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The control of solute fluxes by either microscopic phoresis or hydrodynamic advection is a fun-
damental way to transport molecules, which are ubiquitously present in nature and technology. We
study the transport of large solute such as DNA driven by a time-dependent thermal field in a poly-
mer solution. Heat propagation of a heat spot moving back and forth gives rise to the molecular
focusing of DNA with frequency-tunable control. We develop a model where viscoelastic expansion
of a solution and viscosity gradient of a smaller solute are coupled, and that explains the underlying
hydrodynamic focusing. This effect offers novel non-invasive manipulation of soft and biological

materials in a frequency tunable manner.

INTRODUCTION

In 1951, the seminal work by G.I. Taylor has shown
that the pumping in a viscous fluid can be driven by
an undulating infinite sheet at a low Reynolds number,
proposing that the flexible object can put into motion of
a viscous fluid with a finite surface disturbance[l]. To
date, a variety of analytical and numerical models for
pumping in a viscous fluid have been developed [2], and
the pumped flow of complex fluids has gained consider-
able attention from a fundamental perspective. A peri-
staltic flow through periodic contact compression using
electromechanical[3] or opto-mechanical stresses[4] has
been shown to be microfluidic modulators. In particu-
lar, a hydrodynamic force offers a versatile method for
rapid mixing[5], particle trapping, and assembly[6] in a
confined geometry with dimensions of tens or hundreds
of micrometers, which has revolutionized fluid mechanics
and soft-matter physics at the small scale as the core of
nano- to microfluidic devices[7].

Although exploration beyond conventional methods
is challenging, it is necessary for the development of
new applications based on hydrodynamic forces. On
the one hand, light-driven advection of particles has
been demonstrated by using an infrared laser focus-
ing. When a hot spot in a focused laser moves at
a constant speed in a highly viscous solution, a net
fluid flow occurs, owing to the coupling of thermally
reduced viscosity and fluid compressibility[8][9][10][11].
Although this effect can convey particles, to be ex-
tended for the trapping of molecules, one requires a
well-designed stagnation point under complex stream-
lines. On the other hand, microscopic phoretic
transports such as thermophoresis[12][13][14][15] or
diffusiophoresis[16][17][18][19][20][21][22], which is the
transport along a gradient of temperature or concentra-
tion of a smaller solute respectively, is expected to be a
versatile mean of molecular manipulation. Thermophore-
sis depletes a high concentration of a solute from a hot
region and builds its concentration gradient. In such a
solution, another solute of larger size experience both
thermophoresis and diffusiophoresis as a secondary effect.

The balance of two phoretic motions allows one to control
the direction and magnitude of the transport velocity to
trap molecules[23][24][25]. Indeed, diffusiophoretic ma-
nipulation has the unique advantage of exhibiting low
dependence on electromagnetic properties, because the
driving force arises from the slip velocity on the particle
surface[26][27]. However, the balance between counter-
acting transports has to be suitably adjusted by chang-
ing the temperature difference or solute concentration
under the initial conditions, which could be a fundamen-
tal limitation. Conventional methods thus have exhib-
ited particular advantages and limitations. Hence, fur-
ther advances in our understanding regarding the inter-
play among phoretic transports and hydrodynamics are
needed.

Here we report thermal molecular focusing where the
cross-effect of phoretic transports and advective flow by a
time-dependent thermal field realizes tunable molecular
manipulation. The coupling of viscoelastic expansion of
fluids due to boundary deformation and thermophoretic
reduction of viscosity pumps the microflow in a polymer
solution. Strikingly, novel hydrodynamic focusing is in-
volved in frequency-tunable molecular focusing, without
the need to adjust external parameters such as tempera-
ture and solute concentration.

EXPERIMENTAL SETUP
A. Optical setup

We built the following optical setup. Temperature gra-
dient was built by focusing infrared laser (FOL1435R50-
317, Furukawa Electronics, 1480 nm wavelength). Pho-
tons of 1480 nm wavelength are efficiently absorbed in
water. The laser was focused using a 20x objective
lens with long working-distance (NIKON) and deflected
by a set of two galvo mirrors (Cambridge technolo-
gies). Other optical setups were purchased from Thor-
labs. The chamber was viewed with an epifluorescence
microscope (Olympus, IX73) with the stable excitation
light source (Lumen Dynamics, XLED1). The tempera-
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FIG. 1. Schematic illustration of (a) optical setup and (b)
microfluidic device used in this study

ture of the microscope stage was kept at Ty = 24+0.1°C.
The temperature difference in situ AT(x,y) =
T(xz,y) — To was measured by calibrating the reduced
fluorescent intensity of temperature-dependent fluo-
rescein (2’-7’-bis(carboxyethyl)-5(6)-carboxyfluorescein,
BCECF, Molecular probes) at the static temperature
gradient. For this calibration we measured the fluores-
cent intensity of fluorescein at various temperatures from
T=20 to 50°C by fluorescent spectrometer with a tem-
perature control unit and then draw the curve for tem-
perature calibration. The fluorescent intensity was de-
creased at the rate of -1.8%/K. We set the maximal value
AT=9.6 K and gradient VI'=0.08 K/pum. The laser spot
was steered by using galvo mirrors back and forth along
a line of —L < x < L at a speed of 4;[26](FIG. 1(a)).

B. Microfabrication

The solution was entrapped in a chamber of 25pm
thickness and 800 pm in diameter made by standard
soft lithography techniques described below. This small
thickness suppresses the onset of thermal convection dur-
ing laser irradiation and we have checked the effect from
convective flow is negligible in a static temperature gra-
dient as seen in previous studies[24][25][26][27]. The
microfluidic devices made of silicone elastomer (Poly-
dimethyl siloxane, PDMS, Sylgard 184, Dow Corning)
with a PDMS-coated glass slide were filled with the poly-
mer solution (FIG.1(b)). SU-8 photoresist was patterned
with conventional UV photolithography method. The
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patterned surface of SU-8 was transferred to PDMS chip
by casting uncured PDMS mixed with curing agent and
then cured for 1 hour at 75°C. After the cutting PDMS
chip with a scalpel, the chips were strongly bonded on
the PDMS-coated glass slide by having their surfaces hy-
drophilic by plasma-gun surface treatment for 30 sec and
then cured PDMS again by heating at 90 °C for 1 hour.
The inlet and outlet of PDMS device were connected with
thin PEEK tubes from the pressure-regulated microflu-
idic pump (MFCS flow system, Fluigent).

C. Chemical reagents

We used DNA of 4.3 kbp as a large solute (gyration
radius a~0.1 pm) with a concentration of 0.01wt%. The
plasmid DNA was purified from E.coli bacteria by using
conventional method. The polymer as a smaller solute
dissolved in an aqueous solution is polyethylene glycol
20000 (PEG, its gyration radius R} ~ 2.5nm, Alfa Aesar)
at 5.0wt% in Tris-HCl and 50 mM EDTA buffer solution
(pH 7.2). The purified DNA was dissolved in the PEG
solution and then stained by SYBR Gold dye (S11494,
Molecular Probe) in order to quantitatively measure its
local concentration. In order to avoid both evaporation
of solvent content and bubble formation, the PEG solu-
tion was kept flowing continuously outside of the area for
observation in the PDMS device.

D. Image analysis

Particle image velocimetry (PIV) is performed for the
visualization of flow field. The tracer particle for PIV
was the silica beads with 3.0pm in diameter (Micro-
mod, sicastar) and its mass fraction was set at 0.1wt%
in 5.0wt% PEG solution. Time-lapse movie was taken
by the interval of 3 sec and the obtained velocity field
was analyzed by using ImageJ. In addition, fluorescent
recovery after photobleaching (FRAP) was performed in
order to determine the diffusion coefficient of DNA D in
a PEG solution. Plasmid DNA in a PEG solution was en-
closed within a chamber with a thickness of 30 pm. The
DNA was visualized by a fluorescent nucleic acid stain
(SYTOX-Orange, Molecular probes) and its concentra-
tion was measured by the fluorescent microscopy. A fo-
cused laser with a wavelength of 532 nm (25 mW, Cobalt
laser) depleted the signal of the stained DNA around the
focal point with a radius of 33.4pm. Typical diffusion
coefficients were 5.32 £ 0.31 pm? /s in water, 2.67 £ 0.57
nm? /s in 2.0wt% PEG, and 1.06 +0.73 pm? /s in 5.0wt%
PEG.
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RESULTS AND DISCUSSION
E. Focusing of DNA in a moving heat spot

We first present the basic phoretic transports in gra-
dients of temperature and solute concentration, at a fast
moving hot spot (u; ~10mms~!) along the linear path
(FIG. 2(a)). The temperature gradient creates a concen-
tration gradient of the smaller solute A at a large vol-
ume fraction (i.e., PEG in the present study). In such
a solution, another large solute B of a very small vol-
ume fraction (i.e., DNA) is displaced away from the hot
region. Given that solute B exhibits a steric repulsive in-
teraction with solute A, diffusiophoretic transport caused
by the concentration gradient of solute A tends to bring
solute B back to the hot region, which results in the trap-
ping of solute B[23][24][26]. Consistent with this mech-
anism, a temperature gradient made by a laser sweep
creates a PEG concentration gradient, which, in turn,
uniformly accumulates the DNA along the scanning path
of —L <z < L with 2L=209 pm (FIG. 2(b))[24]]26]. The
DNA is also uniformly trapped along the path of the laser
scanning even at a slower speed u; ~1pms~!. Because
the speed of DNA diffusive escape is D/w =0.1pm/s
(the radius of the heated region w ~50 pm and diffusion
coefficient of DNA in the hot spot D=2.89 nm?/s), the
laser sweeping with u; >0.1pms™—! effectively accumu-
lates the DNA. Although the trappings at two extreme
cases are consistent with conventional phoretic trans-
ports, a new behavior was observed at the intermediate
velocity (u; ~102pms~—!). The DNA was accumulated
not along the path of the moving hot spot, but at its
mid-point, and was finally focused (FIG. 2(b) and (c)).
The amount of focused DNA was controlled in a velocity-
dependent manner, implying frequency-dependent mod-
ulation of molecular focusing. This finding motivated us
to explore two questions: First, what effect can give rise
to molecular transport based on the speed of a moving
hot spot? Second, what is the underlying mechanism be-
hind the focusing of DNA through a dynamic thermal
gradient?

F. Light-driven hydrodynamic focusing

It has been shown that net fluid flow occurs when a
heat source moves in highly viscous solution[9][10][11].
A moving heat source propagates in one direction with
periodic boundary conditions. When a localized hot spot
moves at the speed v; in a highly viscous solution (e.g.,
80wt % glycerol) confined within thin solid substrates (a
height of a few microns), thermal expansion of the vis-
cous fluid induces extensile and contractile flows at the
front and rear edges of the hot spot, respectively. Al-
though the isotropic viscosity prohibits the onset of net
flow, thermally reduced viscosity in fluids enlarges the
extensile flow at the front edge and the contractile flow
at the rear edge. This imbalance eventually creates a
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FIG. 2. Experimental demonstration of tunable molecular fo-
cusing of DNA using a moving hot spot in a polymer solution.
(a) A single heat source moves in back and forth direction. It
turns the direction of motion in the opposite direction at the
edges x = £L. (b) DNA trapped by the temperature gradi-
ent moving back and forth at various speed u;=4.6, 4.6 x 102,
9.2 x 102, and 4.6 x 10* yms™! (from top to bottom). The
white dashed line is the path of a moving laser spot. Scale
bar: 100um. (c) Kymograph of molecular focusing of DNA
at w;=9.2 x 10° pms~!. The white dashed lines are the edges
of the path of a moving laser spot

net flow u opposite to the motion of the hot spot. The
velocity of net flow is given by u = %aB(AT)? where

o = %(g—;) is thermal expansion coefficient of viscous
fluid of density p and 8 = %(g—;l) is thermal reduction

of viscosity [9]. This thermo-hydrodynamic flow at mi-
croscale (microflow) could be relevant to the observed
thermal molecular focusing. However, this type of ad-
vection becomes zero after canceling each other out when
the hot spot moves back and forth. To address the under-
lying mechanism in thermal molecular focusing, our key
idea is to combine distinct disciplines, those are hydro-
dynamics, viscoelastic mechanics, and heat conduction,
as formulated below.

Herein, we develop a model that leads to both molec-
ular focusing and its tunable control in a moving heat
source[28](FIG. 3(a)). A semi-dilute polymer solution
is enclosed in a thin chamber with a deformable PDMS
wall. Its viscosity, elastic modulus, and characteristic
relaxation time are n*, E, and T = 0" /E, respectively.
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FIG. 3. Light-driven hydrodynamic focusing in a hot spot moving back and forth. (a) Schematic illustration of the microflow
driven by thermal expansion of boundary wall and the squeezed polymer solution. (b) Schematic image of LHF through the
coupling of thermal viscosity reduction and thermal viscoelastic expansion in a hot spot that moves in back and forth. (c)
The profiles of LHF at fi=4.5 x 1072 Hz(black), 4.5 x 107! Hz(blue), 4.5 Hz (red). The solid lines are numerical calculations

of Eq.(2) with 7 = 1.2 s [31].

The viscosity 1 of a polymer solution depends on the tem-
perature and solute concentration. Once a temperature
gradient is created in such a solution, the solute builds
a local concentration gradient close to the heat source.
It means that thermophoresis reduces the viscosity me-
diated by the local depletion of the solute. The rate of
viscosity change as function of temperature, 3, is defined
as 5:%(% + %%), where the first term represents the
direct effect of the temperature rise and the second term
describes the indirect effect due to thermphoresis. For
a PEG solution, thermophoretic depletion allows one to
have a more explicit form of 5. In a temperature gradient
of VT, the density flux JP of a PEG solute is given by
JP=—DP(VcP+cPSTVT) where ¢ is the PEG concentra-
tion, DP is the diffusion coefficient of PEG, and S, is the
Soret coefficient of PEG defined as D4./D? with the ther-
mal diffusion coefficient of PEG of D%.[29](DP=58 pm s>
and ST=8.89 x 102K ! in this study). It is known that
the viscosity logarithmically increases with ¢P[30]. One
thus yields 8 = o+ B1¢hS% because ¢? = ¢ exp[—SHAT]
where ¢} is PEG concentration at infinity.

In addition, the walls in top and bottom deform upon
the transferred heat at time ¢ = 0, and thereafter the
enclosed fluid is compressed. The strain relaxation of
the deformed wall after At is set using e,(AT,At) =
AV, Vo = (1 — e AYT)AT where v = Vio% is the
coefficient of thermal viscoelastic compression of solution
squeezed by the expanded wall. By averaging over one
period of thermal stimulation 1/ f;, the microflow is given
by

(Bo + Brcy SHIT,
2

u=—u (AT)?. (1)
where I'; = v(1 — e~'/fi7) is thermal viscoelastic expan-
sion coefficient of the solution with 7 = 1.2 sec[28][31].
We note that both g and I'; have negative sign in present
study.

We next consider the microflow in a sweeping laser
spot back and forth (FIG. 3(b)). A heat source moves
back and forth along a line (L < z < L, y = 0,

2L=160nm) at a velocity uj=u;e,, where e, is the
unit vector along the z axis. The polymer solution is
exposed to thermal stimuli with two different time in-
tervals of either Aty=2(L — z)/w; in the forward di-
rection or At, = 2(L + x)/u; in the backward direc-
tion; this corresponds to AV, ;/Vo=y(1 — e 24/T)AT
and AVW./VO:fy(l—e_AtT/T)AT for a thermal viscoelas-
tic coefficient respectively. By averaging the forward-
and backward-moving microflows at « with 1/fi=(At;+
At,.)/2, a novel form of microflow is

wnp(z) = —ug sinh[%} (Bo + B1cESE) (v — T, ) (AT)?,
(2)

where u; = 2f; L. The hyperbolic sine function in Eq. (2)
immediately leads to ups(x) o< —a for a small . The mi-
croflows originating from the two ends propagate against
one another and collide at the midpoint (FIG. 3(b)), lead-
ing to light-driven hydrodynamic focusing (LHF).

To experimentally test Eq.(2), we created a moving hot
spot that moves in a 5.0wt% PEG solution by sweep-
ing the laser spot back-and-forth along the line with
2L=160 pm. We measured the spatial profile of local mi-
croflow through particle image velocimetry with tracer
particles of 3.0 um silica beads. As shown in FIG. 3(c),
ups(x) at various velocities u; clearly exhibits a flow ori-
ented toward the midpoint from both edges. The change
of the flow velocity as function of the distance from the
midpoint is consistent with the analytical prediction. Re-
markably, v —T'; in Eq.(2) means that this microflow dis-
appears if the viscoelastic relaxation 7 falls to zero, e.g.,
in glass substrates. Viscoelastic expansion is the key to
drive LHF by sweeping a heat source.

G. Thermal molecular focusing

Key finding of LHF motivated us to investigate
whether the interplay among phoretic transports (ther-
mophoresis and diffusiophoresis) and LHF underlies tun-
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FIG. 4. The interplay between LHF and phoretic transports. (a) Schematic illustration of interplay between light-induced
hydrodynamic focusing and diffusiophoresis. (b) A color-map of flow speed in the z direction, |upy| obtained from numerical
calculation, is simultaneously shown with its streamline (white) in a two-dimensional plane. (c¢) A color-map of the diffusio-
phoretic flow in the y-direction, |vp,| obtained from numerical calculation, is also shown with its streamline (white). Scale

bars: 100 pm.

able molecular focusing of DNA. We define the density
flux of DNA by J = Ju;r5 +Jrp + JIpp+ Jny, where nor-
mal diffusion (first term), thermophoresis (second), dif-
fusiophoresis (third), and LHF (fourth) are considered,
and the net flux J is

J=—-D(Vc+cSrVT) + cupp + cupy, (3)
where c¢ is the concentration of DNA, D and St the dif-
fusion coefficient and the Soret coefficient of DNA re-
spectively (S7=0.38 K~!). Because diffusiophoresis of
DNA in 5.0wt% PEG solution becomes dominant rather
than thermophoresis[23][24], the interplay of LHF wy
and diffusiophoresis wp, decides where DNA is accumu-
lated (FIG. 4(a)). uns = (unf,vns) conveys DNA to a
stagnation point at the center whereas diffusiophoresis
upp = (Upp, Upp) captures DNA along z axis. Accord-
ingly, the DNA is focused at the mid-point.

We next solve Eq. (3) at the steady state (J=O0, the
DNA concentration at infinity is ¢g) to analyze the fo-
cusing of DNA in detail. If the recovery of depleted PEG
along the x axis, which is w?/DP ~15 sec, takes longer
than the period of a moving hot spot 1/f;, the gradient
of PEG can be assumed to be stable. As for f; > 0.1 Hz,
we consider J,cP=0 and J,cP no longer depends on time,
ie. P(z,y) = P(y) = exp[-SEAT(y)]. Diffusio-
phoresis transports DNA perpendicular to the laser path
with up, = 0 and vp, = %/\2(5’} — L)k (y)0,T[23][24]
(FIGs. 4(b) and (c)). Moreover, because vp, in 5.0wt%
PEG with VTI' ~ 0.1 K/pm is much larger than vy, Eq.
(3) is deduced to

Jy = —=D(Vgzc+cSrV,T) + cuny,
Jy =—D(Vyc+cSrVyT) + cupp.

(4)
(5)

By solving Eqgs. (4) and (5) at the steady state, the
concentration of focused DNA is

1 T
c(x,y) = coexp|—STAT + V' AcP + D / upg(x')da' |,
(6)

where Ac? = ¢ — ¢? is the depleted amount of
PEG and V' = 271a)? the effective volume involved

in diffusiophoresis with a depletion layer of thickness
of A (A is comparable to R} ~2.5 nm). FIG. 5
shows the normalized concentration of focused DNA of
¢(0,0)/co. This analytical result agrees well with the
experiment entirely for f;=0.02 to 200 Hz. Moreover,
this model describes the strategy to reinforce the LHF.
The amplification rate of molecular focusing is defined as
A(z) = exp[1/D [*__ ups(2')dz'] and In A(0) ~ % (y—
I';)(AT)? means that molecular focusing is enhanced at
the elastic substrate with large viscoelastic constant 7.
An intriguing observation is the frequency dependence.
FIG. 5 shows that the curve of trapped DNA amount has
a peak at an intermediate frequency of f;=3.2 Hz, and
then decreases at f; > 1/7. A hot spot moving at higher
frequency was also unable to enhance DNA accumula-
tion. It is because PDMS is a thermal insulation material
with low coefficient of heat transfer and enables varying
AT in a frequency dependent manner. Heat conduction
across the wall is evaluated based on thermal diffusion

20 T T
O Tunable trap, Experiment
===Tunable trap, Eq.(6)
1671
o12f
S
o
S 8
4 L
0 . . .
102 10" 10° 10 10?
i Hz]

FIG. 5. Frequency-tunable molecular focusing of DNA.
The black circle represents normalized amount of DNA in
experiment, ¢(0,0)/co, and the black line is the numerical
calculation of Eq. (6).Temperature difference AT was calcu-
lated from Eq.(7) using the following parameters[28][{32][33]:
Co=42x10""2Jpm 3 K™, M\=6.1x10""Wpm K,
and h=5.0 x 107 Wyum—3 K1
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equation in a two-dimensional space[28]:

A(AT)

Co ot

— M V2(AT) = P — hAT, (7)

where C, and A, are the heat capacity and the heat dif-
fusion coefficient of water respectively, P=PFy exp[—((z —
wit)? +y?)/(2b?)] with radius of b=7.5m is thermal en-
ergy from the laser spot, and h is the thermal trans-
fer coefficient that represents heat sink toward PDMS
from the solution[32][33]. AT also has a frequency de-
pendence as AT starts to be reduced at a higher fre-
quency f; > 2wh/C, ~ 19Hz. Thus, the temperature
difference weakened at higher frequency results in the
non-monotonic, resonance-like accumulation of DNA for
sweeping frequency.

CONCLUSIONS

In this letter, we presented frequency-dependent mi-
croflow under a moving heat spot in a PEG solution
that resulted from the coupling of viscoelastic expansion
of fluids, and slow thermophoresis-induced viscosity re-
duction. Because diffusiophoretic trapping of DNA by
the gradient of the PEG polymer overcomes its ther-

6

mophoretic escape, the DNA advected by microflow is
further focused through local hydrodynamic focusing.
The speed of the microflow is controlled in a frequency-
tunable way with no need of adjusting the experimen-
tal parameters, bringing technical advantages compared
with the conventional methods. Further exploration in
nematogenic microfluidics[32][33][34][35] and in a living
cell[36] are promising applications. The conceptual ad-
vance obtained here is also relevant to seemingly dis-
parate phenomena such as light-induced collective cell
migration[37][38]. It would be of interest that such de-
tailed investigation calls for new challenges to bridge the
gap between physics and biology.
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