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N
anopores are remarkable systems
that permit sensitive detection of
single-molecule events by measur-

ing ionic currents.1 In a typical nanopore
measurement, charged biomolecules dis-
solved in an electrolyte solution are driven
one-by-one through a nanopore in a thin
membrane via a transmembrane voltage.2,3

The presence of a single biomolecule in a
nanopore modulates the nanopore ionic
current, which provides information about
the physical and chemical properties of the
biomolecule. The nanopore method has
been applied to detect and characterize a
variety of biomolecules,4,5 culminating in
the detection of the nucleotide sequence
of a DNA molecule.6

In the case of nanopores made in solid-
state membranes, a common problem with
performing such measurements is that bio-
molecules pass through the nanopores too
quickly to accurately characterize them via

ionic current measurement. Various methods
have been applied to slow the translocation of

biomolecules through nanopores,7,8 including
optical tweezers,9 magnetic beads,10 electro-
static11�14 and steric15 traps, and modifica-
tions to solvent.16,17 Despite extensive efforts,
a general method providing the desired level
of control remains a highly researched subject.
Temperature has already been explor-

ed as a means to control translocation of
DNA through nanopores. The early work of
Meller and co-workers demonstrated consi-
derable reduction of the DNA transloca-
tion velocity when the temperature of the
system containing a biological nanopore
R-hemolysinwas lowered to 2 �C.18 A similar
method was used to slow translocation of
double-stranded DNA and RNA through
solid-state nanopores.19 The R-hemolysin
nanopore was engineered to incorporate
temperature-sensitive peptides that could
open and close the nanopore in response to
changing temperature.20 A temperature-re-
sponsive coating was applied to solid-state
nanopores to permit modulation of their
effective diameters by temperature21 and,
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ABSTRACT Practical applications of solid-state nanopores for DNA

detection and sequencing require the electrophoretic motion of DNA

through the nanopores to be precisely controlled. Controlling the motion

of single-stranded DNA presents a particular challenge, in part because of

the multitude of conformations that a DNA strand can adopt in a

nanopore. Through continuum, coarse-grained and atomistic modeling,

we demonstrate that local heating of the nanopore volume can be used

to alter the electrophoretic mobility and conformation of single-stranded

DNA. In the nanopore systems considered, the temperature near the

nanopore is modulated via a nanometer-size heater element that can be

radiatively switched on and off. The local enhancement of temperature produces considerable stretching of the DNA fragment confined within the nanopore. Such

stretching is reversible, so that the conformation of DNA can be toggled between compact (local heating is off) and extended (local heating is on) states. The effective

thermophoretic force acting on single-stranded DNA in the vicinity of the nanopore is found to be sufficiently large (4�8 pN) to affect such changes in the DNA

conformation. The local heating of the nanopore volume is observed to promote single-file translocation of DNA strands at transmembrane biases as low as 10 mV,

which opens new avenues for using solid-state nanopores for detection and sequencing of DNA.
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thereby, regulation of the nanopore molecular trans-
port, in particular ionic current.22�25 Experiments and
continuum simulations have shown that Joule heating
can create large temperature gradients in micrometer-
size pores.26 Infrared27 and plasmonic heating28,29 of
the nanopore volume was used to determine the
shape of a focused laser beam28 and to control molec-
ular transport through R-hemolysin.29 Although dis-
covered more than a century ago, thermophoresis, i.e.,
the movement of molecules along a temperature
gradient, has only recently been applied to control
transport in micro and nano systems.30�33

In this article, we investigate the effect of local
heating on the conformation and electrophoretic mo-
bility of single-stranded DNA. We show that sharp local
temperature gradients can produce pronounced
stretching of the DNA strand in the vicinity of the
nanopore and considerably affect the strand's electro-
phoretic mobility.

RESULTS AND DISCUSSION

Figure 1a illustrates a solid-state nanopore system
considered in this study. The nanopore system is
equipped with a local heating element surrounding
the nanopore. The heating element can be a thin metal-
lic layer introduced through a combination of atomic
layer deposition and electron beam sputtering28,34,35 or
through local modification of the structure of the mem-
branematerial.36 The critical requirement for thematerial
of the element is selective absorption of electromagnetic
radiation that can produce rapid local heating. Radiative
heating of small metal nanoparticles has been demon-
strated in a variety of systems.28,29,37�41 For gold nano-
particles in water, temperatures exceeding the boiling
temperature of water or even the melting temperatures

of gold were reported.42�44 As the heater absorbs radia-
tion, its temperature rises and so does the temperature of
the surrounding membrane and solution. However, be-
cause the size of the heating element is much smaller
than the size of the membrane or solution, the steady-
state temperature distribution is highly nonuniform.
Figure 1a shows the distribution of the temperature in
one such system computed using the COMSOL
package.45 In both media, water and solid-state mem-
brane, temperature drops off as r�1, where r is the
distance from the heating element.
To investigate the effect of such local heating on

nanopore transport of DNA, we built an all-atommodel
of a locally heated nanopore system, Figure 1b. In our
system, a 54-nucleotide fragment of single-stranded
DNA (ssDNA) is threaded halfway through a nanopore
in a Si3N4 membrane, submerged in 1 M KCl solution.
With the use of established protocols of the all-atom
molecular dynamics (MD) method,46 structural and
kinetic properties of the system were investigated
through a set of simulations lasting several hundreds
of nanoseconds each. To model the effect of local
heating, the temperature of the membrane interior
(atoms located more than 5 Å away from the mem-
brane surface) was controlled independently from the
temperature of a 5 Å-thick slab of solution located far
from the membrane. When applied, our heating/
cooling conditions produce a linear decayof temperature
between the heated and cooled regions. Nevertheless,
the temperature distributions resulting from our all-atom
simulations and from continuum modeling of a much
larger system, Figure 1c, are in good agreement in the
volume of interest (near the membrane), which justifies
the planar heating approximation used in our all-atom
simulations. Note that the average temperature inside the

Figure 1. Locally heated solid-state nanopores. (a) Schematics of the system considered. A thin solid-state membrane
(semitransparent gray) containing a nanopore is integrated with a heating element (dashed lines) whose temperature is
regulated bymeans of incident radiation (red arrow). Transport and conformation of a single-stranded DNAmolecule (black)
is regulatedby changing the temperature of the heater. The colormaps show the steady-state temperature distribution in the
system obtained as a solution of continuum heat transfer equations. (b) All-atom model of a locally heated solid-state
nanopore. The Si3N4 membrane is shown in gray; the heating element in red; the backbone and bases of ssDNA are shown as
yellow spheres and red sticks, respectively; Kþ and Cl� ions as green and blue spheres, respectively; water is not shown.
Semitransparent surfaces highlight the volumes kept at 295 K in the dual temperature bath MD simulation. The black arrow
indicates the extent of the simulation unit cell. (c) Temperature profiles along the nanopore axis obtained from continuum
model andMD simulations. Continuummodel data are shown for three cubic systemsof different dimensions (solid lines);MD
data are shown using symbols. All profiles correspond to the temperature of the heating element of 400 K.

A
RTIC

LE



BELKIN ET AL. VOL. 7 ’ NO. 8 ’ 6816–6824 ’ 2013

www.acsnano.org

6818

nanopore volume Tn.v. is considerably lower than the
temperature of the heating element TH.
The presence of a temperature gradient was found

to produce a considerable change in the conformation
of the DNA fragment threaded through the nanopore,
Figure 2a. When the system had a uniform room
temperature, the DNA fragment maintained its com-
pact structure both inside and outside the nanopore.
However, upon assigning the heating element a tem-
perature of 400 K, the fragment of DNA confined in the
nanopore visibly straightened. Animation M1 in Sup-
porting Information illustrates this MD trajectory.
To quantify the change in the conformation of DNA
caused by local heating, the number of nucleotides
present in the nanopore volume Nn.v. was plotted
versus time for a set of simulations carried out at several
temperatures of the heater, Figure 2b. In all simula-
tions, the DNA reached an unwound state character-
ized by a low value of Nn.v. in less than 20 ns. The
average number of DNA nucleotides confined in the
nanopore was found to decrease as the temperature of
the heating element increased, Figure 2c. In some of
the above simulations, the temperature of the nano-
pore volume exceeded the nominal boiling point of
water, but no vapor/liquid segregation was observed

within the time and length scales of our MD simula-
tions. These simulations confirmed our conclusions
about the effect of temperature gradient on DNA
conformation observed at moderate temperatures of
the nanopore volume (Tn.v < 373 K).
To determine if such a conformational change is

reversible, the temperature control of the heating
element was switched off after DNA unwinding in
the TH = 400 and 500 K simulations, Figure 2d. In
experiment, switching off the heater can be realized
by turning off the source of incident radiation. In the
simulations, the temperature of the system fell to 295 K
within 1 ns. Such rapid cooling is possible because of
the nanometer dimensions of the heating element.47,48

In both simulations, DNAwas observed to relax back to
conformations typical of room temperature simula-
tions, Figure 2e,f. AnimationM2 in Supporting Informa-
tion illustrates one such trajectory. The 200 ns time
scale of conformational relaxation, Figure 2d, is con-
siderably longer than the unwinding and thermaliza-
tion time scales of 20 and 1 ns, respectively.
The unwinding of ssDNA in locally heated nano-

pores can result from the elevated temperature of the
nanopore volume, the thermophoretic force pulling
the two ends of DNA in opposite directions, or the

Figure 2. Thermal unwinding of ssDNA in locally heated solid-state nanopores. (a) Snapshots illustrating typical DNA
conformations observed in all-atomMD simulations of solid-state nanopores with a uniform temperature of 295 K (top row)
and with the temperature of the heating element set to 400 K. In the latter case, the temperature of the solvent in the volume
of the nanopore is 368 K. The DNA molecule is shown in balls and sticks representation and colored to reflect its nucleotide
sequence (blue adenine, yellow cytosine, red thymine, and green guanine). (b) Number of DNA nucleotides in the nanopore
volume,Nn.v., versus simulation time for several values of the heater element's temperature. Black, red, and blue traces began
from the same conformation (shown in panel a) and correspond to the nanopore volume temperatures of 295, 368, and 443K,
respectively (TH = 295, 400, and 500 K). (c) The average number of nucleotides in the nanopore volume as a function of the
heater temperature. (d) Conformational relaxation of ssDNA after the local heating of 400 and 500 K was turned off. The
starting points of the relaxation simulations are marked by a star symbol. (e and f) Conformations of DNA at the end of the
200 ns relaxation simulations. Animations M1 and M2 in Supporting Information illustrate typical all-atom MD trajectories
of ssDNA unwinding and relaxation.
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increased electrostatic self-repulsion caused by a
change of the electrolyte condition in the nanopore.
A plot of Cl� concentration along the nanopore axis for
several values of the nanopore volume temperature,
Figure S1, revealed only a moderate decrease of ion
concentration, which we assessed as insufficient to
produce theobserved changes in theDNAconformation.
We elucidated the effect of temperature on the

conformation of a DNA strand in the absence of
thermophoresis by performing simulations of the
ssDNA strand in a uniformly heated 1 M KCl solution.
Figure S2a of Supporting Information illustrates a
typical simulation system. As in our simulations of the
locally heated nanopore systems, ssDNAwas observed
to change its conformation in bulk solution with
temperature: the radius of gyration of ssDNA increased
with increasing temperature, Figure S2b. To quantita-
tively compare the conformations of DNA in the simu-
lations of the nanopore and bulk solution systems, we
compared the number of DNA nucleotides located
within 17.5 Å of the DNA's center of mass in our bulk
solution simulations to the number of DNA nucleotides
located within 17.5 Å of the nanopore's center in our
simulations of the nanopore systems. The numbers of
nucleotides within these regions were found to be in
general agreement with one another, Figure S2c, indicat-
ing the dominant role of the elevated temperature in the
observed unwinding of ssDNA inside the locally heated
nanopore systems. This result is not entirely surprising
since the temperature variation is small inside the nano-
pore volume, Figure 1c. At low to moderate tempera-
tures, however, the number of nucleotides in the nano-
pore system was typically smaller than that in the corre-
sponding bulk solution system, which may indicate the
effect of steric confinement that prevented DNA from
adopting a spherically symmetric coil conformation.

To evaluate the effect of the thermophoretic force,
half of the DNA strand was removed from the nanopore
systemand the remaininghalfwasmovedas a rigid body
along the pore axis so that one of its ends coincided with
the center of the nanopore. That end of the DNA strand
was then harmonically restrained, under the assumption
that the product of itsmean displacement and the spring
constant of the restraining potential would reveal the
magnitude of the effective force of the thermal gradient.
Unfortunately, significant fluctuations of the force due to
interaction of the DNA with the nanopore surface pre-
vented us from drawing any quantitative conclusions
about themagnitude of the thermophoretic force within
the time scale of our all-atom MD simulations.
We instead measured the magnitude of the thermo-

phoretic force using a simulation system shown in
Figure 3a. Displacement of a 20-nucleotide homopol-
ymer harmonically restrained to a point equidistant
from the regions of high and low temperature revealed
the magnitude and direction of the thermophoretic
force. Figure 3b illustrates a typical profile of tempera-
ture attained in these simulations. For each of the four
DNA homopolymer sequences tested, the thermo-
phoretic force was found to push the DNA strand from
the region of high temperature toward the region of
low temperature. The magnitude of the force was
found to scale linearly with the temperature gradient,
Figure 3c. The magnitude of the thermophoretic force
experienced by a 20-nucleotide fragment at a 100 K
difference over 8 nmwas approximately 6 pN, or 0.3 pN
per nucleotide. Within the statistical error of our com-
putational experiments, all four DNA homopolymers
experienced approximately the same thermophoretic
force at the same temperature gradient.
The results of the above simulations suggest that the

thermophoretic force alone can have a considerable

Figure 3. MD simulations of the effective thermophoretic force. (a) Setup of the simulations. A 20-nucleotide DNA
homopolymer (poly(dA)20 is shown) is placed between two temperature-controlled regions depicted as red and blue stripes.
The center ofmass of the homopolymer is harmonically restrained to the point equidistant from the highlighted regions. The
average displacement of the DNA fragment indicates the effective force of the temperature gradient. (b) Temperature profile
along the z-axis in the simulations of the effective thermophoretic force. (c) Simulated thermophoretic force versus
temperature of the hot region TH; TL = 295 K in all simulations. (d) Average thermophoretic force for the four DNA
homopolymers at TH = 400 K and TL = 295 K.
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effect on the conformation of DNA fragments located
in the immediate vicinity of the heating element out-
side the nanopore, producing pronounced stretching.
To demonstrate such an effect, we carried out coarse-
grained (CG) MD simulations of a long (125�1000
nucleotides) DNA strand with one end tethered to
the center of the nanopore via a harmonic potential;
the CG model is described in Supporting Information.
Figure 4a,b illustrates typical conformations of an
ssDNA strand in the CG MD simulations with the local
heating source turned off and on. The local heating
produces considerable stretching of the DNA strand
in the vicinity of the nanopore. Figure 4c shows the
average force applied to the tethered end of the DNA
as a function of the heater temperature and the length
of the DNA strand. The effective thermophoretic force
was found to linearly increase with the temperature of
the heater, reaching 8 pN for a 100 K difference
between the temperature of the heater and the tem-
perature of bulk water 100 nm away from the heater.
Even in the latter case, the actual temperature of the
solvent within the nanopore remains below the boiling
point, Figure 1c. Forces in the 1�10 pN range can
produce considerable stretching of ssDNA49,50 con-
fined within the nanopore.
To determine the effect of local heating on the

process of electrophoretically driven DNA transloca-
tion, we performed all-atom simulations of locally
heated nanopore systems under several transmem-
brane bias conditions. Our solid-state nanopore sys-
tems were subject to a transmembrane electric pot-
ential that switched direction every 5 ns, Figure 5a.
In the simulations performed at room temperature,
displacement of the ssDNA molecule during each 5 ns
half-cycle did not exceed 0.5 nm for the transmem-
brane biases in the 100�300 mV range, Figure 5b.
Setting the temperature of the heating element to
400 K considerably increased the amplitude of
ssDNA displacement through the nanopore, Figure 5b.
Furthermore, stretching of the DNA strand in the
locally heated nanopore allowed us to induce oscilla-
torymotion of the strand at low transmembrane biases
of 50, 25, and 10 mV (see Supporting Information
Figure S4). The average velocity of DNA translocation
extracted from the trajectories obtained under the
alternating field conditions are shown in Figure 5c.
By utilizing local heating, the electrophoretic mobility
of ssDNA could be increased by a factor of 20. As such, a
large increase in DNA mobility cannot be explained
only by the reduced viscosity of the solution (see Support-
ing Information Figure S5), andwe associate the increased
mobility with changes in the DNA conformation.
Thus, our results suggest the possibility of control-

ling the electrophoretic transport of ssDNA through a
solid-state nanopore by radiatively switching on and
off the local heating element surrounding the nano-
pore. To determine conditions for exercising such a

control, we first investigated the electrophoretic mo-
bility of ssDNA during the on/off cycle of the heater.
For our “off” state, we chose the following three DNA
conformations: the initial room-temperature confor-
mation shown in Figure 2a, and the two conformations
attained by the DNA strand at the end of the relaxation
trajectories, Figure 2e,f. As representative conforma-
tions for the “on” state, we chose steady-state con-
formations from two independent trajectories at TH=
400 and 500 K. Each system was simulated under a
100 mV transmembrane bias at the corresponding
temperature of the heating element (295, 400, or 500 K)
for 20 or 40 ns. The resulting electrophoreticmobility of
DNA as a function of the heater temperature is shown
in Figure 5d. Consistent with the results of the alter-
nating electric field simulations, DNA mobility was
found to strongly depend on the temperature of the
heating element.
In the final set of simulations, we attempted to

control DNA transport by switching the local heating
on and off while maintaining a constant transmem-
brane bias. We found the force driving the relaxation of
ssDNA from unwound (high mobility) to compact (low
mobility) conformations to be considerably smaller than
the electrophoretic force driving DNA translocation,
whichprevented ssDNA from reaching the compact state
and, thereby, attaining a lower electrophoretic mobility.
Thus, to use local heating as a means of controlling DNA
transport, the local temperature must be switched off at
the same time or after the transmembrane bias is
switched off. Upon relaxation of the DNA conformation

Figure 4. CG MD simulations of ssDNA in a nanopore
subject to local heating. (a and b) Representative conforma-
tion of a 250-nucleotide ssDNA after 0.8 μs of CG MD
simulation of a solid-state nanopore system without any
local heating (a) and with the heater temperature set 100 K
higher than the solvent temperature (b). The membrane
containing the nanopore is shown as a cutaway molecular
surface; the DNA is shown as blue and white spheres
representing the backbone and base beads of the CG
model, respectively (see Supporting Information for a de-
tailed description of the CG model). One terminal bead of
the DNA strand (red sphere) is tethered to the plane in the
middle of themembrane bymeans of a harmonic potential.
Displacement of the terminal bead along the pore axis
reports the effective force experienced by the DNA strand.
(c) The average effective force experienced by the bead
tethered in the center of the nanopore during CG MD
simulations of ssDNA fragments of different length. In this
figure,ΔT refers to the difference between the temperature
of the heater and the temperature of solution 100 nm away
from the heater. Figure 1 illustrates a typical distribution of
temperature in these systems.
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to a compact state, the transmembrane bias can be
switched back on to transport DNA at a reduced rate.
Figure 6 details the effect of local heating on the

conformation of a single DNA strand in a nanopore. In
our analysis, we were primarily interested in determin-
ing whether local heating can induce single-file con-
formations of the DNA strand, which is desirable for
DNA sequencing applications. Figure 6a,b shows ex-
amples of DNA conformations characterized as (panel
a) and not characterized as (panel b) single-file; the
detailed description of our analysis procedure is pro-
vided in Supporting Information. Figure 6c plots the
percentage of single-file conformations observed in
the all-atom simulations of the nanopore system under
the alternating transmembrane bias conditions. Local
heating is seen to dramatically increase the probability
of single-file conformations, which can reach 80% even
at a very low transmembrane bias (50 mV).

CONCLUSIONS

The ideal scenario for DNA sequencing using a
nanopore is slow, unidirectional and single-file trans-
location of DNA.We have shown that by locally heating
the nanopore we can stretch single-stranded DNA to
ensure single-file translocation. At the same time, we
found that local heating considerably increases the
translocation velocity of DNA. The stretching, however,
permits realizing single-file translocations even at very
low transmembrane biases (10�25 mV). Hence, trans-
location velocities similar to those observed without
local heating could be achieved while having the
additional benefits of single-file transport. The thermo-
phoretic stretching of DNA can be instrumental for the
realization of electrostatic control over DNA motion in
the so-called DNA transistor.12

The translocation velocity of 1 nucleotide per 10 ns
and the relatively large pore sizes make the systems

Figure 5. Electrophoretic motion of DNA through a nanopore assisted by local heating. (a) Profile of the transmembrane bias
applied in the alternating electric field simulations. (b) DNA translocation driven by alternating electric field. Shown is
displacement of ssDNA through the nanopore in MD simulations performed at uniform room temperature and when the
temperature of the heater element is set to 400 K (the temperature of the nanopore volume Tn.v. = 368 K). (c) Translocation
velocity of ssDNAas a function of the transmembrane bias extracted from the simulations of the twonanopore systems under
alternating electric field. Lines show linear fits to the data producing the following estimates of the electrophoretic mobility:
μ295 K = 2.0 nm2/(ns 3V), andμ368 K = 38.4 nm2/(ns 3V). The inset shows a close upviewof theU0e 55mV regionof themainplot.
(d) Electrophoreticmobility of ssDNA versus temperature of the nanopore volume, Tn.v.. Dashed line indicates a linearfit to the
data; the slope is 0.3 nm2/(ns 3V 3K).

Figure 6. Local heating promotes single-file translocation of ssDNA. (a and b) Example of DNA conformations. (c) The
probability of finding a DNA strand in a single-file conformation during all-atom MD simulations of the nanopore system
under the alternating transmembrane bias conditions. Local heating dramatically increases the probability of single-file
translocation. The overall displacement of the strand is characterized in Figures 5 and S4.
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considered in this work unsuitable for sequencing
DNA by measuring the nanopore ionic current. How-
ever, stretching of single-stranded DNA by a local
temperature gradient can considerably aid DNA se-
quence detection in approaches that rely on transverse
tunneling current51 for nucleotide identification. Ex-
perimentally, such systems are typically realized using
narrow gaps.52,53 The slit-like geometry of the gap
makes folded entry and translocation of a single DNA
strand very likely, so an additional system must be
designed to ensure single-file translocation. The
results of our study suggest that local heating of the
nanogap volume can prevent folded translocation of
single-stranded DNA. The themophoretic stretching of
the DNA strand will also considerably reduce the con-
formational noise in the tunneling current recording,
which can outweigh a higher level of the electronic noise
associatedwith the local heating. Furthermore, the trans-
verse electric field applied to produce the tunneling

current can considerably retard stochastic displacement
of DNA through the nanopore,51 in particular at a very
low (10�50 mV) transmembrane bias.
In summary, we have determined the behavior of

single-stranded DNA molecules in a solid-state nano-
pore equipped with a local heating element. We found
that local heating promotes straightening of the DNA
fragment threaded through the nanopore, which is
desirable for DNA sequencing applications. The ther-
mophoretic forces were found to be too weak to
counter the electrophoretic force of the transmem-
brane bias but large enough to alter the conformation
of a DNA molecule beyond the nanopore. Our results
indicate that local heating canbe employed to regulate
the velocity of ssDNA transport through solid-state
nanopores. Possible practical applications of locally
heated solid-state nanopores include detection of
protein binding to DNA, protein folding-unfolding
transition, DNA sequencing and drug design.

METHODS

Continuum Model. Our continuum model of a heated solid-
state nanopore system was built using the COMSOL software
package. A cylindrical pore of 3.5 nm diameter was made in a
3.5 nm-thick membrane. The properties of the membrane
material were set to match the properties of silicon nitride: heat
capacity cp

m = 710 J (kg 3 K)
�1, density Fm = 3310 kg 3m

�3, and
thermal conductivity km = 2 W (m 3 K)

�1. The membrane was
surrounded bywater, cp

w = 4181.3 J (kg 3 K)
�1, Fw = 1000 kg 3m

�3,
and kw = 0.58 W (m 3 K)

�1. The entire simulation domain was a
cube 12, 40, or 100 nm on a side. The heating element was
modeled as a cylindrical ring concentric with the nanopore. The
inner surface of the ring had the same diameter as the nano-
pore, and the outer diameter was 4.5 nm. The height of the
heating element was 1 nm; the heating element was located in
the middle of the membrane. The temperature of the heating
element was set to TH; Dirichlet boundary conditions (T = 295 K)
were applied at all sides of the simulations domain. After
building the standardmesh, a steady-state solution to the system
of coupled heat transfer equations for fluid and solid was
obtained using GMRES solver and damped Newton's method
in the COMSOL 4.3 software package (Heat Transfer module).45

General All-Atom MD Methods. All atomistic MD simulations
were performed using the program NAMD2,54 periodic bound-
ary conditions, the CHARMM27 parameter set for water, ions
and nucleic acids,55 CHARMM-compatible parameters for sili-
con nitride,56 and ion-pair specific corrections to the Lennard-
Jones parameter σ.57 All simulations employed 2�2�6-fs
multiple timestepping, SETTLE algorithm to keep water mol-
ecules rigid,58 RATTLE algorithm to keep rigid all other covalent
bonds involving hydrogen atoms,59 a 7�8 Å cutoff for van der
Waals and short-range electrostatic forces. Long-range electro-
static interactions were computed using the particle mesh
Ewald method60 over a 1.0 Å resolution grid with the net
momentum removed before every full electrostatics calculation
(zeroMomentum feature of NAMD2).61

All-Atom Model of the Solid-State Nanopore�DNA System. An all-
atom model of a 3.5 nm-thick Si3N4 membrane was built
according to procedures described elsewhere.56 A double-cone
pore of a 3.5 nm-diameter in its center and 4.3 nm-diameter
openings at both sides was cut by removing atoms from the
membrane. A 54-nucleotide 50-(dA)9-(dC)15-(dT)15-(dG)15-30

DNA strand was threaded halfway through the nanopore. The
system was then solvated using the Solvate plugin of VMD.62

Following that, the system was neutralized by adding Kþ and

Cl� ions in the amounts necessary to produce a 1 M solution.
The final system was a 117 Å-long hexagonal prism with a side
of 79 Å; hexagonal periodic boundary conditions were applied
in the xy-plane. In all simulations of the Si3N4 systems, atoms of
the membrane were harmonically restrained to their initial
coordinates. The spring constant of the harmonic constraints
applied to the surface or bulk atoms of themembranewas 10 or
1 kcal/(mol 3Å

2), respectively. To reduce adhesion of DNA to the
nanopore surface, a custom potential56 was applied to DNA
atoms by means of the GridForce feature of NAMD2.63

Each system underwent 4000 steps of energy minimization
using the conjugate gradientmethod before being equilibrated
for 6 ns in theNPT ensemble, i.e., constant number of particlesN,
pressureP and temperature T. During this equilibration, a Langevin
thermostat64 with a damping coefficient of 0.02 ps�1 kept the
temperature at 295 K; Nosé-Hoover Langevin piston pressure
control65 was used to maintain the pressure at 1 atm by adjusting
the system's dimension normal to the plane of the Si3N4 mem-
brane. The mean length of the system during the last 4 ns of the
NPT equilibration was used in all production simulations.

In our simulations of electric field-driven transport of DNA
through the nanopores, an external electric field was applied in
the direction normal to the membrane (along the z axis). The
external fields are reported in terms of a transmembrane
voltage difference V =�ELz, where E is the electric field strength
and Lz is the length of the simulation system in the z direction.66

MD Simulations of the Effective Thermophoretic force. The effective
force of a temperature gradient on a DNA fragment was
measured using four simulation systems each containing a
poly(dA)20, poly(dC)20, poly(dG)20 or poly(dT)20 fragment of ssDNA
submerged in 1MKCl solution approximately 60� 60� 160 Å3 in
volume. Following energy minimization, each system was
equilibrated for 6 ns in the NPT ensemble to obtain the average
dimensions of the system. The DNA molecule was initially
placed equidistant from the two different-temperature thermo-
stat regions, which were 5-Å-wide rectangular slabs, Figure 3a.
Room temperature (295 K) was maintained in one of the slab
regions. The temperature of the other region was set to a higher
value (TH), producing a stationary temperature gradient
between the slabs. The steered molecular dynamics (SMD)
protocol67 was used to restrain the center of mass of the DNA
fragment. The motion of the DNA fragment was restrained only
in the direction normal to the thermostat regions (along the
z-axis); the DNA could freely move parallel to the slabs. The SMD
spring constant of kz = 0.29 kcal/(mol 3Å

2) was used, which
corresponds to the force of∼20 pN for a displacement of dz = 1 Å.
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During the course of a constant volume simulation, displacement
of the center of mass of the DNA fragment was recorded every
9.6 ps andwas used to determine the effective force experienced
by the fragment as Feff(t) = kz 3dz(t). The average force was deter-
mined by averaging the instantaneous force values over the
entire trajectory. The poly(dA)20 system was simulated at several
temperature gradients corresponding to TH=350, 400, and 500K.
All other homopolymers were simulated for only one tempera-
ture gradient corresponding to TH = 400 K. Systems containing
poly(dC)20, poly(dG)20 and poly(dT)20 fragments were simulated
for 80 ns, whereas simulations of the poly(dA)20 system lasted
∼170 ns each.

Dual Thermal Bath Simulations of All-Atom Systems. Two thermal
baths were used to produce a stationary temperature gradient
in our all-atom systems. In the case of Si3N4 nanopore systems,
the temperature gradient was established between the heated
membrane and a slab of cooled water. The temperature of the
membrane was controlled by the Langevin thermostat applied
to the membrane atoms located 5 Å away from the nanopore
surface. At the same time, the Lowe-Andersen68 thermostat was
applied to water molecules confined inside a 5-Å-wide slab. The
slab was arranged parallel to the membrane and positioned such
that under the periodic boundary conditions two equal-magni-
tude opposite-direction temperature gradients were formed on
both sides of the membrane, as in Figure 1b of the main text.
Importantly, our custom implementation of the Lowe-Andersen
thermostats allowed us to control the temperature of a specified
volume inside our simulation system. Water, ions and DNA could
freely enter and exit the volume subject to the Lowe-Andersen
thermostat, whereas the Langevin thermostat was applied to a
fixed set of membrane atoms independent of their position.

In our simulations of the effective thermophoretic force in
bulk solution, two Lowe-Andersen thermostats were employed,
each confined to one of two 5-Å-wide slabs arranged parallel to
eachother. The locationof the slabswaschosensuch that twoequal-
magnitude opposite-direction temperature gradients were pro-
duced between the slabs under the periodic boundary conditions.

Our dual temperature bath simulations were performed
using a custom version of NAMD2. The GridForce feature63 of
NAMD2was used to define regions in the systemwhere individual
Lowe-Andersen thermostats were applied to select sets of atoms.
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