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ABSTRACT Manipulating DNA translocation through nanopore is one crucial requirement for
new ultrafast sequencing methods in the sense that the polymers have to be denatured,
unraveled, and then propelled through the pore with very low speed. Here we propose and
theoretically explore a novel design to fulfill the demands by utilizing cross-pore thermal gradient.
The high temperature in the cis reservoir is expected to transform double-stranded DNA into single
strands and that temperature would also prevent those single strands from intrastrand base-
pairing, thus, achieving favorable polymer conformation for the subsequent translocation and

sequencing. Then, the substantial temperature drop across the pore caused by the thermal-

insulating membrane separating cis and trans chambers would stimulate thermophoresis of the molecules through nanopores. Our theoretical evaluation

shows that the DNA translocation speeds will be orders smaller than the electrophoretic counterpart, while high capture rate of DNA into nanopore is

maintained, both of which would greatly benefit the sequencing.
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he field of manipulating and detect-
Ting biomolecules passing through na-

nopores has witnessed tremendous
progress over the past decade.' > Among
various applications, nanopore-based ge-
nome sequencing has been intensively
studied with the promise of being a fast
and low-cost next-generation sequencing
technique.*® The basic idea is to electro-
phoretically drive anionic polynucleotides
into a nanopore and to discriminate each
constituent nucleotide by monitoring long-
itudinal ionic current blockage' 3 or trans-
verse tunneling currents’ '° caused by
the polymer segment in the pore. For the
purpose of nucleobase identifying, single-
stranded DNA (ssDNA) is highly preferred
rather than double-stranded (dsDNA) since
the latter can only be semisequenced: the
nucleotides on dsDNA thread through na-
nopore with a step-size of one base-pair, not
one single nucleotide, which results in great
difficulty to distinguish the two comple-
mentary bases on the being-interrogated
pair. However, the majority of past experi-
mental work with solid-state nanopores has
been restricted to using dsDNA or very short
ssDNA (< 100-mer)."' The challenge to directly
sequence longer ssDNA is the intrastrand
hybridization which prevents unraveling of
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the coil for nanopore penetrating or leads to
threading through in a multifolded manner.
Another substantial difficulty is to slow down
the too-fast DNA translocation motion in
a nanopore during the electrophoresis.>®
Here the commonly used electrical approach
encounters some intrinsic dilemma: a large
cross-pore voltage has to be added so that
the resulted electrical field around the pore
entrance can capture DNA into nanopore;
however, such a voltage inevitably leads
to DNA translocation speed quite a few
orders larger than demanded. Thereby,
an efficient strategy, which can denature
dsDNA, preserve the resulted ssDNA from
self-hybridization, and then propel the
molecules through the nanopore with suffi-
ciently low speed would greatly benefit this
research field.

Several approaches have been devel-
oped to tackle the issues. Very recent
experiments report that, by locating poly-
merase around the pore entrance, the
two complementary strands on the target
dsDNA can be separated there and se-
quence of the single strand driven through
the pore is then determined.'*'® Nonethe-
less, physical approaches for DNA manipu-
lating are usually more preferred since they
are more robust and controllable toward
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the goal of mass production. In this aspect, alkaline
solution with pH ~ 11.6 has been used for melting
dsDNA into single strands and subsequent nanopore
penetration has been detected.'*'* Besides, by impos-
ing additional drag force through optical'®'” or mag-
netic tweezers'® or by decreasing the electrical driving
force through stronger screening of DNA charges with
LiClions,'® substantial decreasing of DNA translocation
speeds have been reported, as reviewed by Keyser
et al®® Nevertheless, a physical method capable
of implementing the two tasks simultaneously, that is,
denaturing DNA molecules and controlling their trans-
location speeds, has not emerged. A simple combina-
tion of the above techniques would be devastated by
the fact that highly alkaline solution is extremely erosive
and a substantial reduction of nanopore operational life
under such an environment has been observed.'

Here in this work we propose a novel architecture
that implements cross-pore temperature gradient to
achieve the goals. Figure 1a demonstrates schemati-
cally the proposed design: the cis reservoir is kept at
the melting temperature of dsDNA by an exterior
heater, while the trans stays at a lower temperature;
the nanopores are fabricated on a thermally insulating
membrane connecting the two chambers. Compared
to pioneering experiments manipulating thermophor-
esis of DNA in micro- and nanochannels,?' the novelty
and advantages of our proposed design are as follows.
First, the hotter environment in the cis chamber would
cause untwisting of dsDNA, resulting in single strands
for the single-nucleotide-by-single-nucleotide identifi-
cation within the pore. Then, the attained ssDNA are
prevented from self-hybridization under that elevated
temperature. Thereby, problems due to entangled
molecule conformation, which would devastate the
ensuing sequencing effort within the pore, are success-
fully circumvented. Last, but not the least, as plotted in
Figure 1b, our calculation indicates that most of the
temperature difference drops within the pore due to
the presence of a heat insulating membrane. This
significant temperature drop in the pore region yields
a thermophoretic driving force trapping polymers into
and then pulling them through the pore. That is, DNA
strands are thermally propelled through the pore with-
out the need of additional electrical driving voltage.
The above analysis shows that, by utilizing a cross-pore
thermal gradient, three important requisites of the
nanopore sequencer, that is, denaturing dsDNA, fully
unraveling the resulting single strands, and then
directing the motion of DNA through the nanopore,
can be fulfilled in one design. In the following we set up
multiphysical models for evaluating thermophoretic
translocation of DNA through nanopore, explore mo-
lecule capture and translocation mechanisms under
the temperature gradient, and theoretically estimate
several important quantities, like the DNA capture rates
and translocation speeds.
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Figure 1. (a) Schematic illustration of DNA molecule trans-
locating through nanopore under cross-pore thermal gra-
dient. The end of the cis chamber is kept at the melting
temperature of dsDNA T,, = 80 °C by a heater, while that
of trans stays at room temperature T, = 20 °C by a cooler.
The membrane separating cis and trans chambers is
made up of thermal insulating material so that most
of the temperature difference drops around the pore.
(b) Distribution of temperature in a L = 50 nm and R =
5 nm nanopore system calculated by a multiphysics
model is shown with 2-D surface color in a nanopore axial
and radial z—r plane.

TEMPERATURE DISTRIBUTION

To assess the temperature distribution throughout
the nanopore system, we first establish a multiphysical
model including hydrodynamics, heat transfer, electro-
statics and ionic transport (see Method) and then
perform numerical calculations. The obtained tem-
perature distribution in the z—r plane for a 50 nm long
and 10 nm diameter nanopore system is demonstrated
in Figure 1b. Here the end of the cis chamber is kept
at the melting temperature of dsDNA T,, = 80 °C by a
heater, while that of the trans chamber is maintained at
room temperature T, = 20 °C by a cooler. The figure
demonstrates that most of the temperature difference
descends within the pore. Furthermore, as in the nano-
pore electrophoresis that the voltage distribution was
estimated with access resistance approximation,®>* we
develop a thermal access resistance model for assessing
temperature distribution in our thermophoresis system
as follows.

The basic idea is the resemblance between two form-
alisms, heat flux J,, under temperature gradient VT and
electrical flux J. under voltage gradient VV.

Jh = —kVT (1)

Je = —0VV (2)

In the above expressions, « is the thermal conductivity of
the system and o is the electrical conductivity. At steady
state, the concept of electrical resistance was defined
based on the second equation and the access resistance
was further established for the nanopore systems.?>>*
Here we perform similar treatment by introducing the
concept of thermal access resistance. As demonstrated in
Figure 2, the cis/trans chamber is divided into two parts:
the hemisphere around the pore entrance/exit (ii) and
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Figure 2. Thermal access resistance model for the nanopore
system under temperature gradient. (i) The pore region:
(orL)/(xR?); (ii) The hemisphere around pore entrance:
p1/(4R) — p1/(27R); (iii) The outer region: p/(27R).
Here pr is an intermittent quantity defined as thermal
resistivity.

the outer region (jii). The thermal resistances for (ii) and
(iii) are ((o1/4R) — (p1/27R)) and p1/(27R), respectively,
while that for the pore region (i) is (orL)/(TR?). The
intermittent quantity, pr, is the thermal resistivity,
equivalent to the electrical resistivity defined for elec-
trical resistance. The above resistors are in a series and,
thus, the temperature drop AT in the three regions is
straightforwardly arrived at as follows:

a
AT = AToapa
IR — 2R
(AT = ATM (3)
2R
AT)i = AT—0
(Aan 27R + 4L

where AT = T,, — T, is the imposed temperature
difference from cis to trans chamber, L is the nanopore
length, and R is the pore radius. Moreover, within the
pore the temperature drops nearly linearly, resulting in
an almost constant temperature gradient there (VT); =
AT(1/(L + (zR)/2)), while in the chambers, the tem-
perature gradient varies inverse-quadratically with the
distance from the pore ends in order to keep steady-
state heat flow conserved:

(VT)i2ar® = (VT)izR? @

where r characterizes the distance from the pore
entrance in the cis chamber or from the pore exit in
the trans. Then, after some simple algebra, we obtain
the temperature distribution along the nanopore axial
direction as follows:

Ty~ AT (z>R+L/2)
(L/2 <z<R+L/2)
(-Lj2<z<1/2) (5)
(-R—Lj2<z< ~L)2)

(z< —R—L)2)

RZ
L+ aR)—L]2)

—2)(z—=L/2) R
Ty +AT(% - 2n;+4l)

_ +Te
T(z) = WL 4 AT i

TC+AT((”_2)(Z+R+LZZ)+ 2R )

2nR+4L 2nR+4L

RZ
T~ AT(ZL +7R)(z+L/2)

In the above expression, the nanopore center is put
at z = 0. The above analytic results show an excellent
match with the numerical ones calculated by the
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Figure 3. Sketch for DNA capture process: (i) far away from
the pore entrance, thermophoresis of the polymers is
negligible and DNA motion is purely diffusion; (ii) however,
at distance r* from the pore entrance, the thermodiffusion
becomes sufficiently strong and dominates the polymer
motion; (iii) finally, DNA molecules have to overcome an
entropy barrier by putting one end into the nanopore and
then initiate the penetrating process. The inset shows
schematically that the dsDNA molecules get dissolved in
the cis chamber due to high temperature there.

multiphysics model given small difference between
thermophoresis of cations and anions.

DNA CAPTURE KINETICS

In the bulk solution of cis and trans chambers,
thermophoretic motion of molecules is described
by t = —D;VT, where Dy is the thermodiffusion
coefficient. The counterpart of electrophoretic motion
is known to be & = —uVV, where u is the electrical
mobility and V is electrical voltage. The similarity
between the two formalisms triggers our idea of
treating the temperature-gradient driven DNA cap-
ture kinetics in a manner akin to the voltage-gradient
driven case.”

As shown in Figure 3, the polymer capture process
involves several steps:*>%° (i) far away from the pore
entrance, DNA motion is purely diffusion while thermo-
diffusion is negligible, due to the fact that the tem-
perature gradient there is almost zero VT ~ 0;
(i) within the critical radius r* from the pore mouth,
the thermophoretic motion begins to dominate be-
cause of the rapid increasing of VT there; (iii) finally,
when arriving at the pore entrance, one end of the
polymer has to be inserted into the pore and, thus,
overcomes an entropy barrier of conformation change.®
Here the critical radius r* is defined in analogy to the
electrophoretic case:®®

Th = T(r¥) = % (6)

where T, is the high temperature rendered by the
heater at the end of the cis chamber and D is the
diffusion coefficient of ssDNA. The above equation
is rewritten as St(T,, — T(r*)) = 1 by introducing Soret
coefficient St = D7/D. Recent experiments have
revealed that St can be derived from Gibbs free
enthalpy of DNA molecules in the solution, assuming
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TABLE 1. Quantities for ssDNA and dsDNA

Aq Iy I IS

SDNA - 05 e/nt” 0.43 nm - 0.5((Nyllp)/3)"™ PR
dsDNA 012 e/bp? 0.34nm 0.14 x M nm’ (231 % 10/7) — 30) nm°®

“J, is the persistence length of polymer. ®Data from ssDNA thermophoresis
experiments, 2 while a detailed review on DNA charges within the nanopore
system can be seen in ref 29. Data from ssDNA FRAP experiments.° ¢ At room
temperature, data from dsDNA thermophoresis experiments.2” ¢ Data from dsDNA
experiments.3’

local thermal equilibrium:*”-?
Dr 194G
St = — = —— 7
TTD T kTl )

At room temperature or above, the Gibbs enthalpy
of charged polymer is governed by the strength of
shielding counterions.””?® Quantitatively, G is defined
as follows:

_Qk
- 2€A//’LD

(8)

where Qg is the amount of effective charges on the
polymer, Ap is the Debye length characterizing the
thickness of the screening charge layer, ¢ is the per-
mittivity of the solution, and A is the surface area of
the polymer coil. The term ¢A/Ap can be viewed
as shielding-ion capacitance, and G is interpreted
as electrical energy stored in that capacitor consisting
of polymer's surface charges on one side and the
shielding ions in solution on the other.?’”

In the calculation, Qe is further evaluated as AqNply,
where /4 is the line charge density of the DNA strand,
Ny, is the number of bases on that strand, and I, is the
strand contour length over base number; A = 4xr?,
where r;, is the hydrodynamic radius of DNA coil.?’”

Table 1 lists the quantities for ssDNA and dsDNA.
For ssDNA, the relation r, e< N3° results in the following
expression of critical radius r*:

. 3PATINyI,R?

= 2me(2L + 7tR) ©)

where 8 = —(1/¢)(3¢/dT). In the above derivation, the
analytic expression for temperature distribution, eq 5,
has been employed.

The capture rate R, which characterizes the through-
put of nanopore sequencer, is then obtained from the
following expression:*>

R. = 2aDr* (10)

DNA TRANSLOCATION KINETICS

Now we turn to investigating DNA motion within the
nanopore. As seen in Figure 4, the threading-through
DNA strand can be divided into three portions: the part
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hot

Figure 4. (a) DNA translocation stage: the surface density
of Gibbs free enthalpy og will decrease substantially from
the hotter pore entrance to the colder exit, resulting in
a Marangoni force F, pulling DNA through the nanopore.
The inset shows a DNA strand within the nanopore, where
the electrical double layers undergo variation of thickness
due to a substantial temperature drop there. The viscous
drag force Fy within the pore and that acting on the
untranslocated DNA coil are characterized by white and
pink arrows, respectively.

at the pore exit that has already passed through the
pore, the part that is currently inside the pore, and
the part waiting to enter the pore at the entrance.
Recent experiments inform us that the Gibbs enthalpy
of DNA molecules is quite sensitive to the variance
of temperature.”’?® Hence, due to the significant
temperature drop across the pore, the Gibbs enthalpy
of DNA segments inside the pore is expected to
undergo a substantial change from the pore entrance
to the pore exit. However, eq 8 can no longer be used
for the estimation of those DNA segments within the
pore. Instead, we have to develop a cylinder model
for those translocating segments, as shown in the inset
of Figure 4.

The surface density of Gibbs enthalpy of DNA seg-
ments within the nanopore, o, defined as the density
of electrical energy stored in the cylinder capacitance,
is evaluated by the following expression:

1 [

(o] -

(11)
where a is the radius of DNA single-strand, ¢ is the
surface electrical potential of DNA segments, and
Aq is the line charge density on a DNA single-strand.
Here we have assumed that ssDNA translocates
through a solid-state nanopore in an unfolded manner,
which was suggested by previous ssDNA penetrating
experiments.'* As we are going to show in the Results
and Discussion, the thermodriven DNA translocation
speed is orders smaller than the electrophoretic coun-
terpart. We remind that, under such slow motion, the
DNA conformation may become more complicated
and there may exist a proportion of polymer passing
events with a multifolded manner. For the sequencing
purpose we are going to focus on the unfolded
translocation events as depicted by Figure 4, while
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Figure 5. (a) 2-D distribution of the relative water permit-
tivity ¢ in the nanopore radial—axial r—z plane; (b) £(z) along
the nanopore axis, while the inset plots the surface density
of Gibbs enthalpy og along the pore axis, where L = 50 nm
and R =5 nm.

the multifolded ones can also be assessed by tuning
the quantities of effective DNA radius a and charge
density A4 in the related equations such as eq 11. ¢(4)
is further calculated via Poisson—Boltzmann equation
and its boundary conditions along the nanopore radial

16,32
1 a( aqg) :sinh¢3

direction:

—_— ri
ror\ or Aé
op _ Aq
ar T 2maekgT 12)
r

where ¢ = (ed)/(ksT), Ap = ((ekgT)/(2Coe?)"? is the
Debye length and G, is the imposed salt concentration.
Here as a first-step investigation we have neglected the
influence of surface charges on the nanopore wall.
The calculated surface density of DNA Gibbs enthal-
py, 0, is quantitatively demonstrated in the inset of
Figure 5b along the pore axis. It takes an obvious
decrease from the pore entrance to the pore exit. Here
we stress that the decrease of the enthalpy density is
mainly attributed to the rapid raising of water permit-
tivity € at the lower-temperature pore exit. As seen in
Figure 5, € gets enhanced substantially from the hotter
pore entrance to the colder pore exit, while it changes
very little in the chambers. Such an increase results in
a rapid raising of the equivalent capacitance along
that axis for Gibbs enthalpy. Consequently, og gets
decreased along the same direction. On the other
hand, as shown in the inset of Figure 4, at the colder
pore exit the thickness of screening counterion layer,
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Ap, in fact gets a bit larger, which would have resulted
in smaller shielding-ion capacitance and, thus, in-
creased Gibbs enthalpy density og. However, that
trend is overwhelmed by the fast growing of solution
permittivity ¢ under lower temperature. The overall
consequence is the reducing of Gibbs enthalpy density
0 pointing from pore entrance to the exit.

The above analysis of g indicates that DNA seg-
ments have a tendency of moving from hotter pore
entrance to the colder exit. We remind that Soret
coefficient or eq 7 can no longer be used here for
evaluating the translocation kinetics because the tem-
perature gradient VT is too large within the pore.
Hereby a Marangoni force®*~3* is introduced for quan-
titative depiction:

GOG

-
m oz

(13)

and the overall thermal driving force is the integra-
tion over the pore length F,,, = ZmeL,/Z,zdzfm. The force
balancing F,, is the viscous drag Fq in the solu-
tion. Generally, Fq4 is treated as the sum of two parts,
as shown in Figure 4 and its inset: one on the untran-
slocated polymer coil near the pore entrance®® and the

other on the penetrating nucleotides within the pore®”

h, c

(untranslocated)

14
(translocating) (14)

In the above expressions, 7 is the viscosity of water,
Un is the DNA translocation speed and Ry . is the
hydrodynamic radius of untranslocated DNA coil in
the cis chamber. In this work, the velocity field of the
flow inside the nanopore is calculated by Navier—
Stokes equation:>2

19(a \_
Ta\"ar?) T a5z

Uz‘r:a = Um
Uz‘r:R =0

(15)

In the above, the second and third expressions are the
nonslip boundary conditions at the DNA surface and at
the pore wall. Here we have neglected the viscous force
on the untranslocated part since it was suggested
that that force takes less than 10% of the total viscous
force and moreover it keeps shrinking during the DNA
translocation.3®*” Besides, the force equation for those
DNA segments inside the nanopore is written as

L2 ou 2
Zna/ dz r]a—rz rea = Zna/ dz2%6

(16)
_1)2 _12 0z

RESULTS AND DISCUSSION

Dependence of ssDNA capture rate on nanopore
dimension is readily manifested in eq 10: the larger the
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Figure 6. Calculated molecule capture rate R, (round-sym-
bol-black-line) and critical radius r* (triangle-symbol-blue-
line) as functions of ssDNA length N in the unit of nucleotide
number (nt). Here L =50 nm,R=5nm, T;,=80°C, T.=20 °C,
and salt concentration C, = 1 mM. Inset plots the case
of dsDNA in the same system except that T;, = 70 °C and
T. =10 °C, thus, below the dsDNA melting point.

pore radius, R, or the smaller the pore length, L, the
larger the critical radius, r*, and capture rate, R, would
be. The physical mechanism is the inverse dependence
of temperature gradient 97/3z on the local cross-
section area A: because the heat transfer rate is con-
served at the steady state Q = Jq -ndA, where g is
the heat flux g ~ 37/0z, larger pore radius R results in
larger A; accordingly, the temperature gradient 37/dz
within the pore becomes smaller and, thus, more tem-
perature drops outside the pore. The latter leads to
reinforced polymer thermal migration toward the pore
mouth, that is, increased molecule capture rate. Besides,
smaller pore length L would cause smaller temperature
drop inside the nanopore and in this way contributes to
enhanced temperature fall in ¢is chamber, too.

Figure 6 shows the calculated capture rate of ssDNA
and the related critical capture radius as functions of
polymer contour length (in unit of base number).
As a comparison, those of dsDNA are plotted in the
inset (here the overall temperature of the system has
been shifted below the melting point of dsDNA). There
are two significant differences between ssDNA and
dsDNA. First, given the same nanopore dimension
and temperature drop across the pore, capture rate
of ssDNA is two orders larger than that of dsDNA.
This is attributed to the greatly reduced ssDNA
coil radius when denatured from double-strand: for
the same contour lengths ssDNA coil would be much
smaller than dsDNA3° and, thus, undergo substantially
enhanced Gibbs enthalpy variation upon the same
temperature gradient. Consequently, ssDNA acquires
much stronger thermophoresis motion and thus or-
ders of enhancement of the capture rate. Second,
the variation tendency of ssDNA capture rate with
the contour length is increasing, while that of dsDNA
is decreasing. Here the physical mechanism is the
different power-law dependence of DNA coil radiuses
Ry on the strand lengths. Ry, of ssDNA is subject to a
slower increase with the strand length, Ry, < N°°,*° than
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Figure 7. (a) Round-symbol-black-line shows dependence
of Marangoni force F,, on nanopore radius R, while the
triangle-symbol-blue-line axis shows translocation speed u.
Other parameters are the same as in Figure 6. Inset plots
z-component fluid velocity distribution along pore radial
direction u,(r) when R = 5 nm, and the DNA velocity is
marked. (b) DNA translocation speed u as a function of the
imposed temperature difference AT. Here the elevated
temperature at cis chamber end T,, is fixed at 80 °C, while
the temperature at trans chamber end T_ is tuned so that
AT =T, — T.. Here the pore radius R = 5 nm and pore length
L =50 nm.

Rp o< N®7 of dsDNA.>” As a result, the corresponding
shielding-ion capacitance C o< R} of ssDNA would not
increase so much as that of dsDNA, and thus, the
enhancing of ssDNA Gibbs enthalpy with strand length
is faster than that of dsDNA. That is, thermophoresis
of ssDNA is more rapidly reinforced than that of dsDNA
when strands become longer. Therefore, the capture
flow of ssDNA increases with the polymer length,
while dsDNA does the contrary. We remind that the
predicted capture behaviors motivated by thermo-
phoresis are profoundly different from the counterpart
by electrophoresis.?>?® Nonetheless, the calculated
capture rates share similar orders with those by electro-
phoresis, indicating that the throughput of our thermo-
phoretic approach is kept as that of electrical methods.

The calculated fluid velocity distribution along pore
radial direction is plotted in the inset of Figure 7a
where the pore radius is R = 5 nm. Due to the no-slip
boundary condition, the fluid velocity at the DNA
surface, that is, r = g, is exactly the DNA translocating
velocity. Figure 7a plots Marangoni force F,, and the
associated ssDNA translocation speed u as functions of
nanopore radius R. The continuous decreasing of F,
with nanopore radii is attributed to the fact that larger
nanopore will result in smaller temperature gradient
VT inside the pore and, thus, smaller thermo-driving
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force. Meanwhile, the molecule velocity u shows first
increasing and then decreasing behavior with the
varying pore radii. The physical mechanism can be
found from eq 14 where the variation of viscous force
F4 with pore radius R is illustrated. Being different from
the almost linear decrease of F,,, with R, the decreasing
of viscous force is substantial when R changes from
5 to 10 nm, leading to the increasing of molecule
velocity; however, that decreasing becomes more
and more slow as R gets even larger. As a result, the
DNA translocation velocity begins to decrease. More-
over, the calculated thermophoretic driving force is
about 1—2 pN, corresponding to a cross-pore voltage
of 2—4 mV in the nanopore electrophoretic experi-
ments. Consequently, polymer translocation speeds as
low as 0.02 m/s are predicted in our nanopore thermo-
phoresis system. These are several orders smaller than
those obtained by electrophoresis (~10 m/s),?>3%37
where much larger voltages had to be imposed.
Because an effective approach of reducing DNA trans-
location speed is now one major challenge faced by
nanopore sequencing,>® our result is a great improve-
ment over the common electrophoresis approaches.
Thus, our design of nanopore thermophoresis holds a
unique promise of addressing the challenge of con-
trolling DNA transport.

Yet it is intriguing to ask the question that why the
calculated thermodriven DNA translocation speed
suggests an equivalent transmembrane voltage of
about 2—4 mV, while on the other hand the estimated
thermophoretic capture rates have to be achieved by
an electrical counterpart voltage about hundreds
of mV? In other words, what is the physical mechanism
for having such a significant difference between ther-
mophoresis and electrophoresis? The discrepancy is
caused by the very different properties of molecule
thermophoresis and electrophoresis. For the thermo-
phoretic driving, the key word is Gibbs enthalpy of the
molecule while for the electrophoretic counterpart
that is the charge of the molecule. This is clearly
illustrated in eqs 7 and 13 where the thermo-driving
force is proportional to the grads of Gibbs enthalpy,
while electrical force is known to be proportional to
the charges. The Gibbs energy can be viewed as the
electrical energy stored in the equivalent molecule
capacitor eqs 8 and 11, and it undergoes a profound
change when DNA molecule enters the pore: before
entering the pore, DNA is approximated as a coil and so
is the spherical capacitor;?> after entering the pore,
DNA segment inside the nanopore is approximated
as a cylinder and so is the cylindrical capacitor.®® This is
visualized by comparing Figures 3 and 4. Our calcula-
tion indicates that the energy density stored in the
cylindrical capacitor has decreased substantially com-
pared to that stored in the spherical capacitor due to
the very small diameter of DNA strands (~2 nm). Such a
reduction is the cause of much reduced thermophoretic
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driving force inside the nanopore. On the other hand,
the charge density on the DNA molecules does not
undergo such a change and, so, neither does the
electrical driving force. Therefore, an imposed tempera-
ture difference AT ~ 60 °C can achieve similar DNA
capture rates as that by cross-pore voltage V ~ 100 mV,
while it results in a much reduced translocation speed
compared to the electrophoretic counterpart.

Though the speeds revealed here are still orders
larger than the ideal value (1 base/ms =~ 0.5 um/s) for
sequencing, there exists plenty of room for further
retarding the DNA thermophoretic motion. For exam-
ple, the differentiated migration of cation and anion
species under thermal gradient could be utilized as
stake or accelerator for the polymer motion.>?*° It has
been demonstrated that a nonuniform charge back-
ground can be induced by imposing sodium hydroxide
electrolyte where OH™ is much more thermally active
than Na™, and consequently, the transport of anionic
surfactant molecules is significantly retarded by such
thermally induced electrical field.*° This phenomenon
suggests an approach of carefully selecting solvent
electrolyte components in order to manipulate the
speed of polymer thermophoretic motion over a large
range. Other approaches, such as reducing the overall
temperature difference AT by raising up the trans
chamber temperature, can also help attenuate the
thermal driving force and thus further lower the mo-
lecule translocation speed. Figure 7b plots the DNA
translocation speed u as a function of the imposed
temperature difference between the two chambers
AT=Ty, — T..The speed shows a nearly linear decreasing
behavior with the shrinking temperature difference.
This is ascribed to the linear increase of Marangoni force
with AT, as shown in the inset. Hence, it indicates a
potential approach of slowing down DNA translocation
speed by using smaller temperature gradient.

Before ending the whole discussion, we would like
to draw further attention to two related issues. One
is the membrane materials for real experiments, and
the other is the velocity fluctuation under such low
thermophoretic translocation speed. First, our model-
ing and discussion of DNA capture and translocation
kinetics are based on the temperature distribution
in a nanopore system with ideal membrane thermal
insulating property. Nonetheless, in the actual circum-
stances, the thermal conductivity « of the membrane
is nonzero. For example, one potential candidate of
thermal insulating membrane is the thin films of WSe,
(32.5 nm) grown from alternating W and Se layers,
of which « = 0.05 W/m-K.*'*? It will cause deviation of
temperature distribution from ideal situation in the
sense that more of the imposed temperature differ-
ence will be dropped out of the nanopore. We have
simulated the temperature distribution in the nano-
pore system with various values of membrane thermal
conductivity. The results and discussion are presented
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in the Supporting Information. Second, the fluctuation
of DNA motion under low translocation speed is known
to be a common problem faced by the nanopore
sequencing society. Here in our nanopore thermo-
phoresis we can describe it based on overdamped
Langevin equation®® as follows

YU, = Fm+ 1/ 2keTy (1) (17)

where F, is the thermo-driving force, as shown by
eq 13, y* = (2anL)/(In(R/a)) is the effective viscosity and
&(t) is the Gaussian white noise. We give some calcula-
tion and discussion in the Supporting Information for
interested readers.

CONCLUSION

In summary, we have proposed the use of cross-pore
temperature gradient to manipulate DNA transloca-
tion through nanopore. Our theoretical analysis has
shown that preferred molecule conformation could be

METHOD

We establish a multiphysics model and perform numerical
calculation for physical quantities in the nanopore solution
system under temperature gradient:

T -
pCp<%+U'VT> = kV3T (18)

ou ..
p<+u-Vu> = -Vp+yV?u +Ep,+gAp  (19)

ey zin;
VE=Pe_

& &

(20)

an; - —
%+ V-( —D;iVn; —n;Dr,;VT +sign(z)njw,E +niu) = 0 (21)

The above are thermal equation for heat transfer in liquid,
Navier—Stokes for hydrodynamics, Poisson for electrostatics,
and generalized Nernst-Plank for ion transport. In these expres-
sions, p is the water density, C, and « are the thermal capaci-
tance and thermal conductivity of water, u is the fluid velocity, p
is the hydrodynamic pressure, 7 is the viscosity of the solution, E
is the electrical field within the solution, p, is the net charge
density caused by the difference between local cation and
anion concentrations, g is the gravity vector, Ap is the varia-
tion of water density due to temperature change, gAp is the
Boussinesq approximation for Navier—Stokes equation, n; is the
concentration of ith species of ions in the solution, D;, Dr; and
u; are the diffusion, thermodiffusion coefficients and electrical
mobility of thation, and z; is the valency of the ion. The boundary
of cis chamber is kept at high temperature T}, = 80 °C, while that
of trans one is kept at low temperature T. = 20 °C.

Then the two-dimensional symmetric model concerning
heat transfer, hydrodynamic flow, electrostatics, and ion trans-
port within the nanopore axial and radial z—r plane was built up
with COMSOL. Some very important functions, such as the
quantitative dependence of water permittivity ¢ on tempera-
ture and Soret coefficients, St = Dy/D, come from recent experi-
mental reports.*®**** Quantitatively, they are as follows: the
water viscosity 7(T) = 1.38 — 0.02127 4 1.36 x 10 *T? — 4,65 x
10777 +8.90 x 10 '°T* —9.08 x 10~ "*T° + 3.85 x 10" '°T% the
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accomplished by the high temperature environment
before entering nanopore, thus facilitating the sequenc-
ing effort within the pore. Besides, the temperature
drop along the pore axis is capable of providing
thermal drive sufficiently large enough to achieve high
throughput and successful translocation. Some impor-
tant quantities characterizing the performance of
nanopore sequencer, such as DNA capture rate and
translocation speed, have been evaluated by multi-
physical modeling. Our calculations have demon-
strated that the cross-pore thermophoresis approach
can accomplish both high capture rate and orders-of-
magnitude reduced translocation speed, thus, being a
very promising candidate for manipulating DNA mo-
tion for the purpose of nanopore sequencing. The
proposed design and analysis of nanopore thermo-
phoresis can be further applied to the detection of
uncharged or weakly charged molecules, which is
difficult to be achieved by the conventional electro-
phoretic approach with solid-state nanopores.

heat capacitance of water C,(T) = 1.20 x 10% — 8041 x T +
0310 x T> — 538 x 107*T° + 363 x 107 'T% the thermal
conductivity of water «(T) = —0.869 + 8.95 x 1073T — 1.58 x
107°T% + 7.98 x 10 °T?; the water density p(T) = 838 + 1.40T —
3.01 x 1073T? + 3.72 x 107'T? the relative permittivity of
water g(T) = 78.54e~ 4721971 _ 298.15). All of the above
expressions are in Sl units.
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