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Abstract: Confinement of molecules inside nanoscale pores has become an important method for exploiting
new dynamics not happening in bulk systems and for fabricating novel structures. Molecules that are
encapsulated in nanopores are difficult to control with respect to their position and activity. On the basis of
molecular dynamics simulations, we have achieved controllable manipulation, both in space and time, of
biomolecules with aqueous liquids inside a single-walled nanotube by using an external charge or a group
of external charges. The remarkable manipulation abilities are attributed to the single-walled structure of
the nanotube that the electrostatic interactions of charges inside and outside the single-walled nanotube
are strong enough, and the charge-induced dipole-orientation ordering of water confined in the nanochannel
so that water has a strong interaction with the external charge. These designs are expected to serve as
lab-in-nanotube for the interactions and chemical reactions of molecules especially biomolecules, and have
wide applications in nanotechnology and biotechnology.

1. Introduction

Confinement of molecules inside nanoscale pores can lead
to interesting properties and behaviors that differ from those of
bulk systems.1-18 Some examples are enhanced catalysis3,4 and

enhanced stability of the native structure of proteins,6 new
foldingmechanismsofproteins,8,9 theorderedwaterstructure,10-12

non-Fickian-typediffusion,13extrafastmotionofwatermolecules,1,2,14

and excellent on-off gating behavior.16,17 Furthermore, when
the molecules are confined in nanosized water droplets,19,20 their
structures and hydrophobic and ionic interactions differ from
those in bulk water.21-24

The determination of the positions of the molecules encap-
sulated in the nanopores with respect to time is important for
controlling the interactions and chemical reactions of the
molecules. Numerous studies have examined the translocation
of charged and uncharged molecules along nanochannels.25-34

Yeh and Hummer used an electric field to drive the charged
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macromolecules through nanopores.26 Král used laser to excitate
an electric current in the carbon nanotube, resulting in a net
force on ions absorbed in the nanotube.28 Longhurst and Quirke
made use of capillary force to draw decane molecules into a
single-walled carbon nanotube (SWNT) and temperature dif-
ferences to drive their transport through the SWNT.30 Very
recently, Zhao et al. demonstrated experimentally that a water
flow can be driven by the applied current of the SWNT.32

However, to our knowledge, there is no report on the control-
lable manipulation of the biomolecules in a nanopore both in
space and time.

In this paper, we propose an approach toward this direction
by using the charge(s) outside single-walled nanopores to
manipulate the biomolecules with aqueous liquids on the basis
of molecular dynamics (MD) simulations, benefiting from the
single-walled structure of the nanotube and the unique properties
of water.15,17,35-42 We used the SWNT as an example for the
demonstration, because carbon nanotubes have outstanding
potentials for applications in nanoscale sensors/devices/
machines.43-49 Explicitly, a drop of water-peptide mixture is
controllably moved by manipulating a charged atom/molecule/
cluster outside the nanotube, no matter if the peptide has any
charged residue or not; if the peptide has charged residue(s), it
can also be controllably moved by manipulating a group of
charges outside the nanotube even if the nanotube is fully filled
with water. These remarkable manipulation abilities are at-
tributed to the single-walled structure of the nanotube that the
electrostatic interactions of charges inside and outside the SWNT
are strong enough, and the preferential dipole orientation
distribution of the water molecules under confinement so that

the water inside the nanochannel has a strong interaction with
the external charge. Considering that the external charges
required for these manipulations are quite small, which are still
available after taking into account the screening effect of many
nanotubes, these designs are expected to serve as laboratory-
in-nanotube for the interactions and chemical reactions of
molecules especially biomolecules, and have wide applications
in nanotechnology and biotechnology.

2. Computational Methods

We have prepared two systems. The first one, namely, the
system I, contains a peptide solvated in 463 TIP3P50 water
molecules inside a (35,0) zigzag SWNT with dimensions of
15.05 nm in length and 2.7 nm in diameter. This is shown in
Figure 1. The peptide used here is a seven-residue capped
peptide (Ace-GNNQQNY-NMe, GNNQQNY’s Protein Data
Bank code 1YJP) whose residues have no net charge and whose
aggregation is associated with fatal diseases such as Alzhe-
imer’s.51 We note that water usually spontaneously accumulates
close to a peptide in an environment with moderate humidity.
This SWNT was aligned along the x-axis in a periodic box of
15.12 nm × 8 nm × 8 nm. The peptide-water mixture was
∼4 nm in length. A single charge was allocated above the
peptide-water mixture at 3.5 Å from the SWNT wall. The other
space of the system I was in vacuum. Considering the screening
effect of many single-walled nanotubes, as discussed by Wang
and Kral,35 the quantity of the external charge q, which we have
used here, can be regarded as the effective charge after taking
into account the screening effect. The counterion was con-
strained at the right edge of the box far from the SWNT in
order to neutralize the net charge of the system and so as not to
affect the dynamical properties of the peptide-water mixture.

The second one, namely, the system II, contains a peptide
called A�16-22

52 (Ace-KLVFFAE-NMe) inside a (29,0) zigzag
SWNT with dimensions of 8.33 nm in length and 2.24 nm in
diameter (see also Figure S2 in Supporting Information). This
peptide is an Alzheimer’s-disease-related peptide, having a
lysine (K) residue with one positive charge (+1e) at one end
and a glutamic acid (E) residue with one negative charge (-1e)
at the other end. The other space in SWNT was fully filled with
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Figure 1. Initial framework of the system I, side-view. The peptide
(GNNQQNY) is solvated with a small quantity of water molecules. The
other space of the single-walled carbon nanotube (SWNT) is in vacuum.
The large red sphere is the external charge, and the red-white pillars are
the water molecules. The light-blue spheres represent the SWNT. Some
carbon atoms of SWNT are not shown or drawn as transparent for ease of
demonstration. The other colored spheres in the middle of SWNT are the
atoms of the peptide.
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water. The SWNT was aligned along the x-axis in a periodic
box of 8.4 nm × 12 nm × 12 nm. A group of external charges
that contained 12 charges forming a 3 × 4 array was allocated
at 3.5 Å from the SWNT wall and initially above the glutamic
acid residue of the peptide. The distance between the nearest
adjacent charges was 2.88 Å. This charge pattern is very similar
to that of the Au(100) crystal face. We note that other patterns
of the external charge group do not change the conclusion we
obtained here, provided that the external charges are densely
packed in two dimensions. The quantity of each charge is also
denoted by q. The corresponding counterions were constrained
at the right edge of the box to make the system neutral.

The SWNT was left free to vibrate so that the peptide and
water molecules could relax by collisions with the tube, except
for a few constrained atoms that hold the SWNT in space and
separate it from exquisite oscillation (some carbon atoms were
constrained by using the position restraints with a length interval
of 2.5 nm along the axial direction of SWNT. Totally, about
5% carbon atoms were constrained). The carbon atoms were
modeled as uncharged Lennard-Jones particles with a cross
section of σcc ) 3.400 Å and a depth of the potential well of
εcc ) 0.3598 kJ mol-1.1 Carbon-carbon bond lengths of 1.4 Å
and bond angles of 120° were maintained by harmonic potentials
with spring constants of 392460 kJ mol-1 nm-2 and 527 kJ
mol-1 rad-2. In addition, a weak dihedral angle potential was
applied to bonded carbon atoms.1

The energy of the system was minimized with a steepest
descent algorithm, followed by 1 ns relaxation with the peptide
atoms constrained. Then a 0.5 ns simulation was carried out
for equilibrium, with the peptide atoms left free. In all these
steps, the external charge(s) was constrained at its original site.
After the equilibrium, the external charge(s) moved along the
x-axis for 12 ns with the velocity of 1 m/s by using AFM pulling
with the spring constant 10000 kJ mol-1 nm-2.

All MD simulations were performed using Gromacs 3.3.153

in an NVT ensemble at a temperature of 300 K. The OPLSAA
force field was used.54 We applied stochastic dynamics which
was based on the Langevin equation. The damping coefficient,
�, was 0.01 ps-1. This was a compromise between the 0.001
ps-1 rate, valid for intertube coupling, which could apply also
to the neutral part of the molecule, and the 0.1 ps-1 damping,

which might be correct for polar groups and water.35 Moreover,
this small damping coefficient could minimize the unphysical
loss of momenta to the reservoirs.55 Some modifications of the
value of � did not change the results much in this paper (see
more in the Supporting Information). The particle-mesh Ewald
method56 with a real space cutoff of 1 nm was used to treat
long-range electrostatic interactions. Lincs was applied to
constrain all bonds connecting the hydrogen atoms of the
peptide, and a time step of 2.0 fs was used. The data were
collected every 0.5 ps. The technique of center of mass motion
removal was not used.

3. Results and Discussion

3.1. Manipulating the Peptide-Water Mixture. For the
system I, Figure 2A shows a typical example for the x-coordinate
of the center of mass (COM) of the peptide and the peptide-water
mixture as a function of time, together with the x-coordinate of
the external charge. Herein, we mainly present the simulation
results for the case of positive charge q ) 0.5e. The other
choices of the values of q will be discussed later. The
peptide-water mixture follows well the external charge. The
fluctuations on the x-coordinate of the COM result from the
thermalnoiseof theenvironment. It is clear that thepeptide-water
mixture can be controlled well both in space and time through
the manipulation of external charge.

To understand the mechanism of this remarkable manipulating
phenomenon, we calculated the electrostatic interaction energy
of the external charge with the peptide and water. The average
value of the electrostatic interaction energy between the external
charge and the peptide was much smaller than the electrostatic
interaction energy between the external charge and the water
molecules in the peptide-water mixture. For example, when q
) 0.5e, the former was only about -0.5 kJ/mol, while the latter
is -18.5 ( 7.9 kJ/mol (∼7.4 kBT). The electrostatic interaction
energies between the external charges and the water molecules
for different values of q are shown in Figure 2B. We also found
that the positively external charges interacted with the water
molecules more effectively than the negatively external charges,
probably because the charge on oxygen is larger than that of
hydrogen.35 In the calculation, for values of q )(1e and (0.5e,
the results were obtained by averaging over three successful
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Figure 2. Manipulating the peptide-water mixture. (A) x-Coordinate of the center of mass of the peptide (GNNQQNY) and the peptide-water mixture as
a function of time, together with the x-coordinate of the external charge for the effective charge q ) 0.5e. (B) Electrostatic interaction energies between the
external charge and the water molecules with respect to q. The error bars show the fluctuations due to thermal noise.
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manipulation cases of 12 ns simulations. In cases where q ) (
0.33e and ( 0.25e, since the probabilities for successful
manipulations were low, the electrostatic interaction energies
were computed from a 12 ns simulation with the external charge
and the atoms of peptide constrained.

The key point of this strong water-charge electrostatic
interaction is the charge-induced dipole-orientation ordering of
the water molecules confined in the nanochannel. In Figure 3,
we show the averaged dipole orientation of water molecules,
denoted by 〈θ〉 , as a function of the distance between a water
molecule and the external charge, defined by the term r. θ is
defined as the angle between the dipole orientation of the water
molecule and the line connecting the oxygen of the water
molecule and the external charge, and the average runs over all
the water molecules at r. It is clear that 〈θ〉 departs from 90°,
and the closer the water molecules are located to the external
charge, the larger the departure from the perpendicular orienta-
tion. From this 〈θ〉 distribution, we can predict the electrostatic
interaction energy of the external charge with a water molecule
at r, denoted by Etheory, where the dipole moment for each water
molecule in the calculation is assumed as 0.489 e Å from the
TIP3P water model. As shown in Figure 3 (red circles), Etheory

agrees well with the numerical result Esimulation (black squares).
The electrostatic interaction energies between the external charge
and the water molecules shown in Figure 2B can be obtained
by integrating Esimulation for all water molecules in the mixture.

We have also calculated the electrostatic force that the
external charge exerted on the peptide-water mixture along the
x-axis. The electrostatic forces dominatively range from -40
pN to +40 pN (see Figure 4), which fall within the working
ranges of many existing techniques such as STM and AFM.
This result suggests that the AFM/STM tip carrying charge(s)
may be able to manipulate the peptide with aqueous liquids
according to the method described here.

Thermal fluctuation will sometimes make the manipulation
unsuccessful, but for q ) (1.0e, this is a rare event. When q )
(0.5e, we observed that the peptide-water mixture followed
the external charge in 8 of the 11 simulations for the same
systems with different initial conditions. In cases where q )
(0.33e and (0.25e, the peptide-water mixture had low
probabilities to follow the external charge. Moreover, we found
that the speed of the external charge had a remarkable influence

on the manipulation. When the speed of the external charge
increased from 1 to 10 m/s, only one successful manipulation
was observed in 10 simulations with different initial conditions.
We expect that, as the speed of the external charge decreases,
the probabilities for these unsuccessful cases decrease. Usually,
the speed of the AFM/STM tip is within the magnitudes from
1 nm/s to 1 µm/s. Considering that the speed of the external
charge in our simulation is up to 1 m/s, the efficiency for
successful manipulation may even be higher for a much lower
speed under experimental conditions. When the peptide is
substituted by a larger molecule such as a protein, the effective
value of the external charge required for successful manipulation
should be larger. We note that in the case where the probability
of the successful manipulations by a single charge is low, we
can use a series of charges, which can greatly enhance the
probabilities.

3.2. Manipulating the Peptide with Charged Residues
Inside a Water-Filled Nanotube. For the system II, Figure 5
shows a typical example for the x-coordinate of the center of
mass (COM) of the peptide as a function of time, together with
the x-coordinate of the geometrical center of the external charges
for q ) 0.5e per atom. The peptide follows the external charges
very well. In the six simulations we performed with different
initial conditions, only in one simulation, the peptide did not
follow the external charges. We have computed the electrostatic
interaction energy of the external charges with the peptide,
averaged over five successful manipulation cases, which is -704
( 142 kJ/mol. In all simulations, the distances between the
COM of the peptide and the geometrical center of the external

Figure 3. Manipulating the peptide-water mixture. The water-charge
electrostatic interaction energy and the averaged dipole orientation of water
molecules with respect to the distance between a water molecule and the
external charge for q ) 0.5e. Green triangles: the averaged dipole orientation
〈θ〉 of water molecules (right y-axis). Red circles: the average electrostatic
interaction energy (Etheory) between the external charge and the dipole
moment of one water molecule at r, computed from the 〈θ〉 distribution.
Black squares: the average electrostatic interaction energy (Esimulation) between
the external charge and one water molecule, determined directly from
numerical simulations.

Figure 4. Manipulating the peptide-water mixture. The electrostatic forces
by the external charge for q ) 0.5e exerting on the peptide-water mixture
along the x-axis. The positive direction of the force is the positive direction
of the x-axis, and a 5 pN force interval is used.

Figure 5. Manipulating the peptide with charged residues inside a water-
filled nanotube. The x-coordinate of the center of mass of the A�16-22 peptide
(red line) as a function of time, together with the x-coordinate of the
geometrical center of the external charges (black line).
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charges ranged from 1.2 to 2.6 nm with an average value of
1.6 nm. We note that the deprotonated carboxyl group (COO)
on the glutamic acid residue of the peptide carries most (-0.9e)
of the negative charge of the whole residue (-1e). Since the
external charges are positive, the interaction between the peptide
and the external charges is dominated by the interaction between
the COO group and the external charges. Numerically, we found
that the electrostatic interaction energy of the external charges
with the COO group was -973 ( 143 kJ/mol, quite close to
the electrostatic interaction energy of the external charges with
the peptide. Likewise, the distances between the COM of the
COO group and the geometrical center of the external charge
ranged from 0.6 to 2.2 nm with an average value of 0.8 nm.
These distances were smaller than the distances between the
COM of the peptide and the geometrical center of the external
charges. Consequently, the manipulation of the peptide mainly
resulted from the tight trapping of the COO group by the
external charges. We have also calculated the electrostatic forces
that the peptide and water inside the nanochannel exerted on
the external charges along the x-axis. The forces ranged from
-600 pN to +600 pN, which also fall within the working ranges
of many existing techniques such as STM and AFM.

The number of charges in the externally charged group is
important for the manipulation. We found only one successful
case in five simulations with different initial conditions when
there were only 9 charges in a 3 × 3 array for q ) 0.5e per
atom. When the group of external charges was substituted by
one externally charged atom, the minimal value of the external
charge required for manipulation was around +3e. It seems that
the manipulation of the peptide inside a water-filled SWNT is
much difficult than the manipulation of the peptide in a drop of
peptide-water mixture inside an empty SWNT.

The peptide used here only has one negatively and one
positively charged residue, and is neutral as a whole. We note
that, many biomolecules have highly charged fragments may
not be neutral. For example, the peptide LDTGADDTVLE,57

which is the fragment 24-34 of the protease of the human
immunodeficiency virus type 1, has a total of -4e charges
because of the presence of three aspartic acid (D) residues and
one glutamic acid (E) residue, all of which are negatively
charged, and the absence of positively charged residue. One
could expect that, for this kind of biomolecule, the manipulation
becomes more effective.

3.3. Screening Effect and Practical Feasibility of the
Design. In practical applications, the screening effect on the
electric field must be considered. The screening factor depends
on the particular nanochannels used. Considering that the
screening factor for the zigzag SWNT is only about 2-4,35 the
effective charge q ) 0.5e can easily be achieved. It is clear
that as q increases, the interactions between the external
charge(s) and the water molecules or the charged residue(s) of
the peptide inside the channel increase. Consequently, the
manipulation becomes more effective for a smaller screening
factor. This is particularly true when using insulator nanochan-
nels, which may be fabricated in the near future.15

Experimentally, when there is no water or other liquid outside
the SWNT, there are at least two ways to realize the external
charge(s) on the facilities: a bias voltage applied on an AFM/
STM tip and the AFM/STM tip modified with the compounds
carrying charge(s). The method to apply a bias voltage on the

AFM tip has already been used to manipulate the nanometer-
size liquid droplets on the surface of graphite.58 Usually, it is
difficult to modify the AFM/STM tip with the compounds
carrying charge(s) in air. Recently, the modification/coating of
the AFM tip with metal ions, biomolecules or compounds
carrying charge(s) has been realized59,60 by using the dip pen
nanolithography technique.61 In this case, as the tip works in
vacuum or in air under low humidity conditions, the electrostatic
screening effect is not significant, and the tip can be brought
close enough to the nanochannel. When the space outside the
SWNT is filled by the solution, the method to apply a bias
voltage on an AFM/STM tip is still available,62 and the
modifications of the AFM/STM tip with the compounds carrying
charge(s) become relatively easier. However, the interactions
of the external charge(s) with the peptide and water inside the
nanochannel will decrease remarkably due to the screening effect
of the solution on the external charge(s). Furthermore, the
externally charged atom(s) may not be brought close enough
to the nanochannel. In this case, larger quantities of charges
are required, and sometimes, the manipulation may not be
available.

4. Conclusions

We have shown that the positions of the peptides with
aqueous liquids inside a single-walled nanotube can be control-
lably manipulated by a charge or a group of charges outside
the nanotube. If the peptide has charged residue(s), it can follow
the external charges moving along the nanochannel even when
the nanochannel is fully filled with water. When most of the
space inside the nanochannel is empty, a drop of the
water-peptide mixture will follow the external charges moving
along the nanochannel regardless if there is any charged residue
on the peptide. The remarkable manipulation abilities are
attributed to the single-walled structure of the nanotube that
the electrostatic interactions of charges inside and outside the
single-walled nanotube are strong enough, and the charge-
induced dipole-orientation ordering of water confined in the
nanochannel so that water has a strong electrostatic interaction
withtheexternalcharge.Experimentally, thedropofpeptide-water
mixture used in this paper can be realized through spontaneous
accumulation of the water molecules surrounding the biomol-
ecules in an environment with moderate humidity.

The electrostatic forces which the peptide and the water inside
the nanochannel exert on the external charge(s) along the x-axis
fall within the working range of many existing techniques such
as STM and AFM. One could expect that when an AFM/STM
tip modified with charged molecules or applied with a bias
voltage moves on the outside wall of a SWNT, the peptide-water
mixture or the peptide with charged residues inside the nanotube
can move in response.

Our designs are expected to serve as laboratory-in-nanotube
for interactions or chemical reactions of molecules especially
biomolecules (see, i.e., the controllable moving of two biomol-

(57) Bonomi, M.; Gervasio, F. L.; Tiana, G.; Provasi, D.; Broglia, R. A.;
Parrinello, M. Biophys. J. 2007, 93, 2813–2821.
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283, 661.
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2006, 22, 2426–2429.
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ecule-water mixtures together convenient for the interaction of
the two biomolecules as the movie in the Supporting Informa-
tion), and have wide applications in nanotechnology and
biotechnology.
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