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Hypothesis: Particle transport by a temperature gradient is prospective in many biomedical applications.
However, the prevalence of boundary confinement in practical use introduces synergistic effects of ther-
mophoresis and thermo-osmosis, causing controversial phenomena and great difficulty in understanding
the mechanisms.
Experiments: We developed a microfluidic chip with a uniform temperature gradient and switchable sub-
strate hydrophilicity to measure the migrations of various particles (d = 200 nm � 2 lm), through which
the effects of particle thermophoresis and thermo-osmotic flow from the substrate surface were decou-
pled. The contribution of substrate hydrophilicity on thermo-osmosis was examined. Thermophoresis
was measured to clarify its dependence on particle size and hydrophilicity.
Findings: This paper reports the first experimental evidence of a large enthalpy-dependent thermo-
osmotic mobility v � DH on a hydrophobic polymer surface, which is 1–2 orders of magnitude larger
than that on hydrophilic surfaces. The normalized Soret coefficient for polystyrene particles, ST/
d = 18.0 K-1lm�1, is confirmed to be constant, which helps clarify the controversy of the size dependence.
Besides, the Soret coefficient of hydrophobic proteins is approximately-four times larger than that of
hydrophilic extracellular vesicles. These findings suggest that the intrinsic slip on the hydrophobic sur-
face could enhance both surface thermo-osmosis and particle thermophoresis.
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1. Introduction

The temperature gradient can work as a generalized force
driving molecules or particles in the solution to move along the
gradient. This thermal transport phenomenon, known as ther-
mophoresis, has been investigated and considered to be an impor-
tant mechanism in many applications, such as DNA trapping [1,2],
micro/nanomotors [3,4], binding affinity/kinetics measurement
[5,6], thermophoresis therapy [7,8], and particle manipulation
[9–14]. In particular, the thermophoretic sensor based on the
lab-on-a-chip technique provides a noninvasive and effective
method for the rapid identification of viral pathogens [15] and
early cancer diagnosis [16,17], and emerging techniques like
opto-thermophoretic manipulation and photothermal nanorobots
can achieve particle transport and multi-functions by the temper-
ature gradient originating from the optical heating [9–13,18–20].
The applications based on the thermal manipulation of particles
have attracted considerable attention.

The origin of the thermophoresis is closely related to interfacial
hydrodynamics [21–25]. Unlike the macroscopic flow driven by
body force or pressure gradient, the particle thermophoresis on
the micro- and nanoscales is caused by the temperature gradient
near the particle–fluid interface. In the past two decades, many
experiments on thermophoresis in various solutions manifested
rich physics and reported controversial and surprising phenomena
due to the complexity [25–38]. In electrolyte solutions the excess
hydrostatic pressure and electrostatic thermopotential in the elec-
tric double layer dominate the ion transport and the corresponding
interfacial flow [39,40], while in complex fluids containing poly-
mer or other macromolecules, the entropic effect, such as deple-
tion effects could be more significant [35]. On the other hand,
owing to the difficulty of quantifying the microscopic mechanisms
and the coupling of the above multi-field effects, it is a great chal-
lenge to clarify the existing controversy of thermophoresis experi-
ments. The controversial results of some fundamental issues have
puzzled researcher for many years, such as the debate of ther-
mophilic or thermophobic behavior of specific nanoparticles
[33,38,41], the scattered results of the Soret coefficient that charac-
terizing the thermophoretic mobility and its dependence of physi-
cal factors.

On top of the mechanism debates, the growing demand and
progress of new techniques based on thermophoresis of various
nano/microparticles have attracted widespread attention because
of the advantage that the temperature gradient effect becomes effi-
cient on the microscale [6–12,15–17]. One ongoing development of
thermophoresis-based biomedical detection is integrating the
thermophoretic manipulation and sensing functions into a
microfluidic chip [11,15,17]. Microfluidic manipulation usually
works in a confined space. Similar to the mechanisms occurring
on the particle interface mentioned above, interfacial flow occurs
on the confinement wall along the temperature gradient, which
is called thermo-osmosis [22]. Inevitably, we would ask: How does
this interfacial flow on the wall influence the particle migration
near the wall, or how can the contribution of thermo-osmosis
and particle thermophoresis be distinguished? This issue is funda-
mentally important because in applications like lab-on-a-chip
techniques, particle transport or manipulation prevalently occurs
in a confined space. In particular, in the emerging technique of
opto-thermophoretic manipulation and temperature-mapping
nano-thermometry where interfacial flow plays a key role
[13,42], the performance could be affected severely by the syner-
gistic effects of particle thermophoresis and hydrodynamic flow
arising from the thermo-osmosis of a nearby surface. In contrast,
the contribution of both effects and the mechanism of tuning the
interfacial thermo-osmosis remain unclear.
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Thermo-osmosis has been described through hydrodynamics
descriptions with a proper apparent slip boundary condition [22].
Until recently, Bregulla et al. reported the first microscale observa-
tion of fluid flows caused by thermo-osmosis along the solid-liquid
boundary [43]. They showed that the thermodynamic properties of
the surface are crucial for determining the thermo-osmotic mobil-
ity. New progress further suggested that the intrinsic fluid slip on
the interface could play a role in influencing the particle migration
nearby [43,44]. These results called for more careful experiments
to characterize the thermo-osmotic effect at various interfaces
and reconsider the coupling of thermo-osmosis and particle ther-
mophoresis. Yet so far, effects of surface hydrophilicity and its con-
tribution to the thermophoretic motion of various particles remain
mysterious.

Therefore, we design a microfluidic chip with a controlled tem-
perature gradient and switchable substrate hydrophilicity to inves-
tigate the thermal migration of various nano/micro particles. We
decipher the effects of interfacial thermo-osmosis and particle
thermophoresis, and unveil the surprisingly large thermo-
osmotic velocity on the hydrophobic polymer surface that is
almost two orders of magnitude larger than the reported
thermo-osmotic velocity on the hydrophilic glass surface. Our
result shows a constant normalized Soret coefficient, which could
help resolve the controversy of the thermophoresis mechanisms
in a confined space and determine the size dependence of the Soret
coefficient. The average temperature in the middle part of our
microfluidic chip is always 36.1 �C, which is very close to human
body temperature, suggesting the potential implementation of
the chip for manipulating bio-particles. As a demonstration, we
measure the thermophoresis of protein granules and extracellular
vesicles (EVs), and find a large difference in their thermophoretic
mobilities, implying the possibility of using thermophoresis to sep-
arate various bio-particles.
2. Materials and methods

2.1. Microfluidic chip fabrication

The microfluidic chip was made of stainless steel and contained
three channels (Fig. 1a), similar to a previous study [45–47] with
some modifications. Theoretical analysis (Supplementary material
S1) was conducted to explain the working mechanism and opti-
mize the design of a microfluidic chip as well. A constant temper-
ature gradient was established in the central microchannel a
(width = 200 lm, depth = 50 lm, and length = 28 mm) by the cir-
culation of hot (80 ℃) and cold (0 ℃, ice-water mixture) water in
the two side channels b1 and b2 (width = 2 mm, depth = 2 mm,
length = 28 mm), respectively. The flows in two side channels were
in opposite directions so that the temperature gradient along the
transverse direction (defined as the x-axis) of the microchannel
was more uniform. The temperature gradient is controlled by
adjusting the flow rates of cold and hot water in both side chan-
nels. To reduce heat leakage, a deep slit c is cut below the central
channel. d1 � d4 are the entrances used to connect pipes for cold
and hot water. d5 and d6 are entrances of the central microchannel.
The microfluidic chip was sealed with an optical adhesive film
(MicroAmpTM), which is convenient for fabrication and surface
modification. The original film was hydrophobic as the measured
contact angle was approximately 110� (Supplementary material
S2, Fig. S5a). After treatment with plasma cleaner (Harrick Plasma,
PDC-32G) for �150 s, the film surface was modified to be hydro-
philic, and the contact angle was approximately 40� (Supplemen-
tary material S2, Fig. S5b).



Fig. 1. (a) Schematic diagram of the microfluidic chip. The top panels show the bottom (left) and top (right) views of the microfluidic chip. (b) Schematic diagram of the
experimental setup. (c-d) Temperature profiles along the transverse direction in the central microchannel when Q = 5 mL/min. (c) Experimental results. Top panel: the
normalized fluorescence intensity of the temperature sensitive fluorescence Rhodamine B, bottom panel: the corresponding temperature profile. Axes x and y denote the
transverse and streamwise directions of the central microchannel. (d) Simulation results. Top panel: the temperature field in the microchannel cross-section (z-axis is the
height direction). Bottom panel: the temperature distributions at various heights of the microchannel.
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2.2. Experimental setup

The experimental setup is illustrated in the Fig. 1b. A dual-
channel syringe pump (Longer Pump LSP02-1B) was used to con-
trol the flow rate (5 – 15 mL/min) of hot (80 ℃) and cold (0 ℃,
ice-water mixture) water simultaneously. The syringe pump
worked in a withdrawal mode and pumped water from both water
sources whose temperatures were monitored by thermometers.
The maximum temperature gradient was up to rT = 6.04 � 104

K/m (corresponding to a 12.1 K temperature difference across the
microchannel) by the flow rates of Q = 15 mL/min for both hot
and cold water. An inverted fluorescence microscope (Olympus,
IX 71) with a 20�/0.7 objective was used for the experimental
observations. An EMCCD (Andor iXon, Ultra897) was used to cap-
ture experimental images at a frame rate of 2 fps. All the experi-
ments were performed at room temperature 22.0 ℃ ± 1.0 ℃. The
substrate wall position z = 0 lm was determined by the particles
that adhere to the bottom substrate [48,49]. By using a piezo trans-
ducer mounted under the microscopic objective, we could accu-
rately adjust the focus plane and determine its z position with a
displacement precision of 0.1 lm.

2.3. Particle sample preparation

Various particles with a wide range of diameters and different
surface properties were prepared. Fluorescent polystyrene (PS)
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particles (d = 0.2, 0.5, 0.71, 1.0 and 2.0 lm, Thermo-Fisher Scien-
tific) and silica particles (d = 0.5 lm, sicastar�-greenF) were used
in the experiments, which have pendent carboxylic acids on their
surface. Before experiments, all particle suspensions were diluted
to 0.01 – 0.1 wt% with DI water (Milli-Q, 18.2 MX�cm). All parti-
cles used in this work are fluorescent, including commercial fluo-
rescent polystyrene particles, and other particles (silica, proteins
and extracellular vesicles) labeled with fluorescence in our lab.

The PGL-3 granules were assembled by liquid–liquid phase sep-
aration (LLPS). The PGL-3::mCherry proteins were dissolved in a
buffer solution (pH 7.5) containing 20 mM HEPES and 500 mM
NaCl. In a T-type microfluidic chip, phase separation occurred
when this mixture was diluted with a low-salt buffer (20 mM
HEPES and 100 mM NaCl, pH 7.5), and the PGL-3::mCherry pro-
teins formed condensed granules. The granules with a diameter
of approximately 1.5 – 2.0 lm were collected for the thermal
migration experiment.

The mesenchymal stem cell EVs were prepared by different
ultracentrifugation at 4℃. The cell culture supernatant contain-
ing EVs was first centrifuged at 800g for 5 min, then by addi-
tional centrifugation at 2000g for 20 min. Further purification
was performed by membrane filtration (0.8 lm; Millipore) in a
type Ti70 rotor using an XPN-1000 ultracentrifuge (Beckman
Coulter, Brea, CA, USA), centrifuged at 150,000 g for 90 min.
For better visualization, the EVs were labeled with green fluores-
cent lipid dye PKH-67.
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2.4. Particle tracking

The particle tracking method measured the migration of parti-
cles driven by the temperature gradient based on the observation
by an inverted fluorescence microscope (Olympus IX71). An
EMCCD (Andor iXon, Ultra897) was used to record the images.
Image analysis was performed using ImageJ software and its plugin
Particle Tracker, through which the positions and displacements of
particles in the image series were obtained. The particles mainly
moved in the horizontal direction following the temperature direc-
tion, however, they could also move in vertical z direction due to
Brownian motion. To make sure the measured velocity represented
the typical motion in a fixed z position, we excluded the particles
that moved far from the focus plane at the same z position by
choosing a proper threshold greyscale value. Therefore, only the
particles that stayed close to the focus plane for sufficiently long
time were tracked and taken into calculation. To reduce the influ-
ence of Brownian motion as much as possible, the sampled amount
of particle number in each experiment exceeded 100, and for each
particle the observation time reached 100 – 200 s, corresponding
to 200 – 400 frames. In addition, the circulating flow in the
cross-section of the microchannel can also introduce particles’
motion in z direction. To avoid this influence, we only tracked
the particles in the middle region (50 lm � x � 150 lm, as shown
by the red rectangular in Fig. 3e) of the microchannel.
2.5. Temperature field characterization

The temperature profile in the central microchannel was mea-
sured using a temperature-sensitive fluorescence Rhodamine B
(0.1 mM, #83689, Sigma–Aldrich) [50]. When the flow rates of
hot and cold water in the two side channels were set to
Q = 5 mL/min, the normalized fluorescence intensity I(T) was
recorded by the EMCCD (top panel of Fig. 1c). The measured tem-
perature profile along the � direction is shown in the bottom panel
of Fig. 1c, based on a predetermined polynomial equation (Supple-
mentary material S3). The measured temperature difference was
approximately 8.1 K, corresponding to a temperature gradient
rT = 4.05 � 104 K/m, which is in excellent agreement with the
simulation result (Fig. 1d, Supplementary material S1). The top
panel of Fig. 1d is the temperature field in the microchannel
cross-section obtained by simulation, and the bottom panel shows
the temperature variations along the x-axis at various heights of
the microchannel. The temperature profiles in different heights
of the microchannel are very uniform and approximately the same.
Thus, the thermophoresis of the particle is expected to be the same
and independent of the z position. Compared with previous ther-
mophoretic measurements using heating focus from laser
[28,29,35], the setup builds a stable temperature field for clarifying
the thermophoretic mechanism.
3. Results and discussion

3.1. Peculiar coexistence of thermophilic and thermophobic migration
of particles

We systematically investigated the migration of various nano
and microparticles with different sizes and compositions in the
microfluidic chip under a controlled temperature gradient. First,
we observed intriguing thermophilic behavior independent of par-
ticle composition, which could assist in particle separation under
the same temperature gradient. When the observation occurred
near the hydrophobic substrate at z = 1 lm, we found that the PS
particles (Fig. 2a and 2b, d = 2 lm) moved from the cold side to
the hot side. After applying the temperature gradient of rT = 4.0
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5 � 104 K/m for 5 mins, the PS particles accumulated on the hot
side near the microchannel sidewall, suggesting a potential
microfluidic enrichment method for particles. We used PS particles
with diameter ranging from 0.2 to 2.0 lm and obtained the same
migration direction. The enrichment could be accelerated by
applying higher temperature gradient if the flow rates of the cold
and hot water were increased in both side channels. The experi-
ments were then performed using silica particles, in which similar
thermophilic migration was noted with a slightly larger speed to
the hot side.

However, the above thermophilic behavior of PS particles was
opposite to many existing results [29,30,41], which reported ther-
mophobic migration of PS particles. The inconsistency was exam-
ined by measuring the particle migration velocity by levitating
the observation plane, i.e., the focus plane of the objective of the
microscope, to different z positions. Surprisingly, we find reversed
direction of particle migration in the middle and upper region of
the microchannel. Fig. 2c and 2d show the moving trajectories of
710 nm PS particles at vertical positions z = 1 lm and 25 lm,
respectively. The PS particles became thermophobic in the middle
of the microchannel at z = 25 lm, manifesting an average speed
toward the cold side of approximately 0.7 lm/s, in contrast to their
average thermophilic speed of approximately 0.7 lm/s to the hot
side at the plane of z = 1 lm. Similar phenomena were observed
while using 1 lm PS particles, as shown in Fig. 2e and 2f. Compared
with the enrichment of 2 lm particles shown in Fig. 2b, the enrich-
ment is less effective when the particle sedimentation effect
becomes weak for smaller sizes. FromMovie S1 & S2, one can easily
observe the existence of a circulation transport that lifts the smaller
PS particles upwards from their accumulation near the hot side
(z = 1 lm) and transport the particles downwards near the cold side
(z = 25 lm). Such counter-clockwise circulation transports in the
microchannel cross-section were prevalent in our experiments
regardless of whether PS or silica particles were used. The thermal
convection caused by density difference can be neglected in this
work, because of the shallow geometry (h = 50 lm) of the
microchannel. In the COMSOL simulation, we found that the typical
convective velocity is about 10-2 lm/s, which is much smaller than
the thermophoretic velocity of particles and the thermo-osmotic
velocity in our experiments. These findings suggest that ther-
mophoresis should not be the only mechanism controlling the par-
ticle migration. Given that under the temperature gradient there
should be an interfacial thermo-osmotic flow generated simultane-
ously on the substrate, this paper proposes that the hydrodynamic
creep flow originating from this interfacial thermo-osmosis causes
the circulation transport of particles.

The argument of the interfacial thermo-osmosis was verified by
varying the hydrophilicity of the substrate. After plasma treatment
of the film surface, the substrate became hydrophilic, and the
experiment was commenced immediately. The experimental result
showed a much slower thermophilic migration near the hydrophi-
lic surface, as shown by the trajectories in Fig. 3a and 3b. The mea-
sured migration speed of 710 nm and 1 lm PS particles near
hydrophilic substrate are also provided in Fig. 3c (open symbols
with dash curves). The comparison in Fig. 3c clearly shows that
the average migration speed (�0.25 lm/s) near the hydrophilic
substrate was reduced to approximately 30 % of the average speed
(�0.7 lm/s) near the hydrophobic substrate. This result evidences
the hydrophilicity-suppressed thermophilic migration of particles
near the substrate, which should be attributed to the lower inter-
facial thermo-osmosis on the hydrophilic surface.

This phenomenon is reminiscent of a recent study showing that
interfacial thermo-osmosis can be significantly weakened by
changing surface properties [43]. Our observation is qualitatively
in agreement with their results, verifying the important contribu-
tion of the thermo-osmotic flow originating from the substrate,



Fig. 2. (a-b) Enrichment of 2 lm PS particles by their thermophilic migrations near the hydrophobic substrate. (a) Before applying the temperature gradient, the PS particles
were distributed in the microchannel uniformly and randomly. (b) After applying a temperature gradientrT = 4.05� 104 K/m for 5 min, the PS particles were accumulated on
the hot side. (c-f) Peculiar coexistence of thermophilic and thermophobic migration under the same temperature gradient in the same microchannel. (c-d) The experimental
results of 710 nm PS particles at (c) z = 1 lm near the hydrophobic substrate, and at (d) z = 25 lm in the middle of the channel (Movie S1 & 2). (e-f) The experimental results of
1 lm PS particles at (e) z = 1 lm near the hydrophobic substrate, and at (f) z = 25 lm in the middle of the channel. The first column is the snapshots before applying the
temperature gradient at t = 0 s. The second column is the snapshots after applying the temperature gradient for t = 60 s. Colorful circles are used to mark those tracked
particles. The tracking trajectories for 60 s are shown in the third column. In both cases, the particle migrations near the hydrophobic substrate are thermophilic, toward the
hot side on the right [(c, e)]; the particle migrations in the middle of the channel are thermophobic, toward the cold side on the left [(d, f)], and the arrows indicate the
migration direction of particles. The fluctuation of the trajectory is due to Brownian motion of the particle.
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particularly a hydrophobic substrate. Moreover, changing the sub-
strate surface to hydrophilic reduces the particle speed near the
substrate and weakens their transport in the middle of the
microchannel. The experimental results indicate that the underly-
ing mechanisms of particle migration u(z) in the microchannel are
twofold. In addition to the thermophoresis uT of the particles, the
hydrodynamic flow v(z) because of the interfacial thermo-
osmosis vs should also be considered (Fig. 3d).
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3.2. Decouple the effects of particle thermophoresis and interfacial
thermo-osmosis

The effects of particle thermophoresis and interfacial thermo-
osmosis were decoupled to explain the above experimental find-
ings. We use Fig. 3d to schematically explain that the particle
migration velocity u(z) is composed of the contribution from the
hydrodynamic creep flow v(z) caused by the interfacial thermo-



Fig. 3. (a-b) Comparison of 710 nm PS particle migration near (a) a hydrophilic substrate surface and (b) a hydrophobic one (Movie S1 & 3). The duration is 60 s. The arrows
indicate the migration direction of particles. (c) The measured migration velocity u(z) of different PS particles at different heights of the microchannel. The symbols are
experimental data, and the lines are the fitting curve of Eq. (6). The temperature gradient is rT = 4.05 � 104 K/m. The error bars represent the standard deviations of the
measured data. (d) Top panel: a schematic diagram is provided to show that the particle migration velocity u(z) is composed of the contribution from the hydrodynamic creep
flow v(z) caused by the interfacial thermo-osmosis and the particle thermophoresis uT. The coexistence of thermophilic and thermophobic behaviors can be understood based
on competition between the effects of interfacial thermo-osmosis and the particle thermophoresis. Bottom panel: the apparent thermo-osmotic velocity vshydrophobic close to a
hydrophobic polymer surface. Compared to the thermo-osmotic velocity vshydrophilic near a hydrophilic polymer surface, vshydrophobic is enhanced by the contribution of v*s caused
by intrinsic fluid slip on a hydrophobic polymer surface. (e) Hydrodynamic creep flow field in the cross-section of the central microchannel caused by a thermo-osmotic
velocity vs = 1.24 lm/s on the bottom interface is obtained by simulation. Note that vs = 1.24 lm/s is the fitted value based on the experimental data using 710 nm particles
near the hydrophobic surface. The red rectangular indicates the region where particle velocity was measured (50 lm � x � 150 lm). (f) The decoupled results show
consistent particle thermophoresis uT, and different parabolic velocity profiles v(z) dominated by surface hydrophilicity. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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osmosis and the particle thermophoresis uT, which is expressed as
follow:

u zð Þ ¼ uT þ vðzÞ ð1Þ
The thermophoretic velocity is only related to the ther-

mophoretic mobility DT under a constant temperature gradient
rT:

uT ¼ �DTrT ð2Þ
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For PS particles, they should move from the hot side to the
cold side at the experimental temperature [29,30,41], defined
as positive thermophoresis (thermophobic) with DT > 0 and
uT < 0. A uniform temperature gradient rT along the
microchannel height means uT is constant and independent of
z. Therefore, characterizing the coexistence of the apparently
thermophilic and thermophobic migrations relies on determin-
ing the hydrodynamic flow field v(z) caused by interfacial
thermo-osmosis.
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To clarify the contribution of the thermo-osmosis, we briefly
review its origin and advance. The thermo-osmotic flow driven
by a temperature gradient along an interface was first analyzed
by Derjaguin et al. [22]. They related the thermo-osmosis to the
excess enthalpy h, resulting in the apparent slip velocity vs on
the interface:

v s ¼ �1
g

Z 1

0

dzhðzÞrT
T

¼ vrT
T

ð3Þ

where g is viscosity and v is the thermo-osmosis coefficient.
According to Eq. (3), the direction of the apparent slip flow depends
on the enthalpy h(z) of the interfacial layer. The thermo-osmotic
flow moves to a lower temperature when h(z) > 0, and moves to a
higher temperature when h(z) < 0. The value and sign of enthalpy
h depend on the physicochemical properties of the surface.

Generally, the electrostatic force in the electric double layer
results in a negative enthalpy and drives the fluids to the hot side
(v > 0) [21,43]. Within the Debye–Hückel approximation, we have
[43]:

v s ¼ vrT
T

¼ ef2

8g
rT
T

ð4Þ

where e is permittivity and f is surface potential. Eq. (4) was applied
to the upper metallic surface where electrostatic force in the double
layer is dominant, and obtain vs � 10-2 lm/s and v � 10-10 m2/s by
substituting f � -30 mV and rT = 4.05 � 104 K/m. This thermo-
osmotic velocity is much smaller than the particle velocity mea-
sured near the upper wall and can be disregarded.

Thermo-osmosis on water-polymer interface has drawn
increasing attention lately. Bregulla et al. [43] proposed a model
to quantify the enthalpy h of the water-polymer interface, and
deduced the slip velocity of the thermo-osmosis on such an
interface:

v s ¼ �DH
g

k
4prlp

rT
T

ð5Þ

where k is the interaction length, lp and r are the length and radius
of the rod-shaped polymer chains, respectively, and DH is the
enthalpy of mixing. A negativeDH leads to a positive v and the flow
moves toward the hot side. In Bregulla’s experiment with a rela-
tively hydrophilic polymer (Pluronic F-127) surface, v � 10-9 m2/s
as DH � 10-20 J. In the case of rT = 4.05 � 104 K/m, the thermo-
osmotic velocity on their hydrophilic polymer-water interface is
0.2 lm/s based on Eq. (5), which could not be negligible compared
to the measured migration speed near the substrate shown in
Fig. 3c. Nonetheless, a larger interfacial thermo-osmotic velocity is
expected on the hydrophobic polymer surface.

Therefore, in the present rectangular cross-section of the
microchannel with a uniform horizontal temperature gradient,
only the contribution of the interfacial thermo-osmotic flow on
the bottom substrate needs to be considered because the
thermo-osmosis on the upper charged metallic surface is much
weaker. We use COMSOL (Supplementary material S1) to solve
the hydrodynamic creep flow field v(z) in the cross-section of
the microchannel (Fig. 3e). As the particle is not involved in the
simulation, the simulation velocity field represents the hydrody-
namic creep flow caused by the interfacial thermo-osmosis by
setting vs as slip boundary condition. The velocity profile of this
creep flow in the central region of the microchannel is deter-
mined by a parabolic equation v(z) = vsg(z), where g
(z) = 0.0012z2- 0.08z + 1 is a geometry parameter determined
by the confinement height of the microchannel and obtained by
the simulations.

Hence, by substituting v(z) = vsg(z) into Eq. (1), the equation of
the particle migration speed in these experiments becomes:
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u zð Þ ¼ uT þ v sð0:0012z2 � 0:08zþ 1Þ ð6Þ
The two unknown parameters in Eq. (6), i.e., the thermophoretic

velocity uT and the thermo-osmotic velocity vs were determined by
fitting the experimental data. During fitting, the wall effect correct-
ness would be introduced when the particles are close to the wall
(Supplementary material S4) [51].

The curves in Fig. 3c are the fits of Eq. (6) for various particles on
both hydrophobic and hydrophilic surfaces. The good agreement
between the experimental data and the fitting model confirms
the reliability of the decoupling method. The hydrodynamic creep
flow velocity v(z) caused by thermo-osmosis on two types of sub-
strates and the thermophoretic velocity uT are plotted separately in
Fig. 3f. When the substrate is hydrophobic, the fitted values of vshy-
drophobic for particles with d = 0.2, 0.5, 0.71 and 1.0 lm are 1.45, 1.41,
1.24, and 1.06 lm/s, respectively; the corresponding values for uT

are�0.44, �0.45, �0.42, and�0.39 lm/s, respectively. For a hydro-
philic polymer substrate, the fitted values of vshydrophilic for particles
with d = 0.71 and 1.0 lm are 0.69 and 0.64 lm/s, respectively; and
the corresponding values for uT are �0.39 and �0.37 lm/s, respec-
tively. Although the fitted thermo-osmotic velocity vshydrophobic on
the hydrophobic surface was approximately-two times larger than
that on the hydrophilic surface, the fitted thermophoretic veloci-
ties uT of various particles were very similar.

It is also of interest to estimate how the confinement height of
the microchannel influences the flow field v(z) caused by the inter-
facial thermo-osmosis. The thermo-osmosis generates an interfa-
cial flow from cold to hot on the bottom and a reversed flow far
from the wall according to mass conservation. Thus, for a channel
with large height, it is easy to know that the reversed flow in the
major part of the channel becomes weak. For instance, we estimate
that for a microchannel with height about 500 lm the average flow
speed in the middle of the channel could reduce to smaller than
0.05 lm/s, which is 1/10 of the particle thermophoretic speed. In
this case, the thermo-osmotic flow becomes negligible far from
the confinement wall [25,43]. On the contrary, for strong confine-
ment effect with small channel height, the flow speed caused by
thermo-osmosis could be much larger than the real particle ther-
mophoretic speed [11]. However, note that the thermal convection
effect could become significant when the height of the channel is in
the order of a few hundred micrometers [1,24].
3.3. Larger thermo-osmosis enhanced by the intrinsic fluid slip

Fig. 4a shows the thermophoretic velocities uT (d = 1 lm, red
squares) and thermo-osmotic velocity vshydrophobic (green circles)
under different temperature gradients after decoupling. We can
see that both the uT and vshydrophobic vary linearly with the temper-
ature gradient rT, which is in agreement with the existing results
[22,39,43], as shown in Eq. (2), (3), and (5) as well. As the average
temperature in the middle part of the microchannel T = 36.1 �C is
constant in all experiments, the thermo-osmotic coefficient v of
the hydrophobic polymer substrate is 8.1 � 10-9 m2/s, which is
approximately-three times larger than the thermophoretic effect
TDT � 3 � 10-9 m2/s. As a result, PS particle migration near the
hydrophobic substrate was dominated by thermo-osmosis rather
than thermophoresis, and exhibited unexpected thermophilic
behavior.

It is noteworthy that the thermo-osmotic coefficient v = 8.1 �
10-9 m2/s of the hydrophobic polymer substrate is 1 – 2 orders of
magnitude larger than the reported value of hydrophilic surface
(v = 1.8 � 10-10 m2/s for glass surfaces, and v = 13 � 10-10 m2/s
for Pluronic F-127 covered surfaces) [43]. According to the above
decoupled result of vshydrophilic, the thermo-osmotic coefficient v of
our hydrophilic polymer substrate by the plasma treatment was
v = 4.9 � 10-9 m2/s. The measured thermo-osmotic coefficients v



Fig. 4. (a) Thermo-osmotic velocities vshydrophobic on the hydrophobic substrate and the thermophoretic velocities uT of 1 lm particles under various rT. Gray lines represent
the linear fitting with Eq. (2) and (3), respectively. (b) Size dependence. Top panel: the thermophoretic mobility DT is approximately constant and independent of particle
diameter d. The orange dashed line is the average value of DT = 11.2 lm2/(s�K). Bottom panel: the Soret coefficient ST increases linearly with d, where the gray line is the linear
fitting of the data. The inset shows ST/d as a function of d, where the dashed line is the average value of ST/d = 18 K�1 lm�1. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Top panel: thermophoretic mobility DT. Bottom panel: normalized Soret
coefficient ST/d of various particles.
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on hydrophilic polymer surfaces from this experiment and the
experiment of Ref. 41 were one order of magnitude larger than v
on a hydrophilic glass surface. This result indicates the strong con-
tribution of the enthalpy of water-polymer surface on thermo-
osmosis based on Eq. (5). The extra enhancement of the thermo-
osmosis on the hydrophobic polymer surface in our experiment
is 65 % larger than that on the hydrophilic polymer surface, which
is also much larger than the thermo-osmosis on the hydrophilic
polymer surface (Pluronic F-127) [43]. This extra enhancement
suggests an additional effect that has not been reported yet, as
these water-polymer surface should have similar enthalpy.

We attribute this extra effect to the intrinsic fluid slip v*s on top
of the hydrophobic polymer, as shown in the bottom panel of
Fig. 3d. Compared to the hydrophilic polymer surface, the apparent
thermo-osmotic velocity on a hydrophobic polymer surface, i.e., vs-
hydrophobic, is enhanced by the intrinsic fluid slip v*s in the interfacial
layer. Thus, we establish the relation vshydrophobic = v*s + vshydrophilic to
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describe the contribution of the intrinsic slip. Theoretically, the
intrinsic slip v*s is related to the slip length b and the shear rate
c, i.e., v*s = bc [52]. The slip length on a hydrophobic polymer sur-
face is estimated to be approximately 10 nm, according to the cur-
rent results [53,54]. Typical shear rate in these experiments is
approximately c � vs/k = 10 – 100 s�1, where vs � 1 lm based
on our measured result and k � 10–100 nm based on the typical
thickness of the EDL layer. Thus, one finds that the intrinsic fluid
slip v*s is � 0.5 lm/s, which is in excellent agreement with the dif-
ference between the measured values of vshydrophilic (�0.69 lm/s)
and vshydrophobic (�1.24 lm/s). Furthermore, as the intrinsic slip is
rate dependent, one expects a higher value of v*s if a larger temper-
ature gradient is applied. Indeed, as shown in Fig. 4a, the vshydrophobic

increases from 1.06 to 1.62 lm/s when the temperature gradient is
enlarged 50 %, which supports the argument of the intrinsic slip on
the hydrophobic polymer surface.

Such a large range of thermo-osmotic coefficient adjusting by
surface hydrophilicity might provide a thermo-osmosis-mediated
method for enhancing interfacial flow used in opto-
thermophoretic manipulation [9–11]. Recently, Fu et al. unveiled
that the thermo-osmosis of a hydrophobic surface is greatly ampli-
fied by the intrinsic slip. They proposed that the thermo-osmotic
coefficient v of the hydrophobic surface could reach 10-8 to 10-6

m2/s [55]. Although the hydrophobic substrate in our experiment
has a relatively small contact angle (h = 110�), the measured
thermo-osmotic coefficient v = 8.1 � 10-9 m2/s has reached the
lower value (10-8 m2/s) of the theoretical prediction. It is hypothe-
sized that even larger v could be obtained using superhydrophobic
surface [56], through which the interfacial thermo-osmosis could
be significantly promoted. We notice recent progress of low-cost
methods to fabricate superhydrophobic surfaces [57–59], which
could help achieve high thermo-osmosis in future applications.
Considering that the molecular mechanism of the thermo-
osmosis on various interfaces is remarkably attractive lately
[55,60–62], our results could help better understand of the mech-
anism by providing the first experimental evidence for such a large
thermo-osmotic coefficient v of the hydrophobic surface.

3.4. Size dependence of the Soret Coefficient

The dependence of thermophoresis on the particle size has been
a controversial issue. Duhr and Braun [29] reported that the ther-
mophoretic mobility DT increased linearly with the particle size d
(20 nm� d� 2000 nm), and the Soret coefficient ST (defined as ST =-
DT/D, where D is the diffusion coefficient) changed linearly with d2
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for PS particles. While Braibanti [41] found that particles with a
diameter 20 nm� d� 500 nm show a constant DT and a linear rela-
tionship with ST � d. Based on the decoupled results, the ther-
mophoretic mobility DT of different particles under rT = 4.
05 � 104 K/m are plotted in Fig. 4b, showing an average value of
DT = 11.2 lm2/(s�K). We find that the measured data of DT appear
to be constant and independent on d, suggesting that the Soret
coefficient ST increases linearly with d. Our result of the linear rela-
tion ST � d supports the recent experimental results reported in
[35–37,39,41], thus might help resolve the controversy of the size
dependence of the thermophoresis and the Soret coefficient. Fur-
thermore, our finding differs from the result of Zhou et al., who
used a similar experimental system and reported a linear depen-
dence and a sign change of DT [38]. We stress that the existence
of the hydrodynamic creep flow caused by interfacial thermo-
osmosis could introduce dramatic error to the measured ther-
mophoretic velocity of particles, as space confinement is prevalent
in these experiments. For instance, our results show that the
thermo-osmotic effect of the wall could exceed the thermophoresis
of the particle. Moreover, this study reveals the circulation flow
that might be relevant to the thermophoretic direction contro-
versy. Without decoupling, it is impossible to quantify the motions
of thermophoresis and thermo-osmosis and to clarify their
mechanisms.

To compare the measured ST with other results, we plot the val-
ues of ST/d and confirm that ST/d = 18.0 K�1 lm�1 is approximately
constant. This result is two to four times larger than many reported
valuites (approximately ST/d � 4.2 – 7.8 K-1lm�1) [36,41] at a sim-
ilar average temperature (Supplementary material S5). We suspect
that the reported results underestimated ST if the background flow
due to thermo-osmotic flow was not entirely removed. Besides, in
Ref. [39], a nonionic surfactant Triton X100 was used to stabilize
the particles, forming a monolayer on the particle surface. Tsuji
et al. reported that the added surfactant would reduce the ther-
mophoresis of the PS particles [63]. It is remarkable that our results
are in agreement with the data of Helden et al. [37], who obtained
ST/d = 22.2 K-1lm�1 (Supplementary material S5).
3.5. Large difference of thermophoretic mobilities among various
particles

The distinct thermophoretic responses of different particles
could be used to selectively separate the particles of interest from
other samples, which has been shown as a promising technique
lately [15,17,18]. The technique relies on a large difference in the
thermophoretic mobilities among the particles that need to be sep-
arated. This method can be used to separate bio-particles, such as
proteins and EVs, because the microfluidic chip works at T = 36.1
�C, which is very close to the human body temperature. By

decoupling the effects of particle thermophoresis and interfacial
thermo-osmosis, our method can accurately determine the pure
Table 1
Thermophoresis of different particles.

rT ¼ 4:05� 104 K=mand T = 36.1 �C d (lm) uT (lm/s)

Polystyrene 0.2 � 2 �0.45
Silica 0.5 0.11
Protein a 1.5 �0.34

2 �0.28
Extracellular vesicle b 0.5 �0.07

0.8 �0.08

a PGL-3 granules, the RGG-domain proteins, a kind of germ granules in Caenorhabdit
b Mesenchymal stem cell (MSC) extracellular vesicles. The size of prepared EVs is non-u

of particles d � 0.5 lm was measured owing to the optical limitations.
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thermophoretic mobility of the bio-particles and the Soret coeffi-
cient. Thus, the thermophoretic motion of PGL-3 protein granules
and EVs were measured. Fig. 5 and Table 1 show the measured
results, where protein PGL-3 granules and EV have a positive Soret
coefficient, the same as PS particles. The P granules of Caenorhab-
ditis elegans are a genetic model for studying RNA/protein conden-
sates. The PGL-3 is a core defining component of P granules, which
plays a vital role in cell biology and RNA metabolism [64,65]. The
thermophoretic mobility DT and the normalized Soret coefficient
ST/d of PGL-3 were measured to be 7.8 lm2/(s�K) and 12.5 K�1

lm�1, respectively. Iacopini et al. [26] reported that a protein
called lysozyme has ST/d � 10 K�1 lm�1 at T = 36 ℃, close to our
result. Braun et al. [5,6] obtained the binding constants of proteins
based on their relatively large thermophoresis. The EVs have a
much smaller thermophoretic mobility DT = 1.8 lm/(s�K), corre-
sponding to ST/d = 2.9 K�1 lm�1. Thus, the normalized Soret coef-
ficient of the hydrophobic PGL-3 particles is approximately-four
times larger than that of hydrophilic EVs. Talbot et al. [66] exam-
ined the thermophoretic behavior of vesicles and attributed the
small mobility to the surface chemistry of lipid head groups. How-
ever, in contrast to the unilamellar lipid vesicles they used, the EVs
used in this experiment were extracted from the mesenchymal
stem cells (MSC) and had more complex surface properties [67].
Silica particles manifest an opposite thermophoretic motion com-
pared to other particles, and the ST is negative. Ning et al. [31,34]
and Weinert et al. [25] also found a negative thermophoresis for
silica particles. The absolute values of the DT and ST/d are also
much smaller than those of PS particles or protein granules.

Interestingly, the large difference between the EV and protein
might also be due to the larger slip caused by the hydrophobic sur-
face of the protein. Similar to the hydrophobic substrate, where the
interfacial flow is enhanced by the intrinsic slip [55], the solvent
molecules in the interfacial layer of the hydrophobic protein sur-
face move rapidly to the hot side under the temperature gradient,
resulting in a large positive thermophoretic mobility compared to
the hydrophilic EV. This implies that bio-particles with different
hydrophilicity might manifest large differences in thermophoretic
mobilities. Such a large difference in thermophoretic mobilities
highlights the possibility of using thermophoresis to separate
bio-particles based on the microfluidic method. There are still
many issues needed to be understood on how the surface proper-
ties and molecular compositions influence the thermophoretic
motion of particles, though some recent studies have shown
attractive mechanism and phenomena [66]. It is also interesting
to paid attention to the effect of surface heterogeneity on the ther-
mophoresis of bio-particles. Such effect is related to complicated
interfacial mechanisms, yet has not been well understood. Future
study on particle thermophoresis could focus on the impact of par-
ticle surface heterogeneity. To obtain heterogeneous particles, pos-
sible strategies include modifying functional groups on particle
surface [68] and synthesize anisotropic particles directly [69].
DT (lm2/s�K) ST (K�1) ST=d(K-1lm�1)

11.2 3.5 – 40.6 18.0
�2.7 �2.2 �4.4
8.6 20.7 13.8
6.9 22.2 11.1
1.7 1.3 2.7
1.9 2.5 3.1

is elegans.
niform, and the size distribution varies from 0.1 to 0.8 lm. Only the thermophoresis
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4. Conclusions

This study established a uniform and stable temperature gradi-
ent in a microfluidic channel to study the migration of various
nano/microparticles under this temperature gradient. By decou-
pling the contributions of the particle thermophoresis and the
interfacial thermo-osmosis of the substrate, we explained the
coexistence of thermophilic and thermophobic migrations of parti-
cles and quantify the size dependence of the Soret coefficient ST.
Existing results of the normalized Soret coefficient manifested con-
troversial size dependence [28,41] and scattered data (ST/d � 4 –
22 K-1lm�1, Supplementary material S5) [35–37,41]. This paper
reported a constant ST/d = 18.0 K�1 lm�1 for PS particles with sizes
ranging from 200 nm to 2 lm. This Soret coefficient is larger than
many previous data [35,36,41,63]. Therefore, it is speculated that
some previous studies might underestimate the values as the influ-
ence of thermo-osmotic flow was neglected. Indeed, our experi-
ment provided the first experimental evidence of the large
thermo-osmosis on a hydrophobic polymer substrate. The
thermo-osmotic coefficient on the hydrophobic polymer surface,
which is v = 8.1 � 10-9 m2/s, is 1 – 2 orders of magnitude larger
than previously reported values on a hydrophilic glass surface
(v = 1.8 � 10-10 m2/s) [22,43], and much larger than that on a
hydrophilic polymer surface (v = 1.3 � 10-9 m2/s from Ref. 41,
v = 4.9 � 10-9 m2/s from our data). Recent result from Bregulla
et al. [43] has indicated the vital contribution of the enthalpy of
hydrophilic water-polymer surface on thermo-osmosis. On the
basis of their work, this result suggests the effect of the intrinsic
slip on the hydrophobic polymer surface, which could further
enlarge the interfacial thermo-osmosis by 65 %. Such hydrophilic-
ity mediated mechanism can help understand the different ther-
mophoretic mobilities among various bio-particles because the
particle thermophoresis originates from the interfacial hydrody-
namics as well. We found that the normalized Soret coefficient of
the hydrophobic PGL-3 particles is approximately-four times larger
than that of hydrophilic EVs. These results shed light on using the
synergistic effects of thermophoresis and thermo-osmosis to
detect and separate bio-particles and enhancing thermal migration
by the slip on the hydrophobic surface. Our work thus provides
new strategies for opto-thermophoretic manipulation [9–13] and
photothermal nanorobots [18–20].
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