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Biological ion channels in membranes are selectively permeable to specific

ionic species. They maintain the resting membrane potential, generate

propagated action potentials, and control a wide variety of cell functions.

Here it is demonstrated theoretically that boron nitride nanotubes have the

ability to carry out some of the important functions of biological ion

channels. Boron nitride nanotubes with radii of 4.83 and 5.52 Å embedded

in a silicon nitride membrane are selectively permeable to cations and

anions, respectively. They broadly mimic some of the permeation

characteristics of gramicidin and chloride channels. Using distributional

molecular dynamics, which is a combination of molecular and stochastic

dynamics simulations, the properties of these engineered nanotubes are

characterized, such as the free energy encountered by charged particles, the

water-ion structure within the pore, and the current–voltage and

current–concentration profiles. These engineered nanotubes have potential

applications as sensitive biosensors, antibiotics, or filtration devices.
1. Introduction

The cell membrane presents a large electrostatic barrier

that is impermeable to charged particles such as sodium,

chloride, and potassium ions. Biological ion channels, or bio-

nanotubes, regulate the movement of ions across the cell

membrane by providing a water-filled pore through which ions

can pass. They are found in all living cells, from plants and

bacteria to humans. By allowing specific ionic species to move

across the cell membrane, bio-nanotubes regulate all electrical

activities in the nervous system, including communication

between cells and the influence of hormones and drugs on cell

function.[1]

Several attempts have been made in the past to engineer

nanotubes that can carry out some of the functions performed

by biological channels. Carbon nanotubes embedded into a

lipid bilayer[2,3] and in artificial membranes[4–8] pass water

molecules across with a conduction rate comparable to that of
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the biological water channel, aquaporin-1. In some cases this

can occur while effectively rejecting charged particles.[8–10]

Although work on carbon nanotubes has predominantly

focused on the conduction of water molecules, recently their

ion selectivity has been investigated.[11–14] When a rim of

partially charged atoms are placed near the entrance, ions

surmount the energy barrier near the open-ended entrance and

enter the interior of a carbon nanotube.[11–13] Joseph et al.[11]

have shown that ion occupancy is significantly increased.

Similarly, Majumder et al.[13] have shown that placing

negatively charged functional groups at the carbon nanotube

tips significantly increases the flux of positive ions, but this

effect is reduced at higher ionic concentrations. Using

molecular dynamics simulations, Park et al.[12] were able to

separate potassiumand chloride ions using aY-junction carbon

nanotube constructed from an (8,8) main branch nanotube

connected to two smaller (5,5) and (6,6) branches. The

negatively charged (5,5) nanotube was found to conduct

potassium ions and the positively charged (6,6) nanotube

conducted chloride ions, but at certain charge densities

potassium ions were shown to enter the (6,6) nanotube. The

nanotube diameter can also be used to select ions bymolecular

sieving.[14]

Single-walled nanotubes may be manufactured from

various materials other than carbon, such as boron nitride.[15]
H & Co. KGaA, Weinheim 1



full papers T. A. Hilder et al.

2

In comparison to carbon nanotubes, boron nitride nanotubes

exhibit improved properties, such as superior biocompatibil-

ity.[16] Unlike carbon nanotubes, boron nitride nanotubes are

inherently non-cytotoxic.[17] Moreover, the atoms in boron

nitride nanotubes are polarized, with boron atoms becoming

slightly positive with respect to the nitrogen atoms.[18] The

polarization of the atoms lining the pore causes a boron nitride

nanotube to be more permeable to water molecules compared

to carbon nanotubes of similar radius and length.[19–21] This

difference in electronegativity has a pronounced influence on

the geometry of water molecules within the pore, and by

increasing the nanotube radius the configuration of water

molecules, constrained by the polarized side-wall atoms,

undergoes systematic changes.

Herewe show for thefirst time that boronnitridenanotubes

with radii of 4.83 and 5.52 Å embedded in a silicon nitride

membrane broadly mimic the biological gramicidin and

chloride channels by being exquisitely selective to cations

and anions, respectively. Unlike in biological systems, where

cation-anion selectivity is determined by charged residues

lining the pore, the selectivity in boron nitride nanotubes is

conferred by the intricate interactions between the polar water

molecules, ions, charge differences between boron and

nitrogen atoms forming the pore, and permanent dipoles

surrounding the nanotube surface. Using the technique of

distributional molecular dynamics (DMD),[22] which combines

classical molecular dynamics (MD) with stochastic dynamics,

we characterize theboronnitridenanotubes that are selectively

permeable to cations and anions and provide the mechanisms

underlying their selectivity.
Figure 1. Visualizationofwaterand ions insideaboronnitridenanotube-

embedded silicon nitride membrane. A) Boron nitride nanotube shown

inside a silicon nitride matrix (grey) between two reservoirs containing

water and ions. Note that for clarity not all water molecules and ions are

shown.B)Ordered spiral andhelicalwater structureswithin the (7,7) and

(8,8) boron nitride nanotubes, respectively. I) With and II) without a

sodiumion in the (7,7)nanotube. III)Withand IV)withoutachloride ion in

the (8,8) nanotube.
2. Results and Discussion

We consider open-ended, single-walled (7,7) and (8,8)

boron nitride nanotubes with a length of approximately 24–

26 Å, and radii of 4.83 and 5.52 Å, respectively, fixed in a silicon

nitride membrane[23] surrounded by a reservoir containing a

500mM ionic solution such as NaCl, as illustrated in Figure 1A.

The boron nitride nanotubes are constructed from a hexagonal

array[24] of alternating boron and nitrogen atoms rolled up to

form a tubular structure.[25] InMD simulations of the (7,7) and

(8,8) nanotubes, water molecules are rapidly drawn into the

interior of the pore in the absence of any applied pressure.[10]

Water encapsulated inside the (7,7) and (8,8) pores is observed

to form ordered spiral and helical structures, respectively

(Figure 1B). Suchhighly ordered, ice-likewater structures have

been observed previously in narrow confines of carbon

nanotubes.[26,27] Under the influence of an applied potential,

a cation or chloride ion enters the (7,7) or (8,8) pore,

respectively, and replaces one of the water molecules in the

chain, as shown inFigure 1B(I) andFigure 1B(III) respectively.

Single-walled, (7,7)boronnitridenanotubeswitha radiusof

4.83 Å and a length of approximately 26 Å broadly mimic the

biological gramicidin channel bybeing selectivelypermeable to

cations, and rejecting chloride. The profile of free energy,

shown in Figure 2A, reveals thatmonovalent cations (Naþ, Kþ,

and Liþ) encounter an energywell as they traverse the conduit.
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In contrast, there exists an extremely large energy barrier for

chloride (Cl�) to overcome.

The current–voltage and current–concentration profiles

constructed using DMD are displayed in Figure 2B and C. The

current increases linearly with an applied potential andwith an

increasing ionic concentration. The conductance, derived by

fitting a linear regression through the data points, is

173.2� 7.5 pS for potassium, 129� 4.8 pS for sodium, and

81� 9.2 pS for lithium. All investigated cations exhibit a

conductance approximately 5–9 times larger than gramicidin,

which has a conductance of approximately 15–20 pS. That the

current–concentration relationship is linear, rather than that of

the Michaelis–Menten form, indicates that the monovalent

cations traversing theporedonot encounter anyenergybarrier,

and the rate limiting step in the conduction process is the time it

takes for the ions to enter the pore.[28] Once in the pore, the ion

rapidly traverses the channel a single ion at a time.
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Figure 2. Cation-selective (7,7) boron nitride nanotube. A) Free-energy

profile for sodium(Naþ), potassium(Kþ), lithium(Liþ), andchloride(Cl�).

B) Current–voltage curve for themonovalent cations sodium, potassium

and lithium. C) Current–concentration curve for sodium. Note that error

bars representonestandarderror of themeananderrorbars smaller than

the data points are not shown.
As we have noted above, this cation-selective behavior is

exhibited innature through thegramicidin channel.Gramicidin

A, a small peptide-based antibiotic, was one of the first

antibiotics isolated and used in clinical practice.[29] It forms a

cylindrical channel across the bacteria cell membrane with a

radius of approximately 2 Å, which selectively conducts

monovalent cations.[30] Once formed, these cations rapidly

move across the cell and destroy the membrane potential, thus

killing the bacteria cell. The interior surface of gramicidin is

linedwithpolargroups thataid theconductionof ionsandwater

molecules, and the pore size is such that the ions and water
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molecules are restricted to move in a highly correlated single-

file chain.[29] In the (7,7) boron nitride nanotube there is a

unique interaction between the boron and nitrogen atoms with

theuniformpermanentdipoles of the siliconnitridemembrane,

and the ions and water molecules move in a highly ordered

spiral chain (Figure 1B(I) and Figure 1B(II)). The ability to

mimic gramicidin’s physiological attributes could lead to

applications such as new antibiotic treatments, biosensors,

and cancer treatment.

In contrast, we find that the single-walled, (8,8) boron

nitride nanotubes with a radius of 5.52 Å and a length of

approximately 24 Å are selectively permeable to chloride ions

and reject all cationic species, thus broadly mimicking

biological chloride channels (e.g., ClC–1). The profile of free

energy, shown in Figure 3A, reveals that a chloride ion

encounters an energy well as it traverses the conduit. In

contrast, there exists a large energy barrier for both sodiumand

cesium (Naþ and Csþ) to overcome.

The current–voltage andcurrent–concentrationprofiles are

displayed in Figure 3B and C, respectively. The current

increases linearly with an applied potential and with an

increasing ionic concentration. The chloride conductance,

derived by fitting a linear regression through the data points, is

14.7� 0.8 pS. The conductance of the engineered channel is

approximately equal to that of the ClC–1 channel, which is

8.5 pS with symmetrical solutions of 150mM and 14 pS with

500mM,[31] but a third that of theGABAA receptor.[32] As with

the (7,7) boron nitride nanotube, the current–concentration

relationship is linear, rather than that of theMichaelis–Menten

form (Figure 3C). Similarly, the pore attracts a single ion that

once in the pore rapidly traverses the channel.

Anion-selective biological channels are involved in a

diverse range of physiological functions, such as the control

of cellular excitability, acidificationof intracellularvesicles, and

regulation of cell volumes. Although both (8,8) boron nitride

nanotubes and eukaryotic ClC channels are exquisitely

selective to anions, their mechanisms for achieving this high

selectivity differ. In ClC–1, the conduction path is lined with 4

acidic and 10 basic residues.[31] The net positive charges on the

protein wall forming the conduit create a deep energy well of

�47 kT forananion,whichattracts onaverage2.3 chloride ions.

A third ion entering the pore, driven by an applied potential,

disrupts the stable equilibrium established by the resident ions,

and the outer ion is expelled from the pore through a Coulomb

repulsion. In the engineered channel, it is a combination of the

hydration force and the unique interaction between the boron

and nitrogen atoms of the nanotube with the permanent dipole

of the silicon nitride membrane that are solely responsible for

selectivity of anions over cations, and the energy well attracts a

single Cl�, which is expelled from the pore through Coulomb

repulsion once a second ion enters.

We find that in both boron nitride nanotubes ion selectivity

is a consequence of the unique water structure within the

nanotube, the nanotube radius, the partial charge on the boron

andnitrogen atomsof thenanotube, and thepermanent dipoles

existing in the silicon nitridemembrane. As the cation or anion

enters the narrow nanotube pore it must lose part of its

solvation shell. In bulkwater ions areusually boundbybetween

four and six watermolecules, and these ions are called solvated
H & Co. KGaA, Weinheim www.small-journal.com 3
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Figure 3. Anion-selective (8,8) boron nitride nanotube. A) Free-energy

profile for sodium (Naþ), cesium (Csþ), and chloride (Cl�). B) Current–

voltage curve for chloride ions. C) Current–concentration curve for

chloride ions. Note that error bars represent one standard error of the

mean and error bars smaller than the data points are not shown.

4

or hydrated ions. There is a large energetic cost, dehydration

energy, associated with removing water molecules from this

tightly bound hydration shell. The unique water structure

within the nanotube and partial charges on the boron and

nitrogen atomsprovide a favorable environment to restore part

of the energy lost from dehydration.

It is not known whether the silicon nitride membrane that

forms around the boron nitride nanotube will be an ordered

crystal lattice, as assumed by previous molecular dynamics

studies,[33,34] or an amorphous structure. Nevertheless, it is

convenient to use the silicon nitride matrix as a means of
www.small-journal.com � 2009 Wiley-VCH Verlag Gm
applying a uniform dipole at the pore surface. The polarity of

the permanent dipole created by thematrix reverses depending

on the size of theembeddedpore.According to ab initiodensity

functional theory typically the nitrogen atoms of the boron

nitride nanotube shift outwards[18] due to the electronic

structure by 0.061 Å. We confirm these results using both

Gaussian03 and CPMD (unpublished). With a (7,7) boron

nitride nanotube embedded in a silicon nitride membrane,

nitrogen atoms in the matrix surround the outer surface of the

pore, thus causing the boron atoms of the tube to shift slightly

outward relative to the nitrogen atoms of the tube by 0.0071 Å.

Conversely, with an (8,8) nanotube, silicon atoms surround the

surface of the pore, and the nitrogen atoms of the tube move

outward relative to the boron atoms by 0.0131 Å. Small shifts in

the relative positions of the boron and nitrogen atoms partially

account for the anion/cation selectivity observed in our study.

The effect of permanent dipoles provided by the crystalline

silicon nitride membrane may be achieved by suitable

functionalization of the boron nitride nanotubes such as by

polymer wrapping[35] with oriented permanent dipoles, or

covalent functionalization.[36]

Engineered, cation-selective nanotubes firmly embedded

across the semipermeable membrane will disrupt the electro-

chemical gradients thatmaintain the passive restingmembrane

potential. The concentration of potassium ions inside of the cell

is high relative to the outside (150mM vs. 5mM). This

concentration gradient across the membrane gives rise to a

resting potential, making the interior of the cell negative with

respect to the outside. The sodium concentration in the interior

of a livingcell is very low,whereas that in theexternalmedium is

high.Thus,when cation-selective nanotubes are inserted across

the membrane, sodium ions in the extracellular medium will

rush into the cell interior, driven by the concentration as well as

electrical gradients. Under these conditions, the resting

membrane potential will be destroyed, thus making the cell

die. This disruption of the resting potential is the basis for the

potent antimicrobial action of the gramicidin pore. Similarly,

the insertion of chloride nanotubes across the cell membrane

will disrupt the dynamic equilibrium of ionic concentrations

between the interior of the cell from the extracellular space.

The membrane will become leaky, as a high external chloride

concentration will cause a continuous influx of anions from

outside to inside. The membrane potential of a cell under this

condition will be permanently clamped at the equilibrium

potential of chloride (about �70mV in mammalian neurons),

thus causing the cell to be incapable of generating propagated

action potentials.
3. Conclusions

We show that boron nitride nanotubes embedded in a

silicon nitride membrane[22] can be engineered such that they

are either cation- or anion-selective by varying the nanotube

diameter. This selectivity is dependent on the pore size, the

uniform permanent dipole surrounding the nanotube surface,

and the unique structure of water within the nanotube. Our

study demonstrates that there is a real possibility of fabricating
bH & Co. KGaA, Weinheim small 2009, x, No. x, 1–6
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and functionalizing boronnitridenanotubes that are selectively

permeable to cations or anions. Mimicking biological ion

channels such as gramicidin and ClC suggests the prospect of

creating many novel medical devices. Several inherited

neurological, muscular, and renal disorders arise from

malfunctioning of ion channels such as epilepsy, cystic fibrosis,

and diabetes. It is only a matter of time until engineered

channels, making use of the advanced technology in nanos-

ciences, will be grafted onto biological membranes, leading to

drugs specifically targeted at ion channels. These specifically,

synthetic nanotubes can be specifically targeted to certain cell

types, making themunviable by causing their cell membrane to

become leaky, thus leading toahostofpharmaceuticalproducts

to assist in treatments such as antibacterial, cancer, and cystic

fibrosis. The main features of synthetic nanotubes that suggest

their extraordinary potential as artificial ion channels are i) the

ability to precisely control their length to target cells with a

specific cell thickness, for example, bacteria cellmembranesare

thinner than human cell membranes, ii) a drastically enhanced

ionic transport compared to biological ion channels, and iii) the

ability to modify their surface chemistry to target various cells,

from bacteria to cancer. In addition, these boron nitride

embedded silicon nitride membranes may be used directly in

engineered membrane applications such as sensitive chemical

and biological biosensors and as desalination devices.
4. Experimental Section

Boron nitride nanotube construction: Single-walled, boron

nitride nanotubes were constructed from a hexagonal array[24] of

alternating boron and nitrogen atoms rolled up to form a tubular

structure[25] similar to the carbon nanotube. The boron nitride

nanotube is defined by the chiral vector, C¼ na1þma2¼ (n,m),

where a1 and a2 represent the unit vectors of the hexagonal

lattice.[37] For simplicity, we consider only armchair tubes, which

are defined by C¼ (n,n). Specifically, we investigated the (7,7) and

(8,8) boron nitride nanotubes embedded in a silicon nitride

membrane.[23] The boron nitride nanotubes were constructed

using the basic relations governing the fundamental parameters of

a carbon nanotube[37] and a boron–nitrogen bond distance[20] of

1.446 Å. The Lennard–Jones constants for boron and nitrogen

atoms were obtained from Won and Aluru.[19] Each boron and

nitrogen atom forming the boron nitride nanotube acquires a

partial charge, and these atoms become further polarized in the

presence of water. It is uncertain which values for the partial

charge are most suitable to represent the electrostatic interaction

in MD simulations. Therefore, for consistency, we use the partial

charges determined using density functional theory by Won and

Aluru,[20] and in particular we use the values determined without

water (�0.4 e) for all tubes. Investigation into suitable partial

charge parameters for MD simulations is currently being explored

by the authors (unpublished).

Molecular dynamics simulations: Molecular dynamics simula-

tions were performed using NAMD[38] and visualized using

VMD.[39] The MD domain consisted of a boron nitride nanotube,

a silicon nitride matrix, water, and ions (either potassium, sodium,
small 2009, x, No. x, 1–6 � 2009 Wiley-VCH Verlag Gmb
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or lithium and chloride). The (7,7) and (8,8) boron nitride

nanotubes were fixed in a silicon nitride membrane[23] surrounded

by a reservoir containing a 500mM ionic solution such as NaCl, as

illustrated in Figure 1A. The silicon nitride matrix was constructed

using methodology outlined in the bionanotechnology VMD and

NAMD online tutorial.[40] The simulation box for all runs was

approximately 4.5�4�6.4 nm3. The system was replicated

periodically in all three dimensions. The simulation box contained

approximately 1 200 water molecules, and 6–7 ion pairs for an ion

concentration of 0.5 M. CHARMM27[41] force-field parameters and

the TIP3 water model were used for all simulations. The system

was equilibrated for 1 ns to a constant temperature of 310 K and

constant pressure of 1 bar. The potential of mean force (PMF) of

the specific ion moving through the investigated nanotubes was

calculated using umbrella sampling. For all runs the silicon nitride

matrix and the boron nitride nanotube were restrained with a

harmonic constraint of 1.0 and 0.5 kcal mol�1 Å�1, respectively,

with the former chosen to fit the dielectric constant of silicon

nitride.[40] The ion was moved through positions, z0 from 0 to 23 in

0.5 Å increments and held in position using a harmonic constraint

of 0.5 kcal mol�1 Å�1. Each window was run for a total of 1 ns.

Runs were then analyzed using the weighted histogram analysis

method.[42]

Distributional molecular dynamics: The free energy profile

determined from MD simulations and the distribution of frictional

forces that are measured over discrete segments of the channel

were incorporated into the stochastic dynamics simulations based

on the Langevin equation. This technique, which combines

molecular and stochastic dynamics, termed DMD,[22] enables the

permeation of ions across these channels to be determined at

much longer time scales than possible using MD simulations (the

order of many hundreds of nanoseconds to a few microseconds).

Using this method we were able to generate current–voltage and

current–concentration curves and determine ion binding sites

within the nanotube. The theoretical basis for this procedure and

a detailed test using gramicidin-A is given by Gordon et al.[22]

Relaxation time constants g�1 were obtained from Hille[1] and

using the Einstein relation D¼ kT/(mg), where D is the diffusion

coefficient, k is Boltzmann’s constant, T is the temperature, and m

is mass. All current–voltage curves were generated at an ionic

concentration of 0.5 M. Current was calculated using the relation-

ship I¼ qn/Dt, where n is the average number of ions that cross

the membrane, q is the charge of the ion, and Dt is the simulation

time of one run. The conductance is then given by the slope of the

linear regression curve fitted through all data points. Current–

concentration curves, which were calculated for sodium in the

(7,7) nanotube and chloride in the (8,8) nanotube, were generated

at a voltage of 100mV.
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