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We stretch a single DNA molecule with thermophoretic forces and measure these forces with a spring
balance: the DNA molecule itself. It is an entropic spring which we calibrate, using as a benchmark its
Brownian motion in the nanochannel that contains and prestretches it. This direct measurement of the
thermophoretic force in a static configuration finds forces up to 130 fN. This is eleven times stronger than the
force experienced by the same molecule in the same thermal gradient in bulk, where the molecule shields
itself. Our stronger forces stretch the middle of the molecule up to 80% of its contour length. We find the Soret
coefficient per unit length of DNA at various ionic strengths. It agrees, with novel precision, with results
obtained in bulk for DNA too short to shield itself and with the thermodynamic model of thermophoresis.

DOI: 10.1103/PhysRevLett.113.268301

Thermophoresis, also known as the Ludwig-Soret effect,
is the migration of particles along temperature gradients.
In gases, this phenomenon is understood with kinetic gas
theory [1]. Its microscopic origin in liquids is debated.
Experiments have probed the thermophoretic properties of
various colloidal suspensions—such as aqueous solutions
of DNA, RNA, micelles, and polystyrene beads—and
investigated their dependence on size, temperature, salt
type, and salt concentration [2-7]. Individual DNA mol-
ecules have also been tethered and stretched [8]. Bulk
observations agree on a crucial dependence on solvent-
particle interactions [9], and theoretical models exist. They
are based on either equilibrium thermodynamics [4,5,7,10],
a hydrodynamic description [11-13], or fluctuating hydro-
dynamics [14], but no microscopic theory is generally
accepted [9,15]. These fundamental issues and possible
applications motivate a microfluidic interest in thermopho-
resis [16-20].

Individual DNA molecules can be manipulated and
stretched in a nanofluidic device using light-induced local
heating (LILH) [21]. Here, we study thermophoretic forces
on individual DNA molecules quantitatively. Specifically,
we measure the Soret coefficient per unit length of DNA,
sT, and its salt dependence. We prestretch a DNA molecule
to ~30% of its contour length by flowing it into a nano-
channel with a 200 x 250 nm? cross section. There, we
grab its two halves with temperature gradients that pull
them apart. The midregion is consequently stretched up to
80% of its contour length (Figs. 1 and 2). This degree of
stretching is our first result and may be of practical interest;
see the final paragraph.

Our experiment provides a new window on the nature of
thermophoresis. Existing techniques measure the thermo-
phoretic force from single-particle tracking or from
changes in particle concentration, thus, balancing the
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thermophoretic force with hydrodynamic drag or entropic
force [9]. In the latter case, a region with nonconstant
temperature, T(x), gives rise to a position-dependent
equilibrium concentration c(x)

c(x) — Coe_ST[T(X)_TO]’

(1)

where ¢ is the concentration of particles found where the
temperature is 7y, and St is the Soret coefficient. In
contrast, we measure the thermophoretic forces experi-
enced by a single DNA molecule in a static configuration.
These forces are read off the observed stretching of the
DNA molecule using a simple linear-response theory. This
theory predicts a local DNA density of the same form as
Eq. (1), see Eq. (6), and it describes experimental obser-
vations accurately; see Fig. 2. This theory is our second
result. Its parameters are determined at various ionic
strengths (Fig. 3), including st (Fig. 4). The salt depend-
ence of st is consistent with the thermodynamic model of
thermophoresis [4,7]. This is our third result.

Experiment.—For fabrication of the nanofluidic chip in
polymethylmethacrylate (PMMA), setup for LILH, and
visualization of DNA, see [21]. Experiments were con-
ducted on T4 DNA (166 kb, Nippon Gene) fluorescently
dyed with YOYO-1 (Invitrogen) at a ratio of one dye
molecule per five base pairs, and suspended in a loading
buffer [22].

Temperature profiles in nanochannels were measured
with the temperature-dependent fluorescent complex
[Ru(bpy);)** [25]. The warm spot formed by the laser
beam in the near-infrared (NIR) absorber layer [Fig. 1(a)]
gave a temperature profile that is perfectly fitted by

ATmaxZO
Vi =x0)*+ (-y)+23

T(x,y) =Ty +

(2)
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FIG. 1 (color online). Epifluorescence setup with NIR laser.
(a) Layers of the chip with thicknesses indicated. The laser is
focused on the absorber layer, creating a heated (red) spot. (b) A
single fluorescent T4 DNA molecule conned in a nanochannel,
imaged with an electron-multiplying charge-coupled device
(EMCCD). 1t is stretched at its midregion by thermophoretic
forces. (c) Temperature profile T(x) — T, (full line) and —7"(x)
(dashed line) stretching the molecule in (b). The force density,
fuph» indicated with arrows, is assumed proportional to —7"(x).

where the z axis is parallel to the laser beam and optical
axis of the microscope, while the (x,y) plane coincides
with the array of nanochannels, the x axis being parallel to
the channels. The function T'(x, y) above is the restriction to
the (x,y) plane of the steady-state solution to the heat
equation in a 3D homogeneous medium with a spherically
symmetric source of heat at (xg,yg,2p). It is also an
excellent approximation to the solution obtained for our
2D Gaussian heat source with standard deviation ¢ located
parallel to the (x,y) plane at (xo,o,z,), provided z3 =
22 4+ 26° [25]. Fitted values are zo = 3.5 um, AT, =
7.5 K, and Ty, = Trpom + 0.4 K [25]. T, is a little larger
than room temperature because of the lower heat conduc-
tivity of the chip’s surroundings. From here, T'(x) is
shorthand for 7'(x,0).

The opposing thermal forces shown in Fig. 1(c) stretch
the DNA to a quasiequilibrium configuration shown
in Figs. 1(b) and 2. We filmed this configuration at
10 frames/s to monitor quasiequilibrium. Figure 1(b)
shows the nature of the resulting data: a bright fluorescent
strip with a width twice the channel width due to
diffraction, and along its length, a variation in intensity
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FIG. 2 (color online). Fluorescence intensity profile of ther-
mophoretically stretched DNA molecule and temperature profile
that stretched it. Bottom: One frame from movie of stretched
molecule. Middle: Temperature profile used for stretching
[Eq. (2)] (dashed blue curve). Top: Intensity Z (x), a time average
over 10 frames from movie (grey points). Further noise reduction,
by bin averaging, gives Z(x) (red points). Fitted theoretical
profile Zyy(x) < D(x) [Eq. (6)] (blue curve). This fit, to data
points from the DNA plus a 2.6 ym margin of background at both
ends, has a P value equal to 0.47.

that is proportional to the local concentration of DNA in
the channel, smoothed by diffraction.

Model.—The simplest possible model that might capture
the nature of our data, has only features that are seen in our
data. Because of its simplicity, such a model is not easily
fitted to data: It either fits or not, which makes it a more
convincing model when it does. To achieve this convincing
simplicity, we model the DNA in the channel as a one-
dimensional homogeneous medium with linear elastic
properties.

Let D(x) denote the local density of DNA, defined as
DNA contour length per unit length of channel. Let D,
denote the equilibrium density at constant temperature.
This density is maintained locally by a restoring entropic
force: D(x) # D, causes a local tension, 7(x), in the
medium. We assume linear response

7(x) = =x[D(x) = Dy, (3)

motivated by the mathematical advantages that a linear
theory offers and the fact that any correct theory must be
linear for sufficiently small differences D(x) — D,. Here, k
is a coefficient of elasticity, and the restoring force (per unit
length of channel) consequently is

fenp(x) = 7' (x) = =D/ (x). 4)

This linear response is sufficient to capture the nature of our
data, we shall see [33].
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FIG. 3 (color online). Fitted values for model parameters.
(a) Equilibrium length ry & 1/Dy, (b) spring constant «, and
(c) thermophoretic coefficient st measured at four ionic
strengths; (diamond) / =8 mM, (open circle) I = 14 mM,
(square) I =34 mM, and (closed circle) I =75 mM, respec-
tively. Error bars are standard errors on the means. Errors on the
equilibrium lengths r( are less than 2% of the values themselves.
Dashed line shows weighted average.

The local force on the DNA (per unit length of channel)
is assumed proportional to the amount, D(x), of DNA
present and to the temperature gradient

fapn(x) = —kgTs7T'(x)D(x), (5)

where the Soret coefficient, st, per unit contour length of
DNA is assumed constant over the temperature range of
the experiment, which is 8 °K.

In equilibrium, fe,., and fy,p, balance each other
everywhere. Consequently,

D(x) = 'Doe_sT(kBT/K)[T(X)_T(xnlu)()] (6)

for —xpa < X < Xpax» and zero elsewhere. Here, we used
boundary conditions D(+x,,,,) = D, at the ends of the 1D
medium, because (i) the ends remain in equilibrium, and
(ii) Dy effectively is the same at Ty, and at T(£x., ), as
these temperatures differ only ~1%.

This density profile was convoluted with a Gaussian that
mimics the point-spread function of the microscope, then
fitted to data. The only fit parameter was st, because D,

FIG. 4 (color online). Salt dependence of the thermophoretic
coefficient. Same data as in Fig. 3(c). Full and dashed lines are
fits to Egs. (7) and (8), respectively, plus a constant offset s(T(’ff)
Error bars are standard errors on the means.

and « were measured independently in advance, at constant
temperature, 7,,,m, With « deduced from the Brownian
fluctuations of the extent of the molecule in the nano-
channel [25].

Data analysis.—The intensity profile Z(x) was read off
individual frames and time averaged over ten consecutive
frames to reduce Brownian density fluctuations in the
intensity profile. Figure 2 shows such a profile and a fit
of our theory to it. The fitted constant of proportionality
between density and intensity contains no information of
interest. Neither does the fitted location x,, while the fitted
value for st determines both the length and the shape of
the density profile.

Results.—Figure 3 summarizes results. For ionic
strengths [ = 8, 14, 34, 75 mM, the Debye layer around
the DNA is approximately A, = 3.4, 2.6, 1.6, and 1.1 nm,
respectively; see below. This is much smaller than the width
of the nanochannels, but comparable to the DNA’s radius
Rpna = 1 nm. Reisner et al. investigated how the equi-
librium length of DNA in (glass) nanochannels depends on
ionic strength [34]. For channel dimensions and ionic
strengths similar to ours, they observed only a weak
dependence. Figure 3(a) agrees with this.

Figure 3(b) shows that x does not depend on ionic
strength, in agreement with its entropic nature and the
insignificance of excluded volume effects. Consequently,
we use its weighted average k = 62 4= 3 fN below.

Figure 3(c) shows the thermophoretic coefficient
obtained from fits to the density profile [Eq. (6); Fig. 2].
The same data are plotted versus Debye length in Fig. 4,
which is our main quantitative result.

The forces add up along each half of the DNA molecule
to a tension at its middle of F,y, = kDy(1 —exp
{ST(kBT/K) [T(O) - T(xmax)]})' Thus, Fiop = 128 N for
our values k = 62 fN, st =2.5/(Kum), Dy = 3.3, and
ro = 22 um [35]. This force is eleven times larger than the
force experienced in bulk by a DNA molecule of the same
length, 83 kb, in a similar temperature gradient, 1 K/um,
Fig. 4(c) in [4]. In bulk, the molecule forms a bundle that
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shields itself [4]. Stretching of the DNA eliminates shielding,
see below.

Theory for Soret coefficient.—Paraphrasing the equilib-
rium thermodynamics theory for thermophoresis [4,7], we
set st = ¢'(T)/kgT, where g is Gibbs free energy per unit
contour length of the solvent-DNA system. g is the sum
of two [4] or four [7] terms. One term, g;,,, is due to the
electrostatic energy in the double layer of ions surrounding
a charged particle. It depends on the Debye length,

= \/e(T)kgT/2¢*N4I, where N, is Avogadro’s
number and ¢(T) is the dielectric constant of the solvent
[4,7]. The other term is independent of 1, when identified
with the hydration entropy [4], and also, effectively, when
modeled as in [7], see [7], Fig. S6.

The electrostatic energy g,, is obtained by solving the
Poisson-Boltzmann equation, often in the Debye-Hiickel
approximation valid for low surface potentials. For a
cylinder, g, ~ €?6%;In[1 + Ap/Rpnal/4me per unit length,
with o the effective number of charges per unit length
[25]. From this result, it follows that:

(ion)

ST :dion( )/kBT
e i) o
pln Rpna +21+Rf{$ - )

with f = —('T/e) = 1.38, T = Ty, + AT /2 = 300 K,
and the Bjerrum length £ = e*/(4nekgT) = 0.72 nm.
For our experimental conditions, the first, logarithmic term
is at least a factor 10 larger than the second term.
Results for spheres which are valid for any thickness of
the Debye layer [Eq. (12) in [36]], can be recast to a result
for a cylinder, also valid for any Debye layer, supposedly,

(ionrod) fBo-gffﬂ + ( + ﬂ) RDNA
T =
T (] + REII;IA)Z

(8)

Figure 4 shows fits to our experimental st values of these
expressions plus a constant offset, s-l-Off . The parameters of
each fit are o.¢ and sTOff . With n.g the number of effective
charges per base pair and Ly, = 1.28 x 0.34 nm the length
of a base pair after staining, . = negr/ Lyp. The fits of the
models in Egs. (7) and (8), thus, return n.; = 0.14 £ 0.07,
and nerf(f) = 0.2 + 0.1, respectively. These values agree
with the effective charge measured for DNA in bulk,
0.12¢/bp [4]. The offsets, s'"", are (2.3 +0.3)/(Kum)
and (2.0 £0.5)/(Kum) for Egs. (7) and (8), respectively.

Our results show that, at room temperature, the thermo-
phoretic force on DNA is dominated by sources that
are independent of the Debye length. The sum of such
contributions is described by the offset s-l-oﬁ [25]. Thrs
offset contains both ionic contributions (from, e.g., t
Seebeck effect [7]) and nonionic contributions (from,
e.g., solvation entropy or hydrophobicity [4]). This agrees
with findings for protein solutions [37] but not with results

for polystyrene beads [4] and micellar solutions [2].
For DNA in bulk, the thermophoretic force scales as
(contour length)'/? because of self-shielding [4]. DNA
molecules shorter than their persistence length (~180 bp)
cannot shield themselves, so from results in [4] obtained for
such lengths, we find the Soret coefficient st per unit length
of nonshielded DNA. Only a single ionic strength
(A4p = 9.6 nm) is considered in [4]. At that strength, 50
and 100 bp molecules yield st = 3.3 and 2.1/(Kum),
respectively, which averages to (2.7 +0.6)/(Kum). We
extrapolate our results in Fig. 4 to Ap = 9.6 nm, using
the fits of Egs. (7) and (8). This gives st = (3.0 - 0.4) and
(2.9 +0.3)/(Kum), respectively, in perfect agreement with
(2.7 £0.6)/(Kum) and twice more precise [25]. To the best
of our knowledge, there are no other results we can compare
with. Results for single-stranded DNA in bulk [38] seem
irrelevant.

Discussion, conclusion, and perspectives.—Our exper-
imental setup has some advantages: Localized heating in
microfluidic devices can create convection, which will
interfere with the measurements of the thermophoretic
force [3]. Because of the small dimensions of the nano-
channel and the modest temperature increase, AT .=
8 K, convection does not occur in our device, Sec. 3.4 in
[3]. The small dimensions of the nanochannel also prevent
artifacts due to sedimentation [6] and interparticle inter-
actions [2]. Moreover, the liquid surrounding the DNA is
not heated directly with a laser, so there is no light pressure
on the DNA as a potential source of error [3]. These
advantages all vouch for the reliability of our data.

Our maximally simple model describes stretched DNA
conformations perfectly with a single fitted parameter, s+,
which was measured this way. This supports our model and
its st values. So does their agreement with values reported in
[4] for DNA too short to shield itself. The weak-to-absent
salt dependence of our st values supports the thermody-
namic model for thermophoresis by being consistent with it.

Our temperature gradient of up to 1 K/um stretches the
central segment of DNA to 80% of its contour length. This
extension exceeds all previously reported results obtained in
nanochannels with similar dimensions and salt concentra-
tions [39,40] and, hence, may be of practical interest:
Research on genomic-length DNA confined inside nano-
fluidic structures has increased our understanding of bio-
logical interactions of DNA and enables coarse-grained
optical mapping of the sequence of intact individual DNA
molecules [41-46]. Stretching DNA to nearly its contour
length remains a challenge, however. It requires either very
narrow nanochannels [47,48], extreme salt concentrations
[49], or crossed flows [46]. Very narrow channels are
difficult both to fabricate and to load with DNA. Extreme
salt concentrations are incompatible with biological con-
ditions. And crossed flows require delicate balancing of
the DNA in the flows. LILH, however, can stretch DNA up to
80% of its contour length in rather wide channels, at any salt
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concentration, and in the absence of flows. By doing that,
LILH can improve the optical resolution of local features on
DNA, say for denaturation mapping [45] or for localization of
interaction sites of proteins and enzymes [41,42].
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