductance, and ion selectivity in the biomimetic soft nanochannel depends apparently on 

the solution pH, salt concentration, and the grafting density of PE brushes on the channel 

wall.  

2. Mathematical Model 

Fig. 1 depicts the schematic view of the electrokinetic ion and fluid transports in a pH 

tunable soft nanochannel of height h , length L , and width W , gated by the FET 

comprising two thin dielectric channel layers of thickness 
c

d  and the gate electrodes 

embedded outside those layers. The soft nanochannel comprises ion-penetrable, pH tunable, 

PE brush layers, which bear repeatable biomimetic zwitterionic functional constituents (e.g., 

lysine), P ~ COOH  and 2P ~ NH , of uniform thickness 
m

d  on the both rigid channel 

walls. Suppose that the electric potential at the PE layer/channel wall interface is the 

well-known Donnan potential 
d  [37]. The electrokinetic transport in the soft nanochannel 

can be actively controlled by modulating 
d
  through applying a gate voltage 

G
V  to the 

gate electrode. The Cartesian coordinates, y and z, are adopted with the origin at the center of 

the soft nanochannel and a uniformly electric field of strength 0 /zE V L  is applied in the 

z-direction with 0V  being the voltage bias across the nanochannel. 

For simplicity, we assume the following. (i) Both L  and W  are in microscale and only 

h  is in nanoscale, implying that L h  and W h  and, therefore, the present problem 

can be regarded as a nanoslit. (ii) The PE layer is uniformly structured and the deformation 

of that layer is neglected, which is valid if the repeated unit of zwitterionic functional groups, 

N , is not too high (e.g., 20N  ) [41]. (iii) The relative permittivity, 
f

 , and dynamic 

viscosity,  , of fluid and the diffusivity of the ionic species j , 
j

D , inside the PE brush 

layers are the same as those outside them. (iv) The ion concentration polarization effect [42, 

43] in the nanochannel is neglected, which is valid for a long nanochannel under 
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consideration. (v) To simulate the experimental conditions, the ionic concentration of 

aqueous solution is controlled by the background salt, KCl, with adjustment of pH by HCl 

and KOH. Consequently, four major ionic species, including H , K , OH  and Cl , 

need to be considered. Let 0j
C  ( j 1, 2, 3, and 4) be the concentration of these ions and 

b
C  be the background concentration of KCl. Electroneutrality of the bulk solution results in 

 pH 3

10 10C
  , 

(14 pH 3)

30 10C    , 20 b
C C , and 

 pH 3 (14 pH 3)

40 10 10
b

C C
        for 

pH 7  (
 pH 3 (14 pH 3)

20 10 10
b

C C
        and 40 bC C  for pH 7 ) [44]. 

The following verified governing equations are employed to describe the underlying 

physics for the electric potentials within the dielectric channel layer ( / 2 / 2 ch y h d   ) 

and liquid ( 0 / 2y h  ),   and  , respectively, and the flow field in the considered soft 

nanochannel, 
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In the equations above, 0i   and 1 denote the regions outside ( 0 / 2 my h d   ) and inside 

( / 2 / 2
m

h d y h   ) the PE layers; 
0
  and f  are the absolute permittivity of vacuum 

and the relative permittivity of liquid, respectively; 
j

z  is the valence of the ionic species j ; 

0
/RT F   is the reference thermal potential with R , T , and F  being the universal gas 

constant, fluid temperature, and Faraday constant, respectively; v  is the fully developed 

electrokinetic flow velocity in the z-direction; 
m

  is the volume charge density of PE brush 
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layers; /
m m
    and 

m  are the softness degree and hydrodynamic frictional 

coefficient of PE brush layers, respectively. Typically, 
m
  is in the range from 0.1 to 10 nm 

for biological soft layers [45]. Note that Eq. (2) is suitable for describing the electric potential 

in the soft nanochannel under the condition of overlapped EDLs, which is proven in the 

detailed derivation in the Supplementary Data. The last term of Eq. (3) describes the 

influence of the softness of PE brushes on the flow field in the PE-modified nanochannel.  

Suppose that the considered biomimetic zwitterionic functional groups, P ~ COOH  and 

2
P ~ NH , within the PE brush layers are capable of proceeding the deprotonation/protonation 

reactions, P ~ COOH P ~ COO H    and 2 3P ~ NH H P ~ NH   , respectively. Let 

[P ~ COO ][H ] / [P ~ COOH]aK
   and  3 2[P ~ NH ] / [P ~ NH ][H ]

b
K

   be the 

equilibrium constants of these reactions, respectively. Here,  pH

0[H ] 10 exp /     

denote the molar concentration of protons and the other brackets denote the volume site 

density of corresponding functional groups inside the bracket. It can be shown that the 

volume charge density of PE brush layers in Eq. (2) can be expressed as, 

 3

[H ]
1000 [P ~ NH ] [P ~ COO ] 1000

1 [H ] [H ]

b b a a
m

b a

K K
F F

K K

 


 
 

 
      

,         (4) 

where =[P ~ COO ] [P ~ COOH]= /1000
a m m a

N d n    and 

3 2=[P ~ NH ] [P ~ NH ] /1000
b m m a

N d n     are the net volume site density of acidic and 

basic functional groups; 
m

  is the grafting density of PE brushes on the inner channel wall 

(typically ranging from 0.05 to 0.6 chains/nm2) [6, 41, 46]; 
a

n  is the Avogadro constant.  

Assuming that the non-slip plane locates at the PE layer/channel wall interface ( / 2y h ) 

and its interfacial charged property is neutral, the boundary conditions for Eqs. (1)-(3) are 

G
V   at / 2

c
y h d  ,                                                (5) 
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d     at / 2y h ,                                                (6) 
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 , at 0y                                                       (13) 

0
dv

dy
 , at 0y                                                        (14) 

Here, 
d
  is the relative permittivity of dielectric channel layers. Eq. (6) represents the 

electric potential at the PE layer/channel wall interface (i.e., Donnan potential, 
d ) is 

continuous, while the transverse electric field at that interface, as represented in Eq. (7), is 

discontinuous owing to the inconsistence of 
d
  and 

f
 . Eqs. (9)-(12) represent the electric 

potential, transverse electric field, and flow field are continuous at the liquid/PE layer 

interface. Equation 13 implies that the EDL overlap effect, which was typically neglected in 

previous similar studies by assuming 0   [28, 35, 36], is taken into account in the present 

study. 

   Assuming that there is no external pressure and concentration-gradient fields applied 

across the soft nanochannel, the ionic current (
ch

I ) and conductance (
ch

G ) in the soft 

nanochannel can be estimated by [47] 
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where 
j

J  is the flux of ionic species j  and 0

0
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j

j j
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 is the concentration of 

ionic species j  perpendicular to the charged soft nanochannel. The first and second terms 

in the right bracket of Eq. (15) represent the ionic current contributed from the convection 

(electrokinetic flow) and electromigration (applied electric field) terms, respectively. Once 

the ionic current stemming from the transport of all ionic species is obtained, the ion 

selectivity of the soft nanochannel can be calculated by [15, 16] 

ca an
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ca an

I I
S

I I





,                                                   (17) 
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4

2

0
3

2
h

an j j

j
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  represent the currents 

contributed from cations and anions, respectively. If 0chS   ( 0chS  ), implying ca anI I  

( ca anI I ), the more apparent deviation of 
ch

S  from 0 denotes the more apparent 

anions-selective (cations-selective) for the soft nanochannel.  

   To estimate the gate modulation effect on the charge property of considered biomimetic 

soft nanochannel, we define the volume-averaged charge density of PE brush layers as  

2

2

1

m

h

hm m
d

m

dy
d

 


  ,                                               (18) 

 

3. Results and Discussion 

The model described above is implemented numerically by COMSOL Multiphysics 

(version 5.2). The numerical scheme has been validated to be sufficiently accurate for 
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capturing the underlying physics of the ion transport in similar soft nanopores without gate 

control [13, 14, 48, 49] and the EKF in gated soft nanochannels without considering the EDL 

overlap effect [35, 36]. Unless specified otherwise, we consider the biomimetic soft 

nanochannel with 10 mL  , 10 mW  , 30 nmh  , 40 nm
c

d  , and the surface 

modification layers of amino acid-like zwitterionic PE brushes on the inner channel walls 

with 20N  , 6 nm
m

d  , 1 nm
m
  , 

20.15 chains/nm
m

  , p log 2.2
a a

K K    

( -carboxyl), and p log 8.8
b b

K K     ( -amino) [50]. The isoelectric point (IEP) of 

considered PE brush layers is 5.5.  At 298 KT  , the other constant parameters are 

12 1 1

0 8.854 10  CV m     , 80f  , 3.9
d
   (SiO2) [51], 310  Pa s   , and 

j
D  ( 1j  , 

2, 3, and 4) 9.31 , 1.96, 5.30, and 
92.03 ( 10 )  for H , K , OH , and Cl  ions, 

respectively.  

3.1 Model Validation 

   The code validation of the present model is examined by comparing its results with the 

analytical results of Ma et al. [30], who derived the ionic conductance (
ch

G ) in the gated 

solid-state nanochannel without considering the EDL overlap effect. To simulate the rigid 

surface of nanochannel without PE brush layers, we assume a very large value of 

1010 nmm  , a very small value of 0.1 nm
m

d   [36], 1N  , and 300 nmh  . Fig. 2 

shows the salt concentration dependence on 
ch

G  for two levels of G
V  at pH 8 . Note that 

under the considered background KCl concentration 
bC  ranging from 0.01 ~ 1000  mM, 

the corresponding / 2h  ranges from 1.6 to 488.8, implying that the EDL overlap effect is 

insignificant. Fig. 2 clearly reveals that no matter if the FET is active ( 20 V
G

V   ) or not 

( 0 V
G

V  ), our simulated results (symbols) are in excellent agreement with the analytical 

results of Ma et al. [30] (solid lines) in the entire range of 
b

C . Thus the implementation of 
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the present model has been validated. Note that the applicability of the adopted continuum 

model for the soft nanofluidics has been recently validated by Lin et al. [52], who used a 

similar model to fit the experimental data of ion current rectification in the PE-modified 

nanopore without consideration of the gate control.  

3.2 Influence of Background Salt Concentration on the Gated Ion Transport 

   Fig. 3 depicts the variations of the Donnan potential 
d , volume-averaged charge density 

of PE brush layers 
m

 , conductance 
ch

G , and ion selectivity 
ch

S  of the gated biomimetic 

soft nanochannel with the background KCl concentration 
bC  for various gate voltages 

G
V  

at pH 7 . As expected, Fig. 3a and b shows that 0
d
   and 0

m
   if the gate is floating 

(i.e., 0 V
G

V  ). This arises from the fact that if the solution pH is higher than the IEP of PE 

brush layers (i.e., 7 > 5.5), more negatively charged constituents ( P ~ COO ) are dissociated 

from the acidic functional groups ( P ~ COOH ). Moreover, d  decreases (Fig. 3a) but m  

(Fig. 3b) increases with increasing 
b

C . The former can be attributed to the more significant 

counterion condensation effect in the PE brush layers with thinner EDL thickness [53]. The 

latter is due to the fact that as the background KCl concentration increases, the amount of 

H  ions excluded by the other background cations ( K ) increases [53]. It results in a higher 

local pH within the PE brush layers and, therefore, a higher 
m

 .  

If the gate electrode is active (i.e., 0 V
G

V  ), Fig. 3a reveals that 
d
  is tunable and 

d
  

increases with an increase in negative G
V , exhibiting an expected gate control behavior. 

However, as seen in Fig. 3b, 
m

  decreases with an increase in negative G
V  if 

b
C  is 

relatively high. This can be attributed to the reduction of local pH within the PE brush layers 

due to an increase in the attraction of H  ions by the increase of negative 
d
  shown in Fig. 

3a. Note that if 
b

C  is sufficiently low, 
m

  changes its sign to positive and increases with 
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an increase in negative 
G

V  (yellow region). The interesting phenomena arise from the fact 

that the more appreciable H  ions are attracted into the PE brush layers at lower 

concentration of background salt. In this case, the negative Donnan potential at the PE brush 

layer/solid channel interface increases appreciably at negative 
G

V  applied to the gate 

electrode (Fig. 3a), yielding an apparently low local pH, which turns into smaller than their 

IEP, within the PE brush layers and, therefore, positive charge density of PE brush layers.  

   Fig. 3c shows that the dependence of 
ch

G  on 
b

C , regardless of the levels of 
G

V , reveals 

a linear relationship at sufficiently high 
b

C  and non-linear behavior at low 
b

C . The former 

is expected because if the salt concentration is high, the nanochannel conductance, showing a 

bulk conductance behavior, is primarily dominated by the ionic concentrations and the 

nanochannel geometry [38]. The later verifies the conventional surface-charge-dominated 

ionic conductance behavior, implying that the surface conductance becomes significant. In 

this case, the nanochannel conductance depends apparently on its surface charges. Therefore, 

if the gate electrode is turned on, the nanochannel conductance increases appreciably with an 

increase in negative gate voltage as shown in Fig. 3c.  

   Fig. 3d suggests that the nanochannel is cation-selective ( 0
ch

S  ) for the considered 

range of 
b

C  and negative G
V . This is consistent with the results of negative 

d
  (Fig. 3a), 

but inconsistent with those of positive 
m  when 

bC  is sufficiently low and the negative 

G
V  is applied (yellow region in Fig. 3b). This implies that if the modulated d  is 

sufficiently large, the ion selectivity in the biomimetic soft nanochannel is majorly dominated 

by its Donnan potential at the PE brush layer/solid channel interface. However, it is difficult 

to measure the Donnan potential of soft nanochannels in experiments. The present model 

provides a convenient means for the estimation of the Donnan potential as well as for the 

interpretation of relevant ion transport phenomena in functionalized soft nanochannels. It 
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should be pointed out in Fig. 3d that if a negative 
G

V  is applied, the biomimetic soft 

nanochannel becomes highly cation-selective (i.e., 1
ch

S  ) even at a relatively high 

background salt concentration. The feature suggests that the proposed biomimetic gated soft 

nanochannel has great potential implications for developing next-generation osmotic energy 

conversion devices, in which the energy conversion efficiency depends significantly on the 

ion selectivity of nanochannels [54-57].  

   To further explore the influence of the background KCl concentration, 
b

C , on the gate 

modulation behaviors in the biomimetic soft nanochannel, the variations of the Donnan 

potential 
d
 , volume-averaged charge density of PE brush layers 

m
 , conductance 

ch
G , and 

ion selectivity 
ch

S  with the gate voltage 
G

V  for various levels of 
b

C  are plotted in Fig. 4. 

Fig. 4a reveals that 
d
  is tunable with G

V  and changes from negative to positive (pink 

region) if the positive 
G

V  is sufficiently large. The performance of the gate modulation of 

d
  is better at lower background salt concentration. This can be explained by the fact that the 

higher the salt concentration, the thinner the EDL thickness, yielding the more counterions 

confined into the PE brush layers and, therefore, making the gate harder to modulate the 

Donnan potential. Note that the salt dependence of 
d
  at negative G

V  is more appreciable 

than that at positive G
V . For example, the relative differences of 

d
  between the results at 

0.1 mM
b

C   and 100 mM  for 10
G

V    and 20 V  are as large as 384 and 545 %, 

respectively, while those for 10
G

V    and 20 V  are ca. 129 and 150 %. This implies 

that the background salt plays a more notable role on the gate modulation of 
d
  if a negative 

gate voltage is applied.  

   Fig. 4b shows that if bC  is sufficiently high, m  under the considered range of G
V  is 

all negative and 
m

  increases with the variation of G
V  from 20  to 20 V. This can be 
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explained by the gate modulation of 
d  shown in Fig. 4a and attributed to the depleted local 

concentration of H  ions (an increase in the local pH) within the PE brush layers with 

variation of G
V . If 

b
C  is extremely low, 

m
  turns from negative to positive if the negative 

G
V  is sufficiently large, which can be explained by the same reasoning employed in Fig. 3b. 

Similar to the results depicted in Fig. 3a and b, the gate modulation behaviors of 
d
  and 

m
  

in Fig. 4a and b are distinctly different.  

   Fig. 4c shows that if 
b

C  is high, 
ch

G  is almost independent of G
V , while becomes 

highly tunable with G
V  if 

b
C  is sufficiently low. The former emerges the bulk conductance 

behavior. The latter is quite interesting since at low salt concentration, the nanochannel 

conductance becomes highly dependent on its surface charges and the gate modulation of 

Donnan potential is significant (Fig. 4a), yielding the advantageous performance of the gated 

ion transport. It is interesting to note in Fig. 4c that the salt dependence of 
ch

G  at negative 

G
V  is less significant than that at positive G

V , which is in contrast to that dependence of 
d
  

shown in Fig. 4a. For example, the relative differences of 
ch

G  between the results at 

0.1 mM
b

C   and 100 mM  for 10
G

V    and 20 V  are as large as 34.5 and 17.2 times, 

respectively, while those for 10
G

V    and 20 V  are ca. 958 and 839 times. This is 

because as the background salt concentration increases, the magnitude of Donnan potential 

for negative gate voltage increases more appreciably than that for positive gate voltage. 

Consequently, if the gate voltage is negative, the amount of counterions attracted into the 

nanochannel and, hence, the nanochannel conductance increases more tremendously with 

decreasing salt concentration. This also explains why a saturated conductance behavior takes 

place at low regime of background salt concentration if a negative gate voltage is applied, as 

shown in Fig. 3c. 
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   Fig. 4d shows that regardless of the levels of 
bC , the nanochannel is cation-selective 

( 0
ch

S  ) if the negative G
V  is applied, while becomes anion-selective ( 0

ch
S  , pink region) 

if the sufficiently large positive 
G

V  is applied. Comparing the gate modulation of 
d , 

m , 

and 
ch

S  depicted in Fig. 4a, b, and d, respectively, shows again that if the modulated 
d
  is 

sufficiently large, the behavior of 
ch

S  is dominated firstly by that of 
d
 , not 

m
 . The gate 

modulation of ion selectivity of the biomimetic soft nanochannel is apparent at low 

background salt concentration.  

3.3. Influence of Solution pH on the Gated Ion Transport 

   Fig. 5 depicts the variations of the Donnan potential 
d
 , volume-averaged charge density 

of PE brush layers 
m , conductance 

chG , and ion selectivity 
chS  of the gated biomimetic 

soft nanochannel with pH for various gate voltages G
V  at the background KCl concentration 

1 mM
b

C  . As shown in Fig. 5a and b, if the gate is floating at 0 V
G

V  , 0
d
   and 

0
m

   ( 0
d
   and 0

m
  ) when pH 5.5  ( pH 5.5 ). Moreover, Fig. 5a reveals that if 

the deviation of pH from 5.5 is not too large, 
d
  increases as pH deviates from 5.5, and 

shows a local maximum as pH increases if pH is extremely high. The local maximum of 
d
  

with pH can be attributed to the apparent increase in the ionic strength due to the promotion 

of OH  ions at extremely high pH regime [47]. It is worth noting in Fig. 5b that regardless 

of the values of pH, 
m

  monotonically increases with the deviation of pH from 5.5, which 

is inconsistent with the behavior of 
d
 . This implies that the Donnan potential of biomimetic 

soft nanochannel depends both on pH and the net ionic strength, but the charge density of PE 

brush layers is only dominated by the former.  

   If the gate control is turned on (i.e., 0 V
G

V  ), Fig. 5a shows that d  increases with an 
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increase in negative 
G

V , which is expected. On the other hand, Fig. 5b shows that for 

0
m

   ( 0
m

  ), 
m

  increases (
m

  decreases) as negative G
V  increases. This can be 

explained by the same reasoning employed in Figs. 2b and 3b. The local concentration of 

H  ions within the PE brush layers increases with an increase in negative 
G

V , yielding a 

lower local pH and, therefore, more positively charged 3P ~ NH
 groups (less negatively 

charged P ~ COO ) formed if the local pH is lower (higher) than the IEP of PE brush layers. 

It should be pointed out in Fig. 5a that the gate control on 
d
  is significant when pH is close 

to the IEP of PE brush layers (i.e., 5.5) and becomes worse when pH is extremely low and 

high. The latter can be attributed to higher ionic strength of solution,    

   Fig. 5c reveals that regardless of the levels of G
V , 

ch
G  shows a local minimum as pH 

varies. This can be attributed to the consequence of the following reasons: (i) the increase in 

the ionic strength with deviation of pH from neutrality, (ii) the apparently higher mobility of 

H  and OH  ions than other background K  and Cl  ions, which becomes dominant 

when pH is extremely low and high, and (iii) the relatively larger magnitude of 
d
  when pH 

is extremely low and high. Fig. 5c also suggests that the performance of the gate modulation 

of 
ch

G  is notable at medium pH, and becomes trivial when pH apparently deviates from 

neutrality. This can be attributed to the significant increase in the ionic strength of solution at 

extremely low and high pH, leading to a thinner EDL thickness and, therefore, less 

significant surface-charge-dominated ion transport behavior.  

   Fig. 5d shows that when pH is sufficiently high, 1
ch

S   (nearly fully cation-selective) 

no matter if the gate control is closed ( 0 V
G

V  ) or opened ( 0 V
G

V  ), originating from the 

significantly large negative 
d
  shown in Fig. 5a. For lower pH, the gate modulation of 

positive 
ch

S  decreases as pH decreases, and changes its sign to negative when pH becomes 
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sufficiently low. This can be majorly attributed to the gate modulation of 
d  seen in Fig. 5a. 

Fig. 5d also reveals that when pH is extremely low, the negative 
ch

S  goes through a local 

maximum as pH decreases. This arises from the significantly high bulk concentration of H  

ions at extremely low pH, which contributes appreciably to the cation current, 
ca

I , thus 

reducing the degree of anion-selectivity. Note that the gate modulation performance of 
chS  

is better when pH is close to the IEP of PE brush layers, which is consistent with the result of 

modulated 
d
  seen in Fig. 5a. Owing to the highly tunable 

d
  for 5.5 pH 7  , 

ch
S  

jumps up close to unity, implying that the nanochannel becomes highly cation-selective, 

when the gate control is turned on ( 0 V
G

V  ). This implies that under the solution pH in the 

typical environment (typically slightly acidic), the gated biomimetic soft nanochannel still 

has great potential in the application of osmotic energy harvesting [54-57].  

   The influence of pH on the gate modulation behaviors in the biomimetic soft nanochannel 

is further discussed in Fig. 6, where the variations of 
d
 , 

m
 , 

ch
G , and 

ch
S  with 

G
V  for 

three levels of pH are presented. Fig. 6a indicates that in addition to pH, the sign of Donnan 

potential can be controlled by the gate voltage, showing the typical gate control behavior. Fig. 

6b reveals that 0
m

   for pH 3.5 , while 0
m

   for pH 7.5  and 10. If 0
m

  , the 

magnitude of 
m

  increases with the variation of 
G

V , but decreases with 
G

V  if 0
m

  . 

Again, this can be attributed to the exclusion effect of H  ions mentioned in Fig. 5b. Fig. 6c 

suggests that the gate modulation of 
chG  depends on the solution pH. For example, for 

pH 7.5  and 10, 
ch

G  decreases with the variation of 
G

V , but increases with 
G

V  for 

pH 3.5 . As shown previously, the nanochannel conductance at 1 mM
b

C   lies in the 

surface-charge-dominated region. Therefore, the pH dependence of modulated 
ch

G  seen in 

Fig. 6c can be explained by the behavior of 
d
  depicted in Fig. 6a. Fig. 6d suggests that for 
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higher pH 7.5  and 10, 0chS   (cation-selective) and decreases monotonically as 
GV  

varies from 20  to 20 V. On the other hand, for lower pH 3.5 , 
ch

S  becomes negative 

(pink region) and its magnitude increases monotonically with 
G

V . The most interesting 

phenomenon is that for pH 7.5  ( pH 3.5 ), the nanochannel is still cation-selective 

(anion-selective), even though the sign of its modulated Donnan potential is changed (see Fig. 

6a), when the sufficiently large positive (negative) 
G

V  is applied. This apparently implies 

that if the magnitude of the modulated 
d
 , the sign of which is reversed from the original 

charge nature, is not sufficiently large, the sign of the ion selectivity in the biomimetic gated 

soft nanochannel is dominated by the negative (positive) charge density of PE brush layers, at 

sufficiently large positive (negative) 
GV  for pH 7.5  ( pH 3.5 ).  

3.4 Influence of Grafting Density of PE Brushes on the Gated Ion Transport 

   Fig. 7 summarizes the influence of the grafting density of PE brushes, 
m

 , on the gate 

modulation of the Donnan potential 
d , volume-averaged charge density of PE brush layers 

m
 , conductance 

ch
G , and ion selectivity 

ch
S  at 1 mM

b
C   and pH 7 . Note that under 

pH 7  (> IEP of PE brush layers), the Donnan potential (Fig. 7a) and the charge density of 

PE brush layers (Fig. 7b) at various values of 
m

  are all negative for the soft nanochannel 

without gate control (i.e., 0 V
G

V  ). If the gate control is opened ( 0 V
G

V  ), 
d
  can be 

regulated from negative to positive (pink region) when 
G

V  is sufficiently large (Fig. 7a), but 

m
  does not change its sign and its magnitude increases as 

G
V  varies from 20  to 20 V 

(Fig. 7b). It is worth noting that the gate modulation of d  (Fig. 7a) and m  (Fig. 7b) is 

more superior for smaller and larger 
m

 , respectively. This is due to the fact that the larger 

the 
m

 , the larger the charge density of PE brush layers, which attracts more counterions 

into the PE brush layers and makes the gate electrode harder to tune the Donnan potential. 
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Meanwhile, it is known that the charge density of PE brush layers depends highly on the local 

concentration of H  ions within that layer. Because the greater amount of counterions is 

confined into the PE brush layers for larger grafting density of PE brushes, it is much easier 

to tune the charge density of those layers.  

   Fig. 7c reveals that the performance of gate modulation of 
ch

G  is better for smaller 
m

 , 

which is consistent with that of 
d  seen in Fig. 7a since the ionic conductance in the soft 

nanochannel as mentioned previously is dominated primarily by its Donnan potential. 

Moreover, for smaller 20.1 chains/nm
m

  , 
ch

G  shows a local minimum as 
G

V  varies 

from 20  to 20 V and the local minimum behavior disappears when 
m  gets larger. The 

local minimum of 
ch

G  with the variation of 
G

V  stems from the consequent result of the 

decrease in the negative 
d
  and the further increase in the positive 

d
  as 

G
V  varies from 

20  to 20 V shown in Fig. 7a. Because the magnitude of the reversed positive 
d
  

modulated by the gate electrode under the considered 
G

V  is less appreciable for larger 
m

 , 

the increase of 
chG  with 

GV  at sufficiently large 
GV  vanishes.  

   Fig. 7d shows that the gate modulation of 
ch

S  is more superior for smaller 
m

 , which is 

in accordance with that of 
d
  seen in Fig. 7a. Moreover, if 

m
  is large, the nanochannel is 

cation-selective ( 0
ch

S  ) under the entire range of 
G

V . However, if 
m

  is sufficiently 

small, the nanochannel becomes anion-selective ( 0
ch

S  , pink region) when the sufficiently 

large GV  is applied. This clearly shows again that if the magnitude of the modulated d , 

which has different sign from its origin one, is (is not) sufficiently large, the ion selectivity of 

the biomimetic soft nanochannel is majorly dominated by its modulated Donnan potential 

(charge density of PE brush layers).  
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4. Conclusions 

   In summary, a multi-ion model that includes the electrokinetic flow, electric double layers 

(EDLs) overlap, interfacial chemical reactions between the polyelectrolyte (PE) chains and 

protons has been developed to investigate the gate modulation of ion transport and selectivity 

in a soft nanochannel functionalized with biomimetic, pH-tunable, zwitterionic PE brush 

layers. The results demonstrate that the Donnan potential, ionic conductance, and ion 

selectivity in the biomimetic soft nanochannel are capable of being highly tunable when the 

background salt concentration is low, pH is close to the isoelectric point (IEP) of PE brush 

layers (slightly acidic), and the grafting density of PE brushes on the channel wall is small. 

Because the charge density of PE brush layers is highly related to the local proton 

concentration inside those layers, the signs of the Donnan potential and the charge density of 

PE brush layers could be different if a significantly large negative or positive gate voltage is 

applied. If the magnitude of the modulated Donnan potential, the sign of which is opposite to 

its original one, is (is not) sufficiently large, the ion selectivity of the biomimetic soft 

nanochannel is dominated by its modulated Donnan potential (charge density of PE brush 

layers).  
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Figure Captions 

 

Fig. 1. Schematic illustration of the gate modulation of ion and fluid transports in a soft (e.g., 

negatively charged) nanochannel functionalized with biomimetic, pH-tunable, zwitterionic 

PE brush layers. The nanochannel is filled with electrolyte solution containing multiple H , 

K , OH  and Cl  ions. 
G

V  is the gate voltage applied to the gate electrode, which is 

used to control the Donnan potential (
d
 ) at the PE brush layer/solid channel interface, and 

the EKF and ion transport in the soft nanochannel.  
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Fig. 2. Dependence of the nanochannel conductance, 
ch

G , on the background KCl 

concentration, 
b

C , for two values of 
G

V  at pH 8 , 1N  , 
1010  nm

m
  , 0.1 nm

m
d  , 

and 300 nmh  . Circles and diamonds denote the present results at 0
G

V   (floating gate) 

and 20 V (gate control), respectively. Solid lines denote the analytical results of Ma et al. 

[30].  
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Fig. 3. Donnan potential 
d
 , (a), volume-averaged charge density of PE brush layers 

m
 , 

(b), conductance 
chG , (c), and ion selectivity 

chS , (d), as a function of the background KCl 

concentration 
b

C  for various applied gated voltages 
G

V  at pH 7 . The yellow region in 

(b) highlights where the charge nature of PE brush layers changes.  
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Fig. 4. Gate modulation of the Donnan potential 
d
 , (a), volume-averaged charge density of 

PE brush layers 
m

 , (b), conductance 
ch

G , (c), and ion selectivity 
ch

S , (d), as a function of 

the applied gated voltage 
GV  for various background KCl concentrations 

bC  at pH 7 . 

The yellow region in (b) highlights where the charge nature of PE brush layers changes. The 

pink regions in (b) and (d) highlight the reversal Donnan potential and ion selectivity of 

considered biomimetic gated soft nanochannel, respectively.  
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Fig. 5. Donnan potential 
d
 , (a), volume-averaged charge density of PE brush layers 

m
 , 

(b), conductance 
chG , (c), and ion selectivity 

chS , (d), as a function of pH for various 

applied gated voltages 
G

V  at 1 mM
b

C  . The inset in (b) highlights the region for pH in 

the range of 5 and 9. The pink regions in (b) and (d) highlight where 0
d
   and 0

ch
S  , 

respectively. 

 

(c) (d) 

(a) (b) 
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Fig. 6. Gate modulation of the Donnan potential 
d
 , (a), volume-averaged charge density of 

PE brush layers 
m , (b), conductance 

chG , (c), and ion selectivity 
chS , (d), as a function of 

the applied gated voltage 
G

V  for various pHs at 1 mM
b

C  . The pink regions in (b) and (d) 

highlight where 0d   and 0chS  , respectively. 

(a) (b) 

(c) (d) 



 30

-20 -10 0 10 20
-0.12

-0.06

0.00

0.06
 

m
=0.1 chains/nm

2

 
m
=0.2 chains/nm

2

 
m
=0.4 chains/nm

2

 
m
=0.6 chains/nm

2

 

 d
 (

V
)

V
G
 (V)

-20 -10 0 10 20
-4

-3

-2

-1

0

 
m
=0.1 chains/nm

2

 
m
=0.2 chains/nm

2

 
m
=0.4 chains/nm

2

 
m
=0.6 chains/nm

2

 m
 (

1
0

6
 C

/m
3
)

V
G
 (V)

 

-20 -10 0 10 20

10
-9

10
-8

 
m
=0.1 chains/nm

2

 
m
=0.2 chains/nm

2

 
m
=0.4 chains/nm

2

 
m
=0.6 chains/nm

2

 

G
ch

 (
S

)

V
G
 (V)

-20 -10 0 10 20

-0.5

0.0

0.5

1.0

 
m
=0.1 chains/nm

2

 
m
=0.2 chains/nm

2

 
m
=0.4 chains/nm

2

 
m
=0.6 chains/nm

2

S
ch

V
G
 (V)

 
 

Fig. 7. Gate modulation of the Donnan potential 
d
 , (a), volume-averaged charge density of 

PE brush layers 
m

 , (b), conductance 
ch

G , (c), and ion selectivity 
ch

S , (d), as a function of 

the applied gated voltage 
GV  for various grafting density of PE brushes on the inner channel 

walls at 1 mM
b

C   and pH 7 . The pink regions in (b) and (d) highlight where 0
d
   

and 0
ch

S  , respectively.  

(a) (b) 

(c) (d) 
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