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Understanding and controlling the motion of self-propelled particles in complex fluids is crucial for
applications in targeted drug delivery, microfluidic transport, and the broader field of active matter. Here,
we investigate the thermophoretic self-propulsion of partially gold-coated polystyrene Janus particles
(Au—PS) in temperature-responsive linear poly(N-isopropyl acrylamide) (PNIPAM) solutions across various
concentrations and temperatures. Particle velocities are examined at three representative temperatures:
room temperature ((21 + 0.2) °C), (28 £ 1) °C (just below the LCST), and (34 + 1) °C (above the LCST).
Viscosity values of the PNIPAM solutions were found to be close to those of pure water, with no
significant shear thinning or other viscoelastic effects observed under relevant experimental conditions.
In pure water, Au—PS Janus particles propel with the PS hemisphere leading, driven by their intrinsic
thermophoretic response. At low polymer concentrations (0.05 wt%), experiments and theoretical calcu-
lations reveal a non-monotonic dependence of particle velocity on temperature, with a maximum near
the LCST. In this regime, the positive Soret coefficient of PNIPAM causes the polymer to accumulate
near the cooler PS hemisphere, generating a diffusiophoretic drift that can dominate the intrinsic
thermophoretic motion and reverse the propulsion direction. Experimentally, the propulsion direction
switches from PS-forward to Au-forward between 0.04 wt% and 0.05 wt%, and within the 0.05 wt%
solution, a secondary reversal back to PS-forward is observed at higher temperatures, consistent with
the weakening of the depletion-induced drift above the LCST. At higher concentrations (0.5 wt% and

Received 9th November 2025, 1 wt%), the increased polymer content leads to stronger adsorption onto the entire particle surface,

Accepted 15th December 2025 which suppresses propulsion by reducing local asymmetry. At 34 °C, thermophoretic propulsion stops,
DOI: 10.1039/d5sm01119a leaving only Brownian motion. Additionally, the diffusion coefficient increases due to temperature raise.
These results highlight the potential of thermo-responsive polymers to control microswimmer dynamics,

rsc.li/soft-matter-journal offering tunable transport properties for applications in active matter and targeted delivery systems.

Introduction

Janus particles, named after the two-faced Roman god Janus,
possess distinct chemical or physical properties on their oppo-
site sides. Over the past two decades, they have attracted
significant attention due to their potential applications in
various fields, including emulsion stabilization,"* biological
research,®™ and targeted cargo transport.®™

A particularly intriguing class of Janus particles are self-
propelling particles, which can move autonomously under
specific environmental conditions. The most widely studied
propulsion mechanisms include self-diffusiophoresis,'*'* self-
electrophoresis,'” and self-thermophoresis.”*™"” Self-diffusiophoretic
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particles, such as platinum-polystyrene'®*" (Pt-PS) Janus parti-
cles, generate movement through local concentration gradients of
solutes, while self-electrophoretic particles, like platinum-gold*?
(Pt-Au) Janus particles, rely on self-induced electrical fields. Both
mechanisms require an external chemical fuel, and propulsion
ceases once the fuel is depleted. In contrast, self-thermophoretic
Janus particles, like gold-coated polystyrene (Au-PS), generate
propulsion by converting absorbed light into a temperature
gradient, allowing precise, on-demand control via illumination
and making them attractive for applications where chemical fuels
are undesirable.

Self-thermophoretic propulsion has been primarily studied
in Newtonian fluids such as water. However, many biological
microswimmers like bacteria and sperm naturally navigate
through viscoelastic polymeric environments, such as mucus
or the extracellular matrix. These complex fluids can drastically
influence propulsion characteristics, depending on both the
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swimmer type and the fluid properties. As such, understanding
swimmer behavior in these environments is crucial for applica-
tions in biological and biomedical contexts. To mimic and
eventually complement the functionality of biological micro-
swimmers, artificial microswimmers have been developed.
Investigating their dynamics in complex, polymeric fluids is
essential for advancing their applicability in real-world envir-
onments such as targeted drug delivery or microscale transport
in biological tissue. A growing body of experimental and
computational studies has explored how polymeric media can
either hinder or enhance swimming speed, efficiency, and
hydrodynamic interactions, revealing the intricate interplay
between swimmer activity and medium structure.'®>°

A number of studies have reported that polymeric environ-
ments tend to suppress microswimmer motion. For example,
Raman et al.>! observed significant motility suppression of self-
diffusiophoretic SiO,-Pt Janus colloids in dilute poly(ethylene
oxide) (PEO) solutions. With increasing PEO concentration,
particle motion shifted from smooth to jittery and eventually
to an arrested state. This suppression was attributed to aniso-
tropic PEO adsorption onto the colloids, which altered the local
viscoelastic properties and generated random stresses that
hindered active motion. Similarly, computational work by
Samanta et al>®> demonstrated that Janus tracers (a larger
sphere partially covered by smaller spheres) experienced
reduced mean squared displacement (MSD) in the presence
of repulsive or sticky polymers, with stronger interactions
leading to more pronounced hindrance. Yadav et al.”* extended
this understanding by simulating self-propelled tracers inter-
acting with long polymer chains. Increased tracer-polymer
stickiness led to frequent binding events and decreased mobi-
lity, though high self-propulsion speeds allowed partial escape
from adhesive effects.

In contrast, other studies have shown that viscoelastic fluids
can enhance microswimmer performance. Early experimental
observations demonstrated that bacteria such as E. coli swam
faster in viscous gel-forming fluids (e.g., polyvinyl pyrrolidone
or methylcellulose solutions) compared to water.”***> This
behavior may arise from microstructural effects such as pore-
size filtering®>® or localized viscosity reduction due to flagellar
rotation.”” Patteson et al.>® found that even small amounts of
polymer (polyethylene glycol, carboxy-methyl cellulose, and
xanthan gum) reduced E. coli tumbling and increased velocity,
leading to enhanced translational diffusion and reduced rota-
tional diffusion. Similarly, Smith et al.®>* showed that sperm
achieved greater displacement per beat in viscoelastic fluids
(based on supplemented Earle’s Balanced Salt Solution without
phenol red, containing energy substrates and various amounts
of methyl cellulose solution). Teran et al.*>® provided theoretical
support for this enhancement, showing that elastic stresses
generated in the fluid could assist propulsion. Further compu-
tational studies confirmed these findings for model swimmers,
including self-propelled dimers®' and swimmers with specific
propulsion gaits.**

Artificial microswimmers can also benefit from viscoelastic
media. Schamel et al*® demonstrated that silica-based
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“nanoscrews” with embedded Ni segments achieved increased
propulsion in viscoelastic hyaluronan gels. This enhancement
is attributed to the microscopic structure of the polymer net-
work, which facilitates propulsion and helps the nanoscrews
overcome thermal noise, unlike in water where thermal fluctua-
tions dominate and prevent directed motion. In another study,
silica particles half coated with 500 nm carbon caps showed
velocity-dependent trajectory changes in a viscoelastic fluid
composed of water, propylene glycol propyl ether, and 0.05%
polyacrylamide. At low propulsion speeds, particles moved
along straight paths, while at higher speeds, frequent turning
occurred due to coupling between swimmer motion and the
fluid’s microstructural relaxation, a phenomenon not present
in Newtonian media.

Together, these studies underscore the complex and often
non-intuitive effects of polymeric environments on microswim-
mer dynamics. While the motion of biological microswimmers
in such fluids has been widely explored experimentally, and
artificial swimmers have been addressed in simulations, only a
limited number of experimental investigations have focused on
tuning the velocity of artificial microswimmers in polymer
solutions. Further work in this direction is essential for design-
ing efficient propulsion strategies in biologically relevant, visco-
elastic environments.

In this study, we aim to investigate how the velocity of
artificial microswimmers can be tuned in polymer solutions.
We expect a mutual interaction between self-thermophoretic
microswimmers and temperature-responsive solutions. As a
temperature-responsive polymer for the solutions, we choose
linear poly(N-isopropyl acrylamide) (PNIPAM), which has a
lower critical solution temperature (LCST) of around 31 °C**-
32 °C*7% in aqueous solution. Below the LCST, PNIPAM adopts
a swollen, hydrated coil structure, stabilized by hydrogen bonding
with water.*®*”4%*! As the temperature rises, these hydrogen
bonds weaken, causing partial dehydration and a collapse into a
globular structure.>**”*" Above the LCST, hydrophobic forces
dominate, leading to polymer aggregation and phase separation
due to entropy-driven dehydration,>®*%*%*3

In this study, we systematically investigate the effects of
temperature and solution concentration on the thermophoretic
velocity and the diffusion coefficient of self-thermophoretic Au-
PS Janus particles. The self-propulsion behavior of the Au-PS
Janus particles is investigated using dark-field micro-
scopy (DFM), while particle morphology and composition are
characterized by scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX). The temperature-
dependent viscosity of the solutions is determined using rheo-
logical measurements. In the discussion, we examine how
polymer concentration and the temperature-dependent
thermodiffusion of PNIPAM shape the balance between intrin-
sic thermophoresis, polymer-induced diffusiophoresis, and
adsorption-driven effects, and how this balance explains the
measured thermophoretic velocities and diffusion coefficients
across the three representative temperatures ((21 £+ 0.2) °C),
just below ((28 £ 1) °C) the lower critical solution temperature
(LCST) of PNIPAM, and above ((34 £ 1) °C) the (LCST). Our
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results show that at low PNIPAM concentrations (0.05 wt%), the
thermophoretic velocity of the Janus particles is significantly
enhanced compared to pure water, reaching a maximum just
below the LCST at 28 °C. In this regime, the positive Soret
coefficient of PNIPAM causes the polymer to migrate toward
the cooler PS hemisphere, generating a diffusiophoretic drift
that can dominate the intrinsic thermophoretic motion respon-
sible for PS-forward propulsion in pure water. This additional
drift can reverse the propulsion direction and yields the
observed transition from PS-forward to Au-forward motion
between 0.04 and 0.05 wt%. At higher temperatures within
the 0.05 wt% solution, the depletion-induced drift weakens
because the Soret coefficient drops above the LCST, resulting in
a secondary reversal back to PS-forward motion. These findings
are in excellent agreement with theoretical calculations
modeling the combined effects of thermophoresis, polymer-
induced diffusiophoresis, and the temperature-dependent
Soret coefficient.

In contrast, higher polymer concentrations (0.5 wt% and
1 wt%) lead to a substantial reduction in propulsion efficiency,
with thermophoretic motion completely suppressed above the
LCST at 34 °C. This behavior is attributed to increased polymer
adsorption and aggregation, which alter the local temperature
gradient and thermo-osmotic flow around the particles. Addi-
tionally, the diffusion coefficient increases with temperature
but slightly decreases with higher polymer concentrations due
to elevated viscosity and polymer-particle interactions. These
findings underline the potential of employing thermo-
responsive polymer solutions to actively tune microswimmer
dynamics through controlled adjustments of temperature and
polymer concentration.

Experimental details
Materials

Polystyrene (PS) particles with a diameter of 2.39 um were
obtained from microparticles GmbH (Berlin, Germany) as
10 w/v% aqueous suspension. Linear poly(N-isopropyl acryla-
mide) (PNIPAM, M, = 47687 g mol ') was purchased from
Merck (Darmstadt, Germany). Microscope slides (LABSOLUTE,
pure white, 76 mm x 26 mm x 1 mm) were acquired from Th.
Geyer GmbH + Co. KG (Renningen, Germany), while micro-
scope cover glasses (18 mm x 18 mm) were purchased from
Paul Marienfeld GmbH + Co. KG (Lauda-Konigshofen, Ger-
many). Silicon paste (Baysilone-Paste) for sealing was obtained
from Carl Roth GmbH + Co. KG (Karlsruhe, Germany). Ethanol
was acquired from Fisher Chemical (Waltham, USA). Deionized
water (resistance 18.2 MQ cm at 25 °C) was provided by a MilliQ
water purification system from Merck (Darmstadt, Germany).

Au-PS particle preparation

Gold-coated polystyrene particles (Au-PS) were produced via
thermal evaporation. The Langmuir-Blodgett technique®**>
was employed to transfer a monolayer of PS particles onto
microscope slides. A 5 nm chromium layer was then deposited

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

on the exposed surface of the particles, followed by a 50 nm Au
layer applied on top of the chromium. The thermal evaporation
was carried out using a CREAMET 300 V2 device. For a more
comprehensive description of the preparation process for the
Janus particles, refer to Braun et al.*

Table S1 in the SI summarizes the parameters used in the
thermal evaporation process. During coating, the thickness of
the metal layer was monitored using a built-in quartz crystal
microbalance. Once prepared, the Janus particles were
detached from the glass substrate by adding MilliQ water.

Characterization techniques

SEM. Scanning electron microscopy (SEM) of the Janus
particles was conducted using a Gemini 500 field emission
scanning electron microscope (FESEM) from Carl Zeiss (Ober-
kochen, Germany). This instrument also enables elemental
analysis through energy-dispersive X-ray spectroscopy (EDX),
allowing the mapping of the Au and the PS regions of the Janus
particles. An SEM image and the corresponding EDX analysis of
an Au-PS particle can be found in the SI in Fig. S1.

Self-propulsion measurements. To prepare the sample cell
for the self-propulsion measurements (see Fig. 1, inset), a 1 pL
droplet of the Au-PS particle dispersion is placed between two
bare glass slides (18 x 18 mm?), which were pre-cleaned in
ethanol using an ultrasonic bath for 30 min. The edges of the
glass slides were sealed with silicon paste to prevent water
evaporation inside the sample cell and to restrict particle
movement to the xy-plane. The distance between the two glass
slides was approximately 15 pum, corresponding to several
particle diameters. The sample cell is mounted onto the
objective, and by coupling a laser into the system, the self-
propulsion behavior of the Janus particles is triggered and can
be observed. Here, local laser heating of the gold cap leads to a
temperature rise of a few kelvin, consistent with previous
reports by Jiang et al.,"* Bickel et al.,*® and Bregulla et al.*®

Self-propulsion measurements are carried out using a home-
built dark-field microscope setup (schematically depicted in
Fig. 1, top). A dark-field condenser (Olympus, NA 1.2-1.4)
enables an enhanced detection of the Au cap. The scattered
light from the particles in the sample cell is collected with an
oil-immersion objective (Olympus 100x, adjustable NA 0.5-
1.35) and recorded using an sCMOS camera (Andor, Zyla 4.2).
A green laser (Pegasus, Pluto, 800 mW) with a wavelength of
532 nm is coupled into the microscope to stimulate the self-
propulsion of the Au-PS particles. A nano-positioning stage
(P-545.2R7) maintains the particle within the illumination area.
A feedback loop adjusts the stage position as needed, while a
LabVIEW program tracks x- and y-positions in real time.
Further details are available in Heidari et al.'*"”

For times much shorter than the rotational diffusion time
7. =1/D, = (8nyR%)/(ksT) ~ 10 s, where y is the viscosity of water,
R is the particle radius, and kg7 is the thermal energy, the
lateral mean squared displacement (MSD) follows:'**%4°

MSD = 4Dpeast + Ven’t?, (1)
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Fig. 1 Dark-field microscopy setup with a magnified view of the sample cell. To produce a wide parallel beam at the sample location, the laser beam
passes sequentially through a beam expander and a lens. The sample cell is positioned on a nano-positioning stage above the objective, and the Janus

particle is imaged using a camera.

where vy, is the thermophoretic velocity of a particle and ¢ is the
lag time. By fitting the experimental MSD curves (see Fig. S2-S6,
SI) with equation 1, we extract the diffusion coefficient Dyeas
(see below and Fig. S7 and S8 in the SI) and the thermophoretic
velocity vy, (see below). Measurements are conducted near a
glass substrate, with an estimated particle-substrate distance
of 200-300 nm®® in water. The error bars indicate the standard
deviation from at least 40-50 measurement values per
data point.

The diffusion coefficients Dy,e,s are compared to the diffu-
sion coefficient in bulk Dy

kT

Dk = —— 2
bulk 67T11R ( )

with (temperature-dependent) fluid viscosity # and particle
radius R.

Self-propulsion measurements with sample heating. The
self-propulsion measurements were conducted at three differ-
ent temperatures. First, at room temperature of (21 £+ 0.2) °C.
Second, at a temperature (28 + 1) °C, slightly below LCST
(around 31 °C**-32 °C**°) of PNIPAM. Finally, at a tempera-
ture (34 £ 1) °C, above the LCST.

750 | Soft Matter, 2026, 22, 747-762

To heat the sample to 28 °C and 34 °C, two heating belts
were used. One heating belt was secured to the microscope
objective, and the other to the condenser using cable ties. This
setup allowed the sample to reach 28 °C at heating level 1 of the
belts and 34 °C at heating level 2. The temperature of the
sample was measured with an infrared thermometer shortly
before and after each self-propulsion measurement to ensure it
was at the desired temperature.

Rheology. The temperature-dependent (dynamic) viscosity of
water and PNIPAM solutions with various concentrations was
measured using an MCR 702 Rheometer from Anton Paar
(Graz, Austria) equipped with a Peltier element for temperature
control. All experiments were conducted with a double-gap
geometry (DG26.7-SS). The temperature was controlled with
an accuracy of +£0.2 °C.

Between the outer cylinder and the rotatable cylinder,
3.8 mL of water or the aqueous PNIPAM solutions were loaded.
For the measurement protocol, a loop was programmed in the
Anton Paar software to record shear stress over a range of shear
rates for each temperature. The measurements were taken
stepwise from 20 °C to 40 °C in 1 °C increments (and then
back down to 20 °C for one solution in the same manner). The

This journal is © The Royal Society of Chemistry 2026
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viscosity at each temperature was determined as the ratio of
shear stress to shear rate. By fitting a constant to the viscosity-
shear rate curves for each temperature, a single viscosity value
was obtained for each temperature (see Fig. S9 and S10, SI). The
acquisition time of each temperature was 15 min before a
measurement started and the timeout between two tempera-
tures was 30 min.

Viscometer. In addition to the measurements of dynamic
viscosity using a rheometer, the kinematic viscosity (see Table
S2) was determined at 20 °C, 28 °C, and 34 °C using an
Ubbelohde viscometer 015T from Lauda Scientific GmbH
(Lauda-Konigshofen, Germany). The underlying measurement
principle is based on the flow of the test liquid through a
narrow capillary tube. A defined volume of liquid flows under
constant pressure through a capillary with a certain length an
radius, and the time ¢ required for this flow is recorded.

The kinematic viscosity v is then calculated by multiplying
the measured flow time ¢ by the capillary constant K, which
depends solely on the design of the viscometer. According to
the Hagen-Poiseuille law, the kinematic viscosity v is directly
proportional to the flow time tgq,>>:

V= Ktaow (3)

The dynamic viscosity 1 can then be derived from the kinematic
viscosity by multiplying it with the fluid density p°*:

n=pwv (4)

The fluid density at the required temperatures was determined
using a DM40 Density Meter from Mettler Toledo GmbH
(Gief3en, Germany).

Zeta sizer measurements. The hydrodynamic radius R;, of
the linear PNIPAM polymer in solution was measured at 21 °C
at a scattering angle of 173° using a Malvern Panalytical
Zetasizer NanoZ (Malvern, UK). For the measurement, a PMMA
cuvette was thoroughly cleaned with ethanol and MilliQ water
before being filled with a 0.05 wt% aqueous PNIPAM solution.
The final value of R;, was determined as the average of six
individual measurements.

The zeta potential of the Janus particles was measured at
21 °C to determine the sign of their surface charge. Since the
particles are too large for precise measurements, the results are
used qualitatively rather than quantitatively, providing insight
into whether the particles are positively or negatively charged.

Additionally, the zeta potential of the Janus particles in
PNIPAM solutions was measured at 20 °C, 40 °C, and again at
20 °C to assess trends indicating PNIPAM adsorption onto the
particle surfaces.

Overlap concentration of PNIPAM solution. To determine
whether our PNIPAM solutions are in the dilute concentration
regime, we estimate the overlap concentration c¢*, which marks
the transition between the dilute and semidilute regimes. The
overlap concentration ¢* can be calculated by using®*:

= Y My (5)
STERhE' Na
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with average molecular weight of the polymer M, hydrody-
namic radius of the polymer Ry, and Avogadro’s number Ny,

From the manufacturer, we only know the number-average
molecular weight M, of the polymer, M;, = 47 687 g mol *. Since
M,, is always smaller than the weight-average molecular weight
M,, using M, instead of M, in eqn (5) results in a lower
estimated overlap concentration ¢* than the actual value. If
our chosen concentration is below this lower estimate, it is
certainly also below the true overlap concentration, confirming
that we are in the dilute concentration regime.

The hydrodynamic radius R}, of the polymer was measured
using a Zetasizer NanoZ and determined to be (15.7 + 1.1) nm
at 21 °C. This results in an estimated lowest overlap concen-
tration of ¢* = 4.9 g L™'. Assuming a density of the polymer
solution of about 1 g cm ™2, the overlap concentration would be
around 0.49 wt%. However, since M, < M,, the actual overlap
concentration should be higher than 0.49 wt%. This means that
for the lowest concentration of 0.05 wt%, we are clearly in the
dilute regime. For the intermediate (0.5 wt%) and highest
(1 wt%) concentrations, we may be in the transition region
toward the semi-dilute regime.

Results

To characterize the self-propulsion behavior of Au-PS Janus
particles, we measure their thermophoretic velocities and dif-
fusion coefficients in PNIPAM solutions of varying concentra-
tions at different temperatures (21 °C, 28 °C, and 34 °C). In
addition, we performed theoretical calculations of Janus parti-
cles in dilute PNIPAM solutions, which take the polymer’s
thermodiffusive response to temperature gradients into
account. To better understand how the fluid properties influ-
ence particle dynamics, the temperature-dependent viscosities
of water and linear PNIPAM solutions are also measured.

Thermophoretic speed

As a reference system, the thermophoretic speed of the particles
is first examined in pure water at 21 °C (filled blue circles),
28 °C (open blue circles), and 34 °C (open red circles), as shown
in Fig. 2(a). The speed increases approximately linearly with
laser power, and no change in speed is observed with rising
temperature. Fig. 2(b)-(d) summarize the thermophoretic velo-
cities measured in the PNIPAM solutions at concentrations of
(b) 0.05 wt%, (c) 0.5 wt%, and (d) 1 wt%. The filled symbols
indicate 21 °C, the open blue symbols 28 °C, and the open red
symbols 34 °C.

In the 0.05 wt% solution (Fig. 2(b)), the speed at 21 °C is
significantly higher than in water across all laser powers.
Increasing the temperature to 28 °C further increases the
speed, whereas heating to 34 °C causes a drastic decrease in
speed, resulting in values even lower than those in water.

For the 0.5 wt% solution, the velocities at 21 °C and 28 °C
are comparable to those in water. However, at 34 °C, the
behavior of the particles changes significantly, and they only

Soft Matter, 2026, 22, 747-762 | 751


https://doi.org/10.1039/d5sm01119a

Published on 23 2025. Downloaded on 09.06.26 16:48:40.

Paper

(@)

5 T T T T T
e water (21 °C)
4 o water (28 °C)
| o water(34°C) 7
‘Tw 3l |
S
3.
EN i |
¢ !
>
1k i i J
Of e . . . . .
0 10 20 30 40 50
P/ mwW

_—
(3)
~—

View Article Online

Soft Matter

(b)

8r water (21 °C) ]
71 0.05 wt% L-P (21 °C) ]
—a&—0.05 wt% L-P (28 °C)
_ B [—2—005w%LP(34°C) ]
‘n
5t ]
€
34+ g
~
£3r g
>
21 ]
1k ]
Ot ]

(d)

T T T T T T
e water (21 °C)
¢ 05wt%L-P(21°C)

—o0— 0.5 wt% L-P (28 °C)

L | ——0.5wt% L-P (34 °C) i

-1
Vi / pm's
O =~ N W b OO N @

- & VN 4

8F e water (21 °C) ]
7L | = 1wt%L-P(21°C) i
—e— 1 Wt% L-P (28 °C)
_ 6| e 1w%L-P(34°0) ]
7
5L J
S
34+ 4
=3f ]
>
21 4
14 J
0t J

hd hd
10 20 30 40 50
P/ mw

oM

0 10 20 30 40 50
P/ mw

Fig. 2 Thermophoretic speed versus laser power for different temperatures in (a) water and in the PNIPAM solutions with various concentrations: (b)
0.05 wt%, (c) 0.5 wt%, and (d) 1 wt%. Filled symbols: 21 °C; open blue symbols: 28 °C; open red symbols: 34 °C.

exhibit Brownian motion, meaning the thermophoretic speed
becomes zero.

In the 1 wt% PNIPAM solution, the velocities at 21 °C are
significantly lower than in water. No speed increase is observed
upon heating to 28 °C, and the values remain below those in
water. At 34 °C, the thermophoretic speed becomes zero, and
the particles only exhibit Brownian motion, similar to the
behavior in the 0.5 wt% solution.

In the 1 wt% PNIPAM solution, the thermophoretic speed
increases approximately linearly with laser power at both 21 °C
and 28 °C. At lower concentrations, slight deviations from
linearity appear, especially at low laser powers (e.g., 10 mW),
where the speed exceeds the expected linear trend. This effect is
most pronounced in the 0.05 wt% solution at 28 °C but is also
noticeable at 21 °C. In the 0.5 wt% solution, the deviation is less
pronounced. Additionally, in the 0.05 wt% solution at 28 °C, the
speed at 50 mW is slightly higher than predicted by a linear
trend, whereas at 34 °C it is slightly lower.

To capture the overall trend of laser impact on the speed, a
linear fit is applied to the data, although slight deviations from
a linear relation between thermophoretic speed and laser
power (see Fig. 2(b)-(d)) are observed. Each speed curve in
Fig. 2 was fitted with a straight line constrained to pass through
the origin (0,0). The resulting slope serves as a measure of the

752 | Soft Matter, 2026, 22, 747-762

laser-induced propulsion efficiency, which is plotted in Fig. 3 as
a function of temperature for the different concentrations.
The propulsion efficiency in the PNIPAM solutions reaches a
maximum at temperatures slightly below the LCST, indicating
that the thermophoretic speed increases most strongly with
laser power in this regime. Both the absolute efficiency and the

—— P
< 015} 0.05 wt%
5 g
FE
w 010 j
£
3. ; i E
o L _
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=
> ] -
<
oo0F
20 22 24 26 28 30 32 34 36
T/°C

Fig. 3 Temperature dependence of laser-driven propulsion efficiency.
Each point represents the slope of a linear fit to the speed versus laser
power data in Fig. 2, constrained to pass through (0,0).
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pronounced nature of this peak diminish with increasing
polymer concentration. At 0.05 wt% PNIPAM, the efficiency
exhibits a distinct peak slightly below the LCST. At 0.5 wt%
PNIPAM, the efficiency remains somewhat higher at 28 °C than
at 21 °C, while at the highest concentration of 1 wt% PNIPAM,
the efficiencies at 28 °C and 21 °C become nearly identical. In
all PNIPAM solutions, the efficiency drops to its lowest values at
34 °C.

In contrast, the propulsion efficiency in water remains
temperature-independent. In the 0.05 wt% PNIPAM solutions,
the efficiency at 21 °C and 28 °C is significantly higher than in
water. In the 0.5 wt% PNIPAM solutions, the efficiency remains
comparable to that of water of these temperatures. At 1 wt%
PNIPAM, however, the efficiency is lower than that in water
across all temperatures investigated. At 34 °C, the propulsion
efficiency in all PNIPAM solutions is drastically reduced com-
pared to water.

When plotted directly against concentration (Fig. 4), the
concentration-dependent trends of the thermophoretic speed
become clearer. At 21 °C (Fig. 4(a)), the velocities in the
0.05 wt% PNIPAM solution are significantly higher than in
water, decreasing steadily with PNIPAM concentration and
falling well below water values in 1 wt% PNIPAM solutions.

At 28 °C (Fig. 4(b)), the velocities in 0.05 wt% PNIPAM
solution increase further, reaching nearly double those in water
at 50 mW. As the PNIPAM concentration increases, the speed
declines, though it remains slightly higher than in water at the
medium concentration of 0.5 wt%. At the highest concentration
of 1 wt%, the speed drops below that of water.

At 34 °C, in Fig. 4(c), increasing the PNIPAM concentration
leads to a sharp decrease in speed, eventually reaching zero at
0.5 wt% and 1 wt%, indicating pure Brownian motion.

In summary, the speed of the Au-PS Janus particles in
PNIPAM solutions is governed by two main parameters. First,
adjusting the polymer concentration allows tuning of the
speed. Adding a small amount of PNIPAM (0.05 wt%) results
in a significant increase in speed, which, under certain condi-
tions (heating to 28 °C at 50 mW), is doubled compared to
the speed in water at 50 mW. Increasing the concentration of
PNIPAM further, however, enables velocities below those
observed in water. Second, temperature modulation influences
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the speed behavior. At 0.05 wt% PNIPAM, heating to 28 °C
(slightly below the LCST) substantially increases the speed,
whereas further heating to 34 °C (slightly above the LCST)
causes a pronounced reduction. This temperature-driven effect
becomes even more dominant at higher concentrations, where
the velocities drop to zero at 34 °C, leaving only Brownian
motion.

3.2 Prediction of velocity reversals in dilute solutions

To explain the observed velocity trends for low concentrations
of PNIPAM, particularly the non-monotonic behavior, we apply
a theoretical model based on the combined effects of thermo-
phoresis and depletion forces. In the dilute 0.05 wt% PNIPAM
solution, the total Janus particle velocity vy, can be modeled as
a linear superposition of the particle’s intrinsic thermophoretic
velocity vy and a PNIPAM-driven depletion contribution wvp.
This mechanism is analogous to that described for colloidal
particles in surfactant solutions.>® The laser-induced heating of
the Au cap creates a temperature gradient in the surrounding
fluid across the Janus particle, causing the PNIPAM polymer to
undergo thermophoresis. This leads to a non-uniform polymer
concentration field around the particle, with PNIPAM accumu-
lation in cold regions owing to the positive Soret coefficient of
PNIPAM.’® Such a polymer gradient causes an entropic force
(depletion force) pushing the swimmer from high-to-low PNI-
PAM concentration, ie., from the cold PS side towards the hot
Au cap (see schematic in Fig. 5(c)). This results in an additional
drift opposing the particle’s intrinsic thermophoretic motion.
The total velocity of the particle is given by the sum of these two
contributions:*”*®

Vi = VT +Vp = —DTVT+]§—;Rg2n(TST— HvT (6)
where, Dr is the intrinsic thermophoretic mobility (in water) of
the particle, kg is the Boltzmann constant, n is the solvent
viscosity, R, is the polymer’s radius of gyration, n is the polymer
number density, T is the absolute temperature, St is the Soret
coefficient of the polymer, and VT is the temperature gradient
across the Janus particle. It is important to emphasize that the
mechanism behind the additional drift relies on depletion
interactions (entropic forces) driving the particle down the
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Fig. 4 Thermophoretic speed as a function of PNIPAM concentration at various laser powers at (a) 21 °C, (b) 28 °C, and (c) 34 °C.
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Fig. 5 (a) Predicted thermophoretic velocity in a 0.05 wt% PNIPAM solution as a function of temperature. The total velocity (v}, green) is the sum of the
thermophoretic velocity (v}, blue) in water without PNIPAM and the additional depletion (diffusiophoretic) contribution (v},, orange) due to PNIPAM. A
positive velocity indicates propulsion with the PS cap forward, while a negative velocity signifies Au cap-forward motion. The three dashed vertical lines
correspond to the experimental temperatures of 21 °C, 28 °C, and 34 °C for the 0.05 wt% solution shown in Fig. 4. (b) Predicted speed vy, = |v{h| as a
function of laser power P for the 0.05 wt% PNIPAM solution at different temperatures. The data for pure water (blue dashed line) is from experiment
(Fig. 2(b)). (c) Schematic representation of the propulsion mechanism across three temperature regimes. At low temperatures and near the LCST, the
strong depletion force caused by non-uniform PNIPAM (depicted in pink) concentration reverses the motion (Au-cap leading). Above the LCST, depletion

effects are reduced, restoring PS-cap leading motion.

concentration gradient, which is distinct from diffusiophoresis
based on diffusioosmotic flows along the particle surface.

The behavior of the depletion term vy, is critically dependent
on the Soret coefficient S of PNIPAM. As reported by Kita
et al.,*® St for PNIPAM in water is positive (indicating polymer
migration to the cold side) and exhibits a strongly non-
monotonic dependence on temperature, peaking sharply
at its coil-to-globule transition temperature (31 °C). We
extracted these temperature-dependent Sy values from Kita
et al.>® to numerically estimate the depletion contribution vp.
The thermophoretic mobility of Au-PS Janus particle is taken
from literature as Dy ~ 2.35 um” s~ K .>° The propulsion
efficiency in pure water at laser power P is estimated by a linear
fit of the particle speed vy, = €P of the experimental data (from
Fig. 2(b)), yielding € =~ 0.069 um s~' mW~!. The magnitude of
the temperature gradient is then estimated from the relation
|VT| = vw/Dr = €P/Dt. For the 50 mW laser power, this
estimates | V7| ~ 1.47 K pm ™.

Fig. 5(a) shows the calculated velocity components
(Vi Vi, V) along the Janus particle’s body-fixed unit vector,
defined as pointing from the hot Au cap to the cold PS cap, as a
function of temperature. Since St is positive (between 0.1-
0.7 K™ in the temperature range 20-38 °C) and the (TSy — 1)
term is large, the depletion contribution v}, is negative (orange
line), indicating a strong drift that opposes v} and is directed
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towards the hot Au cap. The component of the total velocity
Vi, = Vp + v, (green line) is consequently also negative for
temperatures below ~ 34 °C, predicting that the Janus particle
moves with its Au cap forward in such dilute polymer solution.
The speed of the particle at the three dashed vertical lines in
the figure, which mark the experimental temperatures of 21 °C,
28 °C, and 34 °C, qualitatively matches with the non-monotonic
velocity-temperature trend reported for the 0.05 wt% solution
in Fig. 4. This non-monotonic temperature dependence is
further illustrated in Fig. 5(b), which plots the predicted speed
of the particle as a function of laser power near these tempera-
tures. The model shows the particle speed is highest near the
LCST (28.0 °C) and strongly suppressed above it (33.5 °C),
similar to that observed in experiments (Fig. 2(b)). To account
for the temperature-dependent polymer size, we further esti-
mated the velocity contributions using the PNIPAM radii from
literature, which decrease from ~39 nm (21 °C) to ~21 nm
(38 °C) across the phase transition.”® Comparing the depletion
velocity (vp) to the intrinsic thermophoretic velocity (vy), we
find that below the LCST, the depletion term dominates with a
ratio of |vj,|/|V;| ~ 2.6. Above the LCST, the simultaneous
reduction in radii and Soret coefficient causes this ratio to
drop to ~0.27, rendering the depletion force weaker compared
to the intrinsic thermophoresis. It is important to note that the
depletion term vj, in this model is directly proportional to the
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PNIPAM concentration n, which explains the strong velocity
enhancement in 0.05 wt% PNIPAM compared to pure water.
This dilute-regime model does not, however, capture the sup-
pression observed experimentally at higher concentrations (0.5
wt% and 1.0 wt%), where aggregation and polymer adsorption
effects become dominant and inhibit self-propulsion.

3.3 Experimental observations of velocity reversals

Fig. 6 illustrates the change in propulsion direction induced by
the presence of PNIPAM. In pure water at 21 °C, the Janus
particles predominantly move with the PS hemisphere leading.
In contrast, at the same temperature but in a 0.05 wt% PNIPAM
solution, the propulsion reverses and the particle moves with
the Au cap facing forward.

Importantly, as the theoretical calculations predict that Au-
PS Janus particles move with the Au cap facing forward even at
low PNIPAM concentrations of 0.05 wt%, we experimentally
confirm this behavior. The results show that the reversal of
propulsion direction occurs between 0.04 wt% and 0.05 wt%: at
0.04 wt%, the particles still move PS-forward as in pure water,
whereas at 0.05 wt% they move Au-forward, in full agreement
with the theoretical calculations. Moreover, within the 0.05
wt% solution, the propulsion direction itself exhibits a subtle
temperature difference. While the particles move with the Au
can in front at 21 °C, 28 °C, 31 °C, they reverse again at 34 °C
and return to PS-forward motion, in agreement with the theo-
retical calculations.

Diffusion coefficients

Fig. S7 and S8 present the diffusion coefficients in water and
PNIPAM solutions as a function of laser power at 21 °C (filled
symbols), 28 °C (open blue symbols), and 34 °C (open red
symbols). As these figures show, the diffusion coefficient
remains constant across all laser powers for each samples
within the error bars, but increases slightly with temperature.
A constant fit yields a laser power-independent diffusion
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Fig. 6 (a) Direction of propulsion in water at 21 °C with the PS hemisphere
leading, and (b) direction of propulsion in 0.05 wt% PNIPAM at 21 °C with
the Au cap leading.
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Fig. 7 Diffusion coefficients as a function of PNIPAM concentration. The
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triangles 34 °C.

coefficient for each concentration and temperature. The result-
ing Dmeas values are plotted as a function of concentration in
Fig. 7.

For all concentrations, the diffusion coefficient increases
with temperature. The lowest values are observed at 21 °C (blue
squares), followed by higher values at 28 °C (light red circles),
and the highest at 34 °C (dark red triangles). Adding PNIPAM
slightly increases D5 compared to water, but higher polymer
concentrations result in a gradual decrease.

Reversibility

Fig. 8 shows the thermophoretic velocity (a) and the diffusion
coefficients (b) in a 0.5 wt% PNIPAM solution as functions of
laser power. The open blue symbols correspond to the mea-
surements at 28 °C, while the light blue triangles represent
values recorded at the same temperature after the sample had
been heated to 34 °C. After heating to 34 °C, a slight reduction
in the thermophoretic velocity and a pronounced decrease in
the diffusion coefficient are observed. The dotted lines in
Fig. 8(b) indicate the corresponding constant fits.

3.6 Temperature-dependent viscosity

Viscosities of water and the PNIPAM solutions were determined
at discrete temperatures (20 °C, 28 °C, and 34 °C) using an
Ubbelohde viscometer. Additional viscosity data obtained from
rheometer measurements are provided in Fig. S9 in the SI
While the viscosities reported in Fig, S9 were measured with a
rheometer at shear rates between 300-750 1 s, these shear
rates are significantly higher than those experienced by the
surrounding fluid due to the motion of a Janus particle in the
experiment. The effective shear rate induced by a moving
particle can be roughly estimated as y & vu/R, where vy, is
the thermophoretic particle velocity and R the particle radius.
For Janus particles with a diameter of 2.39 pm and velocities
ranging from approximately 1 to 6 um s~ ', the resulting local

shear rates lie between 0.8 and 5 s .
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In contrast, the Ubbelohde viscometer allows estimation of
the apparent shear rate at the capillary walls as Jwan = 8Vauia/
deapillarys °" where vpyiq is the average fluid velocity and
dcapillary = 0.63 mm is the capillary diameter. Using the mea-
sured flow times of 99.2 s for water and 146.4 s for 1 wt%
PNIPAM, and a capillary length of approximately 10 cm, the
resulting shear rates (jyan = 8.7-12.8 s~ ') are very close to
the estimated shear rates induced by a single Janus particle
in the surrounding medium.

The dynamic viscosities obtained from the Ubbelohde mea-
surements are summarized in Table 1. These results confirm
the trends observed with rotational rheometry. At 0.5 wt% and
1 wt% PNIPAM, measurements could not be obtained at 34 °C
because the solutions did not flow through the capillary, likely
due to partial blockage caused by polymer aggregation.

Overall, the viscosities of the PNIPAM solutions are similar
to that of water, as measured either by rotational rheometry or
the Ubbelohde viscometer.

Discussion
Thermophoretic velocity

To understand the propulsion of Au-PS Janus particles in
PNIPAM solutions, it is useful to first recall their behavior in
simple fluids. In water, the particles move with the PS hemi-
sphere forward, driven by self-thermophoresis: laser illumina-
tion heats the Au cap heats up, creating a temperature gradient
across the particle. This gradient induces an asymmetric dis-
tribution of ions within the electric double layer (EDL). The
resulting local interfacial gradient in ion concentration gives
rise to thermo-electro-osmotic flows along the particle surface.
Momentum exchange between these surface flows and the
surrounding fluid propels the particles toward the colder PS
hemisphere. As a result, the thermophoretic velocity increases
linearly with laser power and remains largely independent of
temperature, as observed in the reference measurements
in water.

Direct momentum transfer from photon absorption (“radia-
tion pressure”’) can be excluded as a contributing mechanism
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Table 1 Dynamic viscosities measured with an Ubbelohde viscometer at
selected temperatures

Solution 1 (20 °C)/mPa s 15 (28 °C)/mPa s # (34 °C)/mPa s
MilliQ water 1.0121 + 0.0001 0.82 £ 0.02 0.7542 + 0.0003
0.05 wt% PNIPAM 1.05 £ 0.03 0.84 £ 0.03 0.77 £ 0.01
0.5 wt% PNIPAM 1.240 £ 0.002 1.00 £+ 0.01 —

1 wt% PNIPAM 1.50 &+ 0.01 1.170 £ 0.003 —

to the observed propulsion, since it acts only along the optical
axis, which is perpendicular to the propulsion direction. More-
over, radiation pressure is orders of magnitude too weak to
generate the in-plane propulsion observed here.

The addition of PNIPAM fundamentally alters this balance
by introducing a thermodiffusive solute whose transport prop-
erties vary sharply with temperature. According to Kita et al.,”®
linear PNIPAM exhibits a positive Soret coefficient St in aqu-
eous solutions, meaning that the polymer chains migrate
towards the colder region under a temperature gradient. Simi-
lar thermophoretic behavior has been reported for other
PNIPAM-based systems: Koniger et al®® demonstrated that
thermo-sensitive core-shell particles with a PS core and PNI-
PAM shell possess a positive Soret coefficient, while Wongsu-
warn et al.®® likewise found that thermo-responsive PNIPAM
microgel particles exhibit a positive Sy. At low PNIPAM con-
centrations, particularly around 0.05 wt%, local heating of the
Au hemisphere induces a PNIPAM concentration gradient
around the Janus particle, since the polymer migrates toward
the cooler PS side due to its positive Soret coefficient. The
gradient causes an entropic force (depletion force) pushing the
Janus particle from high-to-low PNIPAM concentration, ie.,
from the cold PS side towards the hot Au cap. This generates
an additional diffusiophoretic drift opposing its intrinsic ther-
mophoretic motion.

The competition between these two effects explains the
observed reversal of propulsion direction. At very low concen-
trations (<0.04 wt%), the thermophoretic contribution dom-
inates, and the particle moves with the PS hemisphere forward,
as in pure water. At slightly higher concentrations (>0.05 wt%),
the polymer-induced diffusiophoretic drift becomes dominant
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in magnitude, leading to motion with the Au cap facing
forward. Importantly, the magnitude of the total velocity
reaches a maximum near the LCST, where the Soret coefficient
of PNIPAM peaks.

The theoretical calculations also explain the non-monotonic
speed of the particle observed in the experiments at such low
concentrations of PNIPAM. The calculated speed peaks at
~9 pm s ! around 31 °C, which is driven by the sharp peak
in the Soret coefficient St at the LCST. Above the LCST,
however, the Soret coefficient decreases, weakening the diffu-
siophoretic drift and lowering the overall particle speed. As a
result, the thermophoretic component again becomes the
stronger contribution, which can lead to a reversal of the
propulsion direction back to PS-forward motion at high tem-
peratures, as predicted for the 0.05 wt% solution.

At higher polymer concentrations (0.5 and 1 wt% PNIPAM)
and elevated temperatures (34 °C), self-propulsion is no longer
observed. The Janus particles exhibit purely Brownian motion
under laser illumination. This suggests that polymer adsorp-
tion onto the particle surface becomes increasingly important.
PNIPAM is known to adsorb on both Au®"®® and PS®>”°
surfaces, and adsorption increases with temperature rises.®**°
This adsorption could significantly weaken or even eliminate
the temperature gradient at the particle surface or shield the
electric double layer (EDL), thereby suppressing the thermo-
electro-osmotic flow. A dense, collapsed PNIPAM layer at high
temperatures and concentrations likely increases hydrody-
namic drag and disrupts interfacial ion distributions, both
effects that inhibit propulsion.

Evidence for polymer adsorption comes from post-heating
measurements (see Fig. 8): the thermophoretic velocity is only
slightly reduced at 28 °C after heating to 34 °C, but the diffusion
coefficient decreases significantly, suggesting an increased
effective particle radius. While higher viscosity could also
contribute to this reduction in diffusion coefficient, the viscos-
ity of the solution actually decreases upon cooling (see
Fig. 8(b)), ruling it out as the primary cause. Zeta potential
measurements of the Janus particles in water and in the
PNIPAM solutions further support this interpretation: increas-
ing PNIPAM concentration at a constant temperature reduces
the absolute zeta potential of Janus particles, indicating stron-
ger polymer adsorption that screens surface charge (see Table
S3 in the SI for details). Upon heating from 20 °C to 40 °C, the
absolute zeta potential further decreases, suggesting enhanced
adsorption with temperature. Notably, after cooling back to
20 °C, the absolute zeta potential remains reduced compared to
initial values, implying irreversible polymer adsorption on the
particle surface.

Overall, the thermophoretic behavior of Janus particles in
PNIPAM solutions emerges from a delicate balance between
thermophoretic and diffusiophoretic, and adsorption-driven
effects. The direction reversal and non-monotonic speed near
the LCST directly reflect the temperature-dependent thermo-
diffusion of PNIPAM, demonstrating how molecular-scale poly-
mer responses can reprogram the active behavior of colloidal
microswimmers.

This journal is © The Royal Society of Chemistry 2026
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Diffusion coefficient

An increased diffusion coefficient with increasing temperature
can be explained by several factors. First, as the temperature
increases, the viscosity of the solution decreases and according
to Fig. S9, (21 °C) > (28 °C) > n(34 °C) for all solutions.
According to the Stokes-Einstein equation (eqn (2)), the diffu-
sion coefficient of a spherical particle is inversely proportional
to the viscosity. Additionally, higher temperatures provide more
thermal energy, leading to an enhanced Brownian motion of
the particle. For the PNIPAM solutions, the polymer molecules
collapse above the LCST, which could lead to a reduced hydro-
dynamic hindrance of the particle.

The fact that Dpeas is considerably smaller than Dy is
consistent with findings reported in the literature."**"”*"> The
decrease in diffusion coefficient with increasing polymer
concentration can be explained by several competing effects.
First, at the lowest polymer concentration (0.05 wt%), the
PNIPAM solution is in the dilute regime. This means that the
individual polymer coils are well-separated, and their influence
on the particle’s motion is minimal. However, as the concen-
tration increases towards 0.5 and 1 wt%, the solutions possibly
enter the semi-dilute regime, where the polymer chains start to
overlap. This could create a transient network that increases
the viscoelastic resistance to the particle motion. The viscosity
of the solution also increases with increasing polymer concen-
tration, which generally slows down particle diffusion.

Temperature dependent viscosity

The viscosity of liquids, such as water, decreases with increas-
ing temperature due to weakened intermolecular cohesive
forces, which reduce internal resistance to flow.”*”® Before
examining the viscosity behavior of PNIPAM, it is essential to
understand its temperature-responsive nature. Poly(N-isopropyl
acrylamide) (PNIPAM) is a temperature-responsive polymer
with a lower critical solution temperature (LCST) of around
31 °C**-32 °C*** in aqueous solution. Below the LCST, PNI-
PAM exists as a hydrated, expanded coil stabilized by hydrogen
bonding with water.>®*”*>*!" As the temperature increases,
hydrogen bonds between PNIPAM and water weaken. This
leads to partial dehydration and hydrophobic collapse into a
globular structure, driven by intramolecular hydrogen
bonding.>*?7*!' Above the LCST, hydrophobic interactions
dominate, causing polymer aggregation and phase separation
due to entropy-driven dehydration.*®***>%3 This reversible
transition has been confirmed experimentally***”*° and
theoretically.*®**>** The temperature-dependent viscosity of
the PNIPAM solutions exhibits a peak near the LCST, consistent
with observations by Tam et al.,”®® Badiger et al.,** and Kele-
men et al.®* This behavior was divided into three regions, as
described in Tam et al”®®" In region I, viscosity decreases
with rising temperature as Brownian motion disrupts
hydrogen-bonded ‘water cages”, leading to chain collapse
and a reduction in hydrodynamic volume. This trend reverses
near the LCST. In region II, just before the LCST, viscosity rises
as PNIPAM chains associate via hydrophobic interactions,
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forming a transient network. This effect strengthens with
increasing polymer concentration, enhancing the viscosity
peak. Beyond the LCST (region III), PNIPAM undergoes phase
separation, forming colloidal aggregates. This causes a sharp
viscosity drop, stabilizing at a steady value, largely independent
of polymer concentration.

In this study, the overlap concentration ¢* was estimated to
be above 0.49 wt%, placing the lowest concentration (0.05 wt%)
in the dilute regime. In contrast, the medium (0.5 wt%) and
highest (1 wt%) concentrations may be in the transition to the
semi-dilute regime. Interestingly, a viscosity peak is observed
even at 0.05 wt%, although Badiger et al.®' reported that this
peak vanishes below the overlap concentration. Notably,
despite the significantly lower molecular weight of the polymer
used in this chapter compared to that in their work, the
polymer chains here still exhibit transient association near
the LCST. This viscosity peak is also observed in other systems,
such as PNIPAM microgel solutions®*"®> and interpenetrating
polymer network nanoparticles.®®

Near-newtonian behavior and its implications

It is worth noting that although elastic components of viscoe-
lastic media can strongly affect active particle propulsion, as
shown by Bechinger and coworkers,®”"*® the system investigated
here behaves fundamentally differently. While their studies
employed a binary mixture with a lower critical solution tem-
perature (LCST) and added polymer, where heating induced
phase separation and complex viscoelastic properties,®”*® the
PNIPAM solutions in this study are dilute, aqueous, and
undergo a well-defined coil-to-globule transition. As a result,
a direct comparison between the two systems is not straightfor-
ward. A key distinction lies in the viscosity regime: Gomez-
Solano et al.®” reported effective viscosities as high as 150 mPa s
based on diffusional measurements. Following the same
approach, viscosity values were calculated from the measured
diffusion coefficients Dpeqs (€-g:, See Fig. 7) using the Stokes-
Einstein equation (eqn (2)). These calculations yielded viscos-
ities for the PNIPAM solutions that are remarkably close to
those of pure water, ranging from 2.29 mPa s at 21 °C (for
0.5 wt% PNIPAM, lowest Dy,eas) to 1.16 mPa s at 28 °C (for
0.05 wt% PNIPAM, highest Dyeas).

These diffusion-based estimates are in excellent agreement
with the results obtained from two additional and independent
methods. First, rotational rheometer measurements (per-
formed at higher shear rates between approximately 300-
750 1 s7), also yielded viscosity values within the same narrow
range of about 0.7 to 1.6 mPa s. Second, measurements using
an Ubbelohde viscometer confirmed similarly low viscosities.
The strong agreement across all three approaches indicates
that the PNIPAM solutions show negligible shear thinning
under the conditions studied and behave essentially as New-
tonian fluids. This observation can be attributed to the low
polymer concentrations and the short chain lengths of the
PNIPAM used in this thesis. These findings are further sup-
ported by earlier studies on PNIPAM solutions of similar
concentrations. For example, Tam et al.®® and Pamies et al.®

758 | Soft Matter, 2026, 22, 747-762

View Article Online

Soft Matter

found flat viscosity curves even at low shear rates, with the
strongest shear thinning occurring only near the LCST. This
general trend aligns well with flat viscosity profiles observed
here and supports the assumption that the shear rates relevant
to Janus particle motion do not significantly affect the local
viscosity. These shear rates can be estimated as y ~ v,/R, where
vy is the thermophoretic particle velocity and R the particle
radius. For Janus particles with a diameter of 2.39 um and
velocities ranging from approximately 1 to 6 pm s ', the
resulting local shear rates lie between 0.8 and 5 s~ .

This main difference in viscosity places our system firmly in
a regime much closer to Newtonian behavior, where elastic
contributions are expected to be minimal. In agreement with
this, no changes in rotational diffusion were observed that
would suggest elastic effects. This is in contrast to the findings
of Bechinger and coworkers, where active motion was strongly
affected by the elastic component, resulting in faster reorienta-
tion at higher velocities and persistent rotational motion.®”"*3
Finally, although the viscosity of water decreases from 0.99 mPa s at
21 °C to 0.75 mPa s at 34 °C, no corresponding change in the
thermophoretic velocity of the Janus particles was observed, sug-
gesting that propulsion is not primarily governed by such modest
viscosity variations.

Despite the close match between the viscosity of these
polymer solutions and that of pure water, a significant increase
in thermophoretic velocity was observed with increasing tem-
perature (at 28 °C) at low polymer concentrations (0.05 wt%).
The reasons for this enhancement will be discussed in the next
section.

Conclusion

This study demonstrates that the thermophoretic velocity of
Au-PS Janus particles can be effectively tuned by adding the
temperature-responsive polymer PNIPAM into the surrounding
fluid. Both temperature and polymer concentration critically
influence particle propulsion through a combination of ther-
mophoretic, diffusiophoretic, and adsorption-driven effects.
In pure water, Au-PS Janus particles propel with the PS side
forward because their intrinsic thermophoretic motion drives
them toward the cooler hemisphere. At low PNIPAM concen-
tration (0.05 wt%), both experiments and theoretical calcula-
tions show a non-monotonic temperature dependence of the
propulsion speed. As the temperature increases from 21 °C to
28 °C, the speed rises and reaches a maximum just below the
LCST. In this regime, PNIPAM has a positive Soret coefficient,
causing the polymer to accumulate near the cooler PS hemi-
sphere. The resulting polymer concentration gradient generates
an additional diffusiophoretic drift that dominates over the
intrinsic thermophoretic velocity, enhancing the particle speed
and even reversing its propulsion direction. Above the LCST,
the Soret coefficient drops, the depletion-induced drift weak-
ens, and the thermophoretic contribution becomes dominant
again, consistent with the experimentally observed direction
reversal and lower speed at higher temperatures in 0.05 wt%
PNIPAM solutions. Despite the good agreement between
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experiments and theoretical predictions, we stress that the self-
thermophoretic motion of our Janus particles in PNIPAM
gradients will generally depend on many different factors®®°
(particularly at higher PNIPAM concentration) that we shall
explore in more detail in future works.

Despite the presence of PNIPAM, diffusion-based calcula-
tions, rotational rheometry, and Ubbelohde viscometry all
confirm that the PNIPAM solutions exhibit viscosities very close
to that of pure water and show no significant shear thinning.
This near Newtonian behavior ensures that elastic contribu-
tions to particle motion remain minimal, as supported by the
absence of rotational diffusion anomalies. These findings con-
firm that the observed changes in propulsion are not governed
by viscosity, but rather by polymer structure and interfacial
effects.

At higher PNIPAM concentrations (>0.5 wt%), stronger
polymer adsorption on the particle surface dampens tempera-
ture gradients and suppresses thermophoretic motion. Above
the LCST, only Brownian motion is observed. Importantly,
some adsorption effects appear irreversible and persist even
after cooling. This is evidenced by reduced zeta potentials
and lowered diffusion coefficients, suggesting a permanent
increase in effective particle size due to adsorbed polymer.
Meanwhile, the diffusion coefficient increases with tempera-
ture but decreases slightly with polymer concentration, consis-
tent with increased solution viscosity and polymer adsorption
increasing the effective particle size.

Overall, these findings highlight that the self-propulsion of
Au-PS Janus particles in temperature-sensitive PNIPAM solu-
tions is governed by a delicate interplay between thermophor-
esis, polymer-induced diffusiophoresis, and adsorption effects.
By fine-tuning these parameters, it is possible to either
enhance, suppress, or even reverse particle propulsion, which
could be relevant for applications in microscale transport, drug
delivery, and active matter systems. Future studies could
further explore the role of particle surface interactions and
temperature gradients to optimize control over active particle
dynamics in complex fluids.
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