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1 Introduction

Electroosmotic flow is the solvent flux induced by an elec-
trostatic force acting on regions of the fluid domain where 
a net charge is present. The ion distribution nearby a solid-
liquid interface is altered by the surface charges resulting 
in a tiny layer (Debye layer) where a charge unbalance is 
present (Kirby 2010). An external electrical field tangential 
to the interface exerts a net force on this layer that, con-
sequently, moves along the wall dragging the bulk of the 
fluid. Being an interface effect, electroosmotic flow (EOF) 
is particularly relevant in nanofluidic systems where the 
surface/volume ratio is large. The interplay between EOF 
and ion transport has attracted the interest of a varied sci-
entific community with possible applications to particle 
separation (Malgaretti et al. 2014), enhanced ion transport 
(Davidson et al. 2016), particle trapping (Asandei et al. 
2016; Buyukdagli and Ala-Nissila 2014) and mixing (Bely-
aev and Vinogradova 2011; Bhattacharyya and Bera 2015).

In this paper, we report results from molecular dynamics 
simulations of EOF through a α-hemolysin (αHL) channel, 
a widely employed biological nanopore for single molecule 
sensing (Wang and Gu 2015; Zhang et al. 2015; Chan-
dramouli et al. 2016; Kasianowicz et al. 2015; Jain et al. 
2015; Johnson et al. 2016; Zeng et al. 2015; Stoddart et al. 
2015; Breton et al. 2013; Ansalone et al. 2015; Mereuta et al. 
2014a, b). The αHL is a 100-Å-long heptameric channel 
and its interior is constituted by two main regions: the ves-
tibule and the β-barrel, Fig. 1 (Song et al. 1996). The β-bar-
rel, with a cylindrical shape of diameter ∼20 Å, is embed-
ded in the lipid membrane. The vestibule stemming from the 
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membrane is wider than the β-barrel and its maximum diam-
eter is ∼46 Å. These two regions are connected by a constric-
tion that constitutes the pore narrowest section of diameter ∼
14 Å. The positively charged constriction is responsible for 
the αHL ion selectivity, a property that has already been the 
subject of numerical (Aksimentiev and Schulten 2005; Bhat-
tacharya et al. 2011) and experimental investigations (Mer-
zlyak et al. 2005; Piguet et al. 2014) at different salt compo-
sitions. Recent experimental studies by Piguet et al. (2014), 
Asandei et al. (2016) and Boukhet et al. (2016) interpreted 
the voltage dependency of capture and residence time of 
macromolecules as an effect of EOF across the αHL.

Several charged residues, exposed toward the inte-
rior of the pore, strongly affect both ionic and electroos-
motic flows. The charge of such residues can be altered by 

varying the pH of the solution. In particular, the pore inte-
rior becomes more and more positively charged upon low-
ering the pH, as aspartic acid and glutamic acid can be neu-
tralized, whereas histidine, lysine and arginine can acquire 
a positive charge. The interested reader can find a complete 
description of the αHL pore and of the exposed charged 
residues in the above-cited literature. For the aim of this 
paper, we mainly need to focus on three specific regions of 
the pore, namely the two pore entrances (trans and cis) and 
the constriction. The net charge of such regions at different 
pH is reported in Fig. 1b, c

The paper is structured as follows. Section 2 reports 
the details of the all-atom molecular dynamics setup and 
describes how the fluxes are extracted from the system tra-
jectories. The results are reported in Sect. 3 along with a 
comparison with existing quantitative theories.

2  Methods

The initial conformation of the system was assembled by 
using standard protocols described in Aksimentiev and 
Schulten (2005), Comer et al. (2011), Di Marino et al. 
(2015) and briefly summarized below. We started from the 
αHL crystal structure pdb_id: 7AHL (Song et al. 1996) 
downloaded from the OPM database (Lomize et al. 2006). 
The membrane, the water molecules and the ions were 
added using VMD (Humphrey et al. 1996). Then, the sys-
tem was minimized and a 60 ps NVT simulation (time step 
0.2 fs) was run. Following Comer et al. (2011), during this 
stage, external forces are added to avoid water molecules 
entering the membrane, while αHL and lipid heads were 
constrained. A further 1 ns NPT flexible cell simulation 
[time step 1 fs, Nosé–Hoover–Langevin piston Martyna 
et al. (1994)] was employed to compact the membrane. 
During this run, the lipid molecules were let free to move. 
The third, and last, equilibration stage consists in a 2 ns 
NPT constant area simulations (time step 2 fs) where all the 
atoms are unconstrained. The resulting periodic box after 
the equilibration has the following dimensions Lx = 126.49 
Å, Ly = 124.61 Å  and Lz = 217.5 Å and the number of 
atoms is ∼370,000. A complete description of the system is 
reported in Figure S1 of the supporting information.

The equilibrated configuration was used for non-
equilibrium runs at different voltages. A uniform and 
constant external electric field E = (0, 0,Ez) was applied 
perpendicularly to the lipid bilayer. This protocol was 
shown to be equivalent to the application of a constant 
voltage �V = EzLz (Gumbart et al. 2012). The resulting 
applied electrical field is in the range 0.5 ÷ 0.05 × 108 
V/m that is below the threshold for affecting both appar-
ent permittivity and dipole moment profile (Marracino 
et al. 2015). Each simulation was run for 70 ns and 

pH 2.8

7+=q 7+=q7+=q

(A) +  -

(B) (C)
pH 7.0

q= -7 7+=q 7+=q
cis

trans

vestibulebarrel

Fig. 1  The α-hemolysin (αHL) nanopore. a The pore is embedded 
in a lipid bilayer (gray). The voltage �V = Vcis − Vtrans is applied 
between the cis and trans compartments. The black arrow indicates 
the total current I (positive from trans to cis), while the blue and red 
arrows indicate the cationic (I+, positive from trans to cis) and ani-
onic (I−, positive from cis to trans) contributions, respectively. Water, 
ions and several lipid molecules are not reported for clarity. Cis 
entrance (diameter ∼25 Å), constriction (diameter ∼14 Å) and trans 
entrance (diameter ∼20 Å) are sketched in orange. b, c Total charge 
q of Cis entrance, constriction and trans entrance at pH = 7 and 
pH = 2.8. Positively (negatively) charged amino acids for these three 
regions are shown in blue (red). Figures S2 and S3 of the supporting 
information report the complete list of protonated residues and the 
electrical potential along the pore axis calculated for both pHs (color 
figure online)
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snapshots are saved every �t = 40 ps. The average cur-
rent in the interval [t, t +�t] is estimated as

where qi and zi are charge and the z-coordinate of the ith 
atom, respectively. The K+ and Cl− currents were com-
puted by restricting the sum over the atoms of correspond-
ing type (Aksimentiev and Schulten 2005). The mean cur-
rent is obtained via a time average of I(t) after discarding a 
transient of 1 ns. Errors are estimated using block average 
protocols (Allen and Tildesley 1989). The sum in Eq. (1) 
with qi = 1, when restricted to the water molecules, pro-
vides the EOF.

The same setup was used for both pH = 7 and pH = 2.8,  
the only difference being the protonation state of some 
specific residues. For pH = 7, we assigned the residues 
the standard protonation states, while for pH = 2.8 we 
employed the H++ server version 3.2 (Anandakrishnan 
et al. 2012) to determine the protonation degree of titrat-
able residues. The server provided a pKa value for each sin-
gle amino acid in each different αHL chain. We protonated 
all the residues for which the pKa averaged over the seven 
chains is larger than 2.8, by using psfgen tools included in 
VMD (Humphrey et al. 1996). The methodology and the 
list of the protonated residues are reported in the supporting 
information (Section S1; Figure S2).

All MD simulations were performed using NAMD 
software (Phillips et al. 2005) by implementing periodic 
boundary conditions and particle mesh Ewalds (PME) 
summation method for the electrostatics (Batcho et al. 
2001). The CHARMM36 force field (Brooks et al. 2009; 
Vanommeslaeghe and MacKerell 2012) was employed 
to model lipid, protein and TIP3P water molecules (Jor-
gensen et al. 1983). NBFIX corrections were applied for 
ions (Luo and Roux 2009).

3  Results

The system setup is reported in Fig. 1a. An applied elec-
trical field acts normally to the membrane. We conven-
tionally define the cis side as ground (V = 0) so that a 
positive (negative) �V  corresponds to trans→cis(cis→
trans) current. Here we report data for 2M KCl concen-
trations, while the results for 1M KCl are discussed in 
the supporting information.

3.1  Current–voltage characteristic

The resulting total ionic current I = I+ + I− as function 
of the voltage �V  is shown in Fig. 2a, while the cationic 

(1)I(t) =
1

�t Lz

N
∑

i=1

qi[zi(t +�t)− zi(t)]

I+ and anionic I− contributions are reported in Fig. 2b, c, 
respectively.

pH = 7. For low voltages, |�V | < 0.2V , the total ionic 
current I is linear in �V  (Ohmic regime). The resulting 
αHL ionic conductance is G = I/�V = 1.96± 0.28 nS 
in quite good agreement with experimental results, such 
as Rodriguez-Larrea and Bayley (2013) (G = 2.07 nS at 
�V = 0.14 V), Mereuta et al. (2014b) (G = 1.63 nS at 
�V = 0.05 V) and Campos et al. (2012) (G = 2.18 nS at 
�V = 0.08 V).

At high voltages, the I − V  curve presents an asym-
metry characterized by a larger current intensity at posi-
tive �V , Fig. 2a. The same happens also to anionic and 
cation contributions, Fig. 2b, c. This behavior can be eas-
ily explained by considering the field generated by those 
charges localized at the two ends of αHL pore. At negative 
�V , the anions Cl− enter from the trans side (red arrow in 
Fig. 2d). The presence of the electrostatic repulsion, caused 
by the negative charges at the barrel entrance, hinders the 
anionic flux into the pore. Conversely, for �V > 0, the ani-
ons enter the cis side. In this case, the presence of a posi-
tive charge at the vestibule entrance attracts the Cl− ions 
increasing their flow into to nanopore. The same argument 
applies to the cationic (K+) current: At negative �V , the 
cations K+ enter the cis side (blue arrow in Fig. 2d) where 
they found a repelling pore charge that reduces the current. 
Instead, for positive �V , the cations enter the trans side and 
are attracted by the negative charges at the barrel entrance. 
Hence, also the cationic current is asymmetric and it is 
larger at �V > 0.

pH = 2.8. In this case, the I − V  curves are quite sym-
metric with respect to the origin (2a, solid line). The low 
pH affects the protonation states of several exposed resi-
dues and, in particular, even the trans entrance turns to be 
positively charged, Fig 2e. The comparison between the 
electrostatic potential along the pore axis generated by 
the αHL at the two selected pH is reported in Figure S3. 
It is apparent that that pH = 2.8 the electrostatic poten-
tial is always positive inside the pore. Hence, no strong 
asymmetry is expected in I − V  characteristic as both 
barrel and vestibule ends acquire positive charges. Also 
in this case, at low voltages, |�V | < 0.2 V, the conduct-
ance G = 2.24± 0.13 ns is consistent with experiments 
by Campos et al. (2012) G = 2.1 ns at �V = 0.08 V.

The rectification of the current in the αHL system was 
investigated by several authors, see, among others (Bhat-
tacharya et al. 2011) for a combined computational and 
experimental analysis. The I − V  asymmetry is not a pecu-
liarity pertaining to biological pores, but it is also observed 
in solid-state nanopores (Thangaraj et al. 2016; Laohakuna-
korn et al. 2014), and it even occurs in uncharged channels 
when interacting to strongly charged molecules (Chinappi 
et al. 2014).
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Effect of ionic concentration. Standard continuum 
approaches suggest, for dilute solution, a ionic conduc-
tivity proportional to ionic concentration. Consequently, 
also the nanopore conductance, G, in the linear regime 
(low voltage) is expected to be proportional to the ionic 
concentration. Figure S7 reports G as a function of 
the ionic concentration, showing that data are compat-
ible with a linear behavior. It is worth noting that this 
condition is often not fulfilled in nanoscale systems at 
ionic concentration comparable with the one used in 
this work. For instance, in Liu et al. (2010), ionic cur-
rents through carbon nanotubes do not depend linearly 
on the ion concentration, an occurrence that the authors 
imputed to the presence of a very intense electroosmotic 
flow generated by an excess of charge inside the pore.

3.2  Selectivity

A further consequence of the αHL surface charges is 
the anionic selectivity. Besides the charges at the two 
entrances, there is a ring of positively charged residues in 
the αHL constriction that is also relevant to anionic selec-
tivity as they are located in the narrowest region of the 

channel (Kasianowicz et al. 1999; Campos et al. 2012). 
Figure 4a reports the ratio I−/I as a function of �V  for 
pH = 2.8 and pH = 7, solid and dashed lines, respectively. 
In all the considered cases, the total current is dominated 
by the anionic flow (I−/I > 0.5). At lower pH, the pore 
becomes more anionic-selective as expected form the pres-
ence of an excess of positive charges on its internal sur-
face. Figure 3 shows the Cl− and K+ concentration maps 
for pH = 7 and pH = 2.8 at �V = 0. At lower pH, a strong 
depletion of K+ ion is observed in the barrel.

3.3  Electroosmosis

Figure 4b displays the electroosmotic flow (EOF) Φeo 
expressed in number of water molecules for ns. The EOF 
is directed as the negative ions, i.e., it is positive at nega-
tive �V . Despite large error bars, it is apparent that EOF 
is present at both pH values and is larger at the smaller 
one. This is consistent with the increased anionic selec-
tivity observed at pH = 2.8. It is interesting to note that 
Φeo is larger than the corresponding ionic flows expressed 
in number of ion/ns, ΦCl− and ΦK+ in the following. For 
instance, for pH = 2.8 at �V = −1.25, Φeo ∼ 50 ns−1, 

(A)

(B)

(c)

(D)

(E)

Fig. 2  a–c I − V  characteristics for 2 M KCl simulations at pH = 2.8 
(solid line) and pH = 7.0 (dashed line). Total current I is in black, 
while I+ and I− are in blue and red, respectively. The 1 M KCl case 
is reported in S4 of the supporting information. d, e Direction of ionic 

flows through αHL for positive and negative �V . The red and blue 
arrows represent the direction of anionic and cationic currents at pH 
= 7.0 (dashed arrow, panel d and pH = 2.8 (solid arrow, panel e) 
(color figure online)
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while ΦCl− = 13.1 ns−1 and ΦK+ = −5.6 ns−1. This can 
be explained presuming that each ion drags a hydration 
shell of nc water molecules with nc the hydration number 
that, for Cl− and K+ , is ∼6 (Mancinelli et al. 2007). The 
magenta symbols in Fig. 4b correspond to the expression

in a fair agreement with the data. A similar argument was 
suggested in Piguet et al. (2014) to estimate the elec-
troosmotic flow from experimental data.

In the literature, EOF is commonly described by con-
tinuum approaches; hence, it is reasonable to test the reli-
ability of those theories against our numerical results.

(2)Φeo = nc(ΦCl− −ΦK+) ,

As a first model, we can estimate Φeo using the ideal 
electroosmotic flow formulation for a cylinder of radius 
a and length L, for L ≫ a. We report here the main steps; 
the interested reader can find a detailed derivation, among 
others, in  Bruus (2008). The cylinder surface is assumed 
to be uniformly charged with density σ corresponding to 
a ζ-potential

with

the Debye length, e the electron charge, Z the ion valence, 
c0 the ionic bulk concentration, kB the Boltzmann con-
stant, T the temperature and ǫ0 and ǫr the vacuum and 

(3)ζ =
σ�D

ǫ0ǫr

(4)�D =

√

ǫ0ǫrkBT

2(Ze)2co

(A) (B)

(C)

(E) (F)

(D)

Fig. 3  a–d Ion concentration maps for Cl  and K+ at �V = 0 for 2M 
KCl. The regions not accessible to ions (membrane and channel) are 
in blue. The red peaks at both pH in the Cl  density correspond to 
the charge accumulation caused by the presence of positive-residue 
ring at the constriction, panel c, d. A marked depletion of K+ ions in 
the barrel region for pH = 2.8 indicates the enhancement of the pore 
selectivity at low pH, panel d. The distribution of the net charge for 
pH = 7 and pH = 2.8 is reported in the panel e, f, respectively. The 
1 M KCl case is reported in S6 of the supporting information (color 
figure online)
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Fig. 4  Ion selectivity and electroosmotic flow. a Anionic current 
fraction I−/I as a function of �V  at pH = 2.8 (solid line) and pH 
= 7.0 (dashed line) for 2 M KCl. In both cases, the average values 
are larger than 0.5 indicating that the current is dominated by nega-
tive carriers. Data at low voltages are not reported since the error bars 
overwhelm the average values. b Electroosmotic flow Φeo (number of 
molecules for ns) as a function of �V . The circles in magenta (open 
pH = 7, filled pH = 2.8), correspond to the estimation provided by 
Eq. (2). The 1 M KCl case is reported in Figure S5 of supporting 
information (color figure online)
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relative permittivities. Under the action of a homogene-
ous and constant electrical field E = �V/L, the velocity 
along the cylinder axis is

where

with µ being the viscosity and I0 the zero-order modified 
Bessel function of first kind. Integrating v(r) over the cyl-
inder section, the flow rate Φeo is easily obtained as

with

In analogy with the electric conductance G, we indicate 
the quantity Geo as electroosmotic conductance, i.e., the 
electroosmotic flow Φeo per unit of voltage. Equation (8) 
involves a large number of effective parameters for which 
reasonable estimations have to be provided; otherwise, 
the results will arbitrarily depend on the selected values. 
Here, we chose a = 7 Å  and L = 100 Å  for the pore 
size, η = 3.1 · 10−4 Kg/ms for the TIP3P water viscos-
ity (González and Abascal 2010), σ = qs/(2πaL) for the 
surface charge, where qs is the total charge of the residues 
exposed to the pore interior. For pH = 2.8, a reasonable 
value for the surface charge is qs = 14e (see Supporting 
Information) with e the electron charge. This leads to 
particle flow rate of Geo ≃ 90 (nsV)−1. Surprisingly, this 
very crude approximation is able to catch the order of 
magnitude of the simulated EOF.

A second estimation for Φeo can be achieved from 
Hagen–Poiseuille expression for the flow rate in a cylin-
drical channel under the action of a homogeneous and 
constant volume force g that can be easily obtained inte-
grating the parabolic velocity profile leading to

The positive surface charge qs induces an excess of nega-
tive ion density qs/(πa2L) inside the pore to reach a 
global electroneutrality, resulting in an average net force

(5)v(r) = veo



1−
I0

�

r
�D

�

I0

�

a
�D

�





(6)veo =
ǫ0ǫrζE

µ

=
σ�D�V

µL

(7)Φeo = Geo�V

(8)Geo = 2π
σ�D

µL

� a

0

r



1−
I0

�

r
�D

�

I0

�

a
�D

�



dr .

(9)Φeo =
πa4

8µ
g .

(10)g =
qs

πa2L

�V

L

leading to an electroosmotic conductance

Using the same parameters as before, we find a particle 
flow of Geo ≃ 152(nsV)−1, that, again, is of the same 
order of magnitude of the simulation results.

The expressions for electroosmotic conductance (8) and 
(11) allow to understand, at least qualitatively, the effect of 
the various parameters. For instance, it is obvious that, in 
both formulas, Geo linearly depends on the surface charge 
σ and, hence, on the exposed charge inside the pore. This 
explains why the electroosmotic flow turns to be smaller at 
the highest pH= 7.

An interesting point, emerging from both expressions, 
is the weak influence of the bulk ionic concentration c0 on 
Geo . Equation (11) is independent on c0, while c0 enters 
Eq. (8) via the Debye length �D and, consequently, it influ-
ences both the prefactor and the integral of expression (8). 
However, as shown in Fig. 5a, the combination of the two 
effects brings to an almost flat Geo behavior, at least in the 
range between 0.5 and 3M that is relevant to nanopore 

(11)Geo =
a2

8µ

qs

L2
.

(A)

(B)

Fig. 5  a Theoretical estimation of Geo by ideal electroosmotic flow, 
Eq. (8), as a function of the bulk ionic concentration c0. The shaded 
region indicates the range c0 ∈ (0.5, 3 M) that is the relevant one to 
nanopore sensing. It is apparent that Geo is almost constant in this 
interval. Panel b reports the electroosmotic flow Φeo for pH = 2.8 at 
different molarities (1 and 2 M) measured by molecular dynamics 
simulations
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sensing. Figure 5b reports EOF for 1 and 2 M at pH = 2.8 . 
It is apparent that, as indicated by both theoretical models, 
the EOF does not appreciably change with the bulk ion 
concentration.

The simplified theories we discussed do not take 
into account the liquid slippage at solid-liquid interface. 
Although slippage can strongly affect the flow at nanoscale 
(Bakli and Chakraborty 2016; Chinappi and Casciola 2010), 
we expect that, for a rough interface like the αHL interior, 
the no-slip condition remains a reasonable approximation. 
Another effect that can be potentially included in the con-
tinuum models is the increase in the effective viscosity due 
the adsorption of ions on the pore surface, as discussed 
in Knecht et al. (2013) and Qiao and Aluru (2003). The vis-
cosity increase can partially explain the overestimation of 
the EOF prediction resulting by the continuum theories we 
employed. Another limitation of results (8) and (11) stems 
form the ion finite-size effect that, at high concentration, can 
have a significant impact on charge distribution and, con-
sequently, on EOF. Several modifications of the classical 
point-charge Poisson–Boltzmann (PB) equation have been 
proposed in the literature (Qiao and Aluru 2003; Paunov 
and Binks 1999; Borukhov et al. 2000). The works Paunov 
and Binks (1999) and Borukhov et al. (2000) that explicitly 
took into account ion finite-size effects obtained a saturated 
counterion concentration very near to a charged surface 
that is lower than the PB prediction. However, farther from 
the surface, they found counterion concentrations that are 
systematically larger than that expected by a point-charge 
approach. The ambiguity due to overestimation and under-
estimation of concentrations makes it difficult to assess 
whether, in our case, the inclusion of the finite-size effects is 
able to improve the theoretical estimation of the EOF.

4  Conclusions

We simulated via all-atom molecular dynamics the ionic 
and electroosmotic flow across an α-hemolysin nanopore 
under the action of an applied voltage. Our data show that 
the pH decrease, inducing a protonation of exposed resi-
dues, has a relevant effect on both ionic and electroosmotic 
flows. Specifically, the ionic flow is characterized by a pro-
nounced anionic selectivity of the pore, while the electroos-
motic flow increases at low pH.

We found that the electroosmotic flow is associated 
with the unbalance between positive and negative ionic 
fluxes and it turns to be strong enough to overwhelm the 
ionic current, i.e., the number of water molecules streaming 
through the pore per unit of time is larger than the number 
of flowing ions. A surprising simple argument, based on 
ionic hydration number, is able to link the electroosmotic 
flow to the anionic and cation currents.

Our data support and complement the experimen-
tal observation by Piguet et al. (2014) and Asandei et al. 
(2016) where the electroosmosis was not directly meas-
ured, but was invoked to explain alteration of ion current 
due to macromolecule interaction with a nanopore.

Finally, we tested the reliability of two simple contin-
uum models for ideal electroosmosis, showing that they are 
able to catch the order of magnitude of the electroosmotic 
flow even in conditions far from ideality, as in the case of 
narrow and complex channels like α-hemolysin.
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