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Light-activated self-thermophoretic Janus nanopropellers

This study, led by Pr. Eric Grelet and colleagues, reveals

how gold-silica (Au-SiO,) Janus nanoparticles exhibit fuel-
free, reversible self-thermophoretic motion under optical
excitation. By carefully disentangling active dynamics from
hot Brownian motion, this work provides direct experimental
evidence of light-driven propulsion at the nanoscale,
establishing a minimal photothermal system to explore
fundamental non-equilibrium behaviors and active matter in
3D environments.
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Achieving controlled and directed motion of artificial nanoscale systems in three-dimensional fluid environ-
ments remains a key-challenge in active matter, primarily due to the prevailing thermal fluctuations that rapidly
randomize the particle trajectories. While significant progress has been made with micrometer-sized particles,
imparting sufficient mechanical energy, or self-propulsion, to nanometer-sized particles to overcome
Brownian diffusion and enable controlled transport remains a major issue for emerging applications in
nanoscience and nanomedicine. Here, we address this challenge by demonstrating the fuel-free, reversible,
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and tunable active behavior of gold-silica (Au—SiO,) Janus nanoparticles (radius R ~ 33 nm) induced by optical
excitation. Using single particle tracking, we provide direct experimental evidence of self-thermophoresis,
clearly distinguishing active motion from thermal noise. These light-driven Janus nanoparticles constitute a
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Introduction

Active Brownian matter, which converts external energy into
autonomous motion at micro- and nanometric dimensions,
provides unique opportunities to investigate nonequilibrium
dynamics and develop functional devices at small scales.
Natural examples such as motile bacteria and cytoskeletal fila-
ments powered by motor proteins, illustrate how energy trans-
duction can generate complex directed behavior.'™ Inspired
by these biological systems, recent advances in nanotechno-
logy have enabled the development of synthetic micro- and
nanopropellers that harness chemical fuels, light, or electro-
magnetic fields to propel themselves through fluids.® While
the controlled propulsion of micrometer-sized particles is now
well established,'® achieving reliable and tunable motion at
the nanoscale remains a major challenge. At these dimen-
sions, Brownian motion rapidly randomizes trajectories, hin-
dering sustained directional transport in three-dimensional
environments.'" To design and characterize effective nanoscale
propellers, it is therefore crucial to understand how random
thermal fluctuations compete with and limit directed motion
at these small scales."> Micro- and nanoparticles undergo
passive Brownian motion described by their translational
diffusion coefficient, Dy = kgT/6myR, and rotational diffusion
coefficient, Dy = ksT/8nnR>, where R is the particle radius, kg
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minimal yet robust photothermal system for investigating active matter and its manipulation at the nanoscale.

the Boltzmann constant, T the absolute temperature, and 7 the
solvent viscosity. As particle size decreases to the nanoscale,
random thermal diffusion becomes stronger, counteracting
any directed motion, while the propulsion efficiency typically
decreases, as it is usually related to the particle surface area.
To compare the effects of directed propulsion, with velocity v,
to stochastic Brownian motion, the dimensionless Péclet

v
VDr - Dr’
When Pe ~ 1, active and passive contributions are comparable,
making the clear demonstration and control of nanoscale pro-
pulsion particularly demanding. To address this challenge,
various nanopropeller designs and actuation strategies have
been proposed, tailored to specific applications such as tar-
geted drug delivery, precision nanosurgery, biopsy, and related
fields of nanomedicine."*** Among these approaches, light-
driven propulsion is particularly promising, as it enables fuel-
free, reversible, and tunable control
behavior.>*”** Building on this concept, we demonstrate self-
thermophoretic propulsion of gold-silica (Au-SiO,) Janus
nanoparticles under optical excitation. Our Janus particles,
with a radius of R ~ 33 nm, consist of spherical gold cores par-
tially coated with an asymmetric silica shell. Using single-par-
ticle tracking via optical microscopy, we provide direct experi-
mental evidence that these visible-light-activated nanopropel-
lers generate sufficient mechanical energy to overcome
Brownian diffusion, with active and passive contributions to
their dynamics being comparable (Pe ~ 1). To isolate these
contributions, we analyze the motion of Janus nanoparticles
relative to that of bare gold nanoparticles under identical con-

number (Pe) is commonly used,"? defined as Pe o

of nanoswimmer
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ditions, enabling direct characterization and quantification of
the tunable active self-propulsion, distinct from the passive
component arising from hot Brownian motion. Our study
establishes a minimal yet robust system for investigating and
manipulating active matter at the nanoscale.

Materials and methods
Synthesis and characterization of Au-SiO, Janus nanoparticles

Gold-silica Janus nanoparticles are synthesized via selective
silica (SiO,) nucleation on one hemisphere of gold nano-
spheres.®® The Janus morphology is confirmed by trans-
mission electron microscopy (TEM), as shown in Fig. 1.
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Fig.1 Transmission electron microscopy (TEM) image of Au-SiO,
Janus nanoparticles. The inset displays a high-magnification view of an
individual Janus nanoparticle, revealing the distinct contrast between
the silica shell (light gray) and the Au nanobead (black).
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Specifically, the gold nanoparticles are synthesized using the
multi-step protocol described by Bastus et al.>> This results in
gold nanobeads with an average diameter of dy, = 40.3 =
5.2 nm, as determined from the size distribution shown in
Fig. 2(a). The selective growth of a silica shell on one hemi-
sphere of the Au nanoparticles is performed following the pro-
cedure published by Chen et al.*® and by Castro et al.,* using
an alcohol/water solution as the reaction medium. Surface
functionalization is achieved by grafting two competing
ligands: polyacrylic acid (PAA) and 4-mercaptophenylacetic
acid (MPAA). Due to their chemical incompatibility, these sur-
factants undergo phase separation, forming distinct patches of
homogeneous composition on the nanoparticle surface. The
subsequent addition of tetraethyl orthosilicate (TEOS) induces
the selective nucleation of porous silica on the MPAA functio-
nalized regions, resulting in the formation of Au-SiO, hetero-
dimers. The silica shell has an average thickness of about
25 nm (Fig. 1), producing Janus nanoparticles with a major
axis of djanys = 66.4 £ 7.2 nm (Fig. 2(b)), as determined by
TEM. For TEM analysis, nanoparticles (~10° particles per mL),
are deposited onto O, plasma-treated carbon-coated grids.
Imaging is performed using a Hitachi H-600 electron micro-
scope operating at 75 kV, equipped with an AMT CCD camera
for image acquisition.

The visible light absorption spectra of both Janus and Au
nanoparticle suspensions are recorded using a Nanodrop One
spectrophotometer (Thermo Scientific) (Fig. 3), enabling concen-
tration determination. The Janus nanoparticle suspension exhi-
bits a red shift in the plasmon resonance peak from ~530 nm to
~540 nm. This shift is attributed not only to the growth of the
silica shell, but also to changes in the local environment due to
ligand exchange, notably the presence of thiol groups bound to
the nanoparticle surface.’” It is worth mentioning that nano-
particle suspensions exhibit excellent colloidal stability, with no
observable aggregation over several months. Before thermopher-
esis experiments, suspensions are dialysed against a propionate
buffer (pH 5.5, ionic strength I = 0.5 mM).
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Fig. 2 Nanoparticle size distribution determined by transmission electron microscopy (TEM). (a) Bare gold nanobeads (N = 116) and (b) Janus nano-
particles (N = 90). The gold nanobeads are nearly spherical, characterized by a diameter da,, while d;,,,s refers to the major axis of the Janus nano-
particles (see inset). Solid lines represent Gaussian fits to the measured size distributions; error bars on the particle diameter correspond to the stan-

dard deviation of these fits: da, = 40.3 + 5.2 nm and dj;ys = 66.4 + 7.2 nm.
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Fig. 3 Visible absorption spectra of Janus nanoparticles (blue line) and
bare gold nanobeads (orange line). For comparison purposes, the
optical density of each spectrum has been normalized to its respective
maximum absorption value to account for the difference in sample con-
centration. The corresponding maximum optical densities are ODax au
= 3.56 and ODax 3anus = 2.99.

Optical setup

The sample is visualized using a Dark-Field (DF) microscopy
setup equipped with an Olympus UPlanFLN 100x oil immer-
sion objective with an adjustable numerical aperture
(NAgbjective = 0.6-1.3) and an Olympus U-DCW oil immersion
dark-field condenser (NAcondenser = 1.2-1.4). 1000 images per
video are acquired using a Hamamatsu ORCA-Quest qCMOS
camera C15550-20U at an effective pixel size of 2 x 4.6 pm
(Binning 2) and a frame rate of 476 fps.

The optical excitation targeting an homogeneous illumina-
tion of the sample is carried out using a Spectra-physics
Excelsior 532 Single Mode laser (4 = 532 nm, maximum
nominal output power: 200 mW). To protect the camera from
laser exposure, two notch filters are placed in the imaging path.
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The incident laser power on the sample is measured and cali-
brated before each experimental session using a photodiode
(Thorlabs S121C) positioned at the sample level. The laser
power is modulated using a Glan-Thompson prism, acting as
polarizer, paired with a rotating half-wave (4/2) plate. The beam
size is first increased using a Thorlabs GBE05-A 5x beam expan-
der, and then further enlarged through a series of lenses (L1
and L2) to ensure full illumination of the objective’s back focal
plane (Fig. 4). To reduce light intensity gradient across the
sample area, the final lens in the optical path is axially trans-
lated by a few millimeters (distance d;, in Fig. 4), generating con-
trolled beam divergence before the back focal plane of the objec-
tive. This slight defocusing broadens the beam profile, thereby
enhancing illumination uniformity, with an estimated beam
size of about 130 pm. Under these conditions, no optical arti-
facts, including nanoparticle optical trapping, are detected, even
at the maximum incident laser power of P = 81 mW on the
sample (after accounting for optical losses in the setup).

Sample preparation and single particle tracking (SPT)

For thermophoresis experiments, the particle concentration is
set in the dilute regime at ¢ ~ 3.6 x 10° particles per mL
(ODszonm = 0.05), as shown in Fig. 5. Microscope cells for
imaging the samples are prepared by thoroughly cleaning
glass slides and 0.17 mm-thick cover glasses (18 x 18 mm)
with chromosulfuric acid to remove organic contaminants.
Subsequently, both glass components are treated with an O,
plasma cleaner (Basic Plasma Cleaner, Harrick Plasma) to
enhance surface hydrophilicity. A 4 pL aliquot of the particle
suspension is then deposited at the center of the glass slide,
and the cover glass is gently placed on top of the droplet. The
edges are immediately sealed with optical adhesive (Norland
Optical Adhesive NOA 68), producing an observation chamber
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Fig. 4 Schematic representation of the optical setup enabling both direct visualization of the sample via dark-field microscopy and its excitation

using green laser illumination.
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Fig. 5 Dark-field microscopy image of the Janus nanoparticles. A representative frame acquired during the experiments (see Movie S1 in the SI),
showing Janus nanoparticles in the absence of optical excitation. Although individual nanoparticles are subject to optical resolution limits, this does
not prevent the precise determination of their center-of-mass position via single particle tracking (see Material and methods). The sample concen-

tration is set in the dilute regime at ¢ ~ 3.6 x 10° particles per mL.

approximately 10 pm thick. The mean inter-particle distance is
estimated as (I) ~ n~**, where n = N/V is the particle number
density, yielding () ~ 6 pm at this concentration. Given the
nanoparticle diameter, this corresponds to a mean inter-par-

Ul

ticle distance a of approximately 100 times the particle size.

Under these conditions, no collective behavior is expected
from a colloidal standpoint, and the measured diffusion coeffi-
cients are expected to match those at infinite dilution.

Image acquisition is performed at the middle height of the
observation cell, maintaining a distance of approximately 5 pm
away from all surfaces to minimize surface-particle interactions.
An initial reference experiment is performed without laser
irradiation, followed by measurements under laser illumination,
and concluded with a final control experiment. Prior to each
acquisition at a given laser intensity, the sample is illuminated
for 5 min to reach thermal steady state. Two-dimensional par-
ticle trajectories r(t) are determined using a custom-written
MATLAB (MathWorks) particle-tracking algorithm, adapted
from the method developed by Crocker and Grier.>® Although
the nanoparticles are smaller than the optical resolution limit,
their center-of-mass positions are localized with sub-diffraction
precision by fitting their diffraction patterns with a 2D Gaussian
function.’® Particle dynamics is characterized by calculating
their Mean Squared Displacements (MSD), at lag time 7, defined
as MSD(7) = ([x(z + t) — r(t)]?), where (...), denotes the average
over all start times t. The MSD is calculated for each trace,
before being first averaged over the total number of detected
particles (around one hundred per experiment, see SI) and sub-
sequently fitted to determine the corresponding effective
diffusion coefficients (Fig. 6 and Fig. S1 & $2).*>*!

Results and discussion

A batch of gold-silica Janus nanoparticles with a nominal dia-
meter of approximately 66 nm has been produced via selective
silica (SiO,) nucleation on one hemisphere of gold nano-
spheres (see Materials and methods for more details). Bare
gold nanobeads serve as an experimental control system to
isolate the active contribution of the Au-SiO, Janus nano-
particles under optical excitation.

Particle dynamics is investigated in the dilute regime using
Single Particle Tracking (SPT). Our custom setup combines
Dark-Field (DF) microscopy'! — which leverages the strong scat-

5224 | Nanoscale, 2026, 18, 5221-5230

tering signal of gold for high-contrast visualization - with sim-
ultaneous optical excitation of the sample via a defocused
green laser beam (4 = 532 nm) delivered through the same
objective (Fig. 4 and Materials and methods). A representative
DF image of the Janus nanoparticles is provided in Fig. 5.
Ilumination homogeneity is rigorously controlled to eliminate
artifacts induced from light gradients (Fig. 6).

Particle trajectories are captured as two-dimensional (2D) pro-
jections within the microscope focal plane. Due to the finite
depth of field of the objective, these 2D trajectories result from
the projection of the particle’s full three-dimensional (3D)
motion.>**° Fig. 7 displays representative trajectories of Janus
nanoparticles acquired at increasing levels of optical excitation
power. The rapid rotational diffusion, characterized by the
rotational diffusion coefficient Dy, reflects frequent reorientation
events contributing to the stochastic nature of the trajectories
(Fig. 7). For a quantitative analysis of the particle dynamics, we
compute the ensemble-averaged Mean Squared Displacement
(MSD) from approximately 100 individual traces acquired for
each experimental condition (see Materials and methods and
Fig. S1 and S2). The resulting MSDs are displayed in Fig. 8.

The diffusion of a nanoparticle whose internal temperature
exceeds that of the surrounding solvent is referred to as Hot
Brownian Motion (HBM).*>***** The heat generated by the par-
ticle generates a radially symmetric thermal “halo” in the sur-
rounding solvent, altering the local temperature and viscosity
profiles around the particle and resulting in an apparent increase
in both the rotational and translational diffusion coefficients.
Despite its inherently non-equilibrium feature, the system can be
described in a quasi-steady state (enabled by the separation of
timescales between heat diffusion and particle motion) using
equilibrium-like Stokes-Einstein relations with two distinct
apparent temperatures and viscosities associated with the trans-
lational and rotational degrees of freedom, respectively.*>*® For
translational motion, the effective diffusion coefficient for a par-
ticle undergoing hot Brownian motion can then be written as:

ks T,
L (1)
6] stR

where the effective temperature is given by T =~

5 . .
To (1 +EAT> with AT the temperature difference between

the particle surface and the bulk solvent at temperature 7y, and

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Uniform illumination and Janus nanoparticle dynamics. Trajectories of Janus nanoparticles tracked using dark-field microscopy (see Fig. 5)
under maximum laser illumination (P = 81 mW) are shown for particles located inside (red) and outside (blue) the central Region of Interest (ROI)
(top and middle panels). The areas of the red and blue boxes are equal, resulting in similar numbers of traces (N = 73 for the central ROl and N = 81
[43 + 38] for the sides), allowing therefore a direct comparison of the dynamics. The corresponding mean squared displacement (MSD) curves are
displayed (bottom panel), with red and blue curves corresponding to particles inside and outside the central ROI, respectively. Linear fits to the
mean MSD curves yield diffusion coefficients of Drcenter = 7.31 pm2 ~1and D siges = 7.26 pm2 ~1. The minimal difference between these values,
which falls within the statistical error, confirms the spatial homogeneity of laser illumination across the field of view. Data represent averages over
four independent acquisitions.
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Fig. 7 Representative trajectories of Janus nanoparticles under increasing optical excitation power, illustrating the self-thermophoretic active con-
tribution to their dynamics over a fixed trace duration of 1.8 s.

the analytical expression of the effective viscosity #egr is
provided in the SI (eqn (S4)).******® The corresponding effective
translational diffusion coefficient, DEF™, which depends on the
laser-induced temperature increase A7, is related to the
mean squared displacement in n dimensions and at a given lag
time At by:

MSD(At) = 2nDEEM - At, (2)

This journal is © The Royal Society of Chemistry 2026

As we analyze the two-dimensional (2D) projection of the
trajectories, we set n = 2. Using the expressions of the effective
temperature and viscosity (see SI), the rescaled diffusion coeffi-
cient can be explicitly calculated (eqn (S5))*® and scales for
small temperature increment, linearly with AT (Fig. S3), as:

DHEM _ Do AT
eff 0 o =
Dy To

3)

Nanoscale, 2026, 18, 5221-5230 | 5225
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Fig. 8 Ensemble-averaged mean squared displacements (MSDs) for (a) bare gold nanospheres and (b) Janus nanoparticles under increasing optical
power. Data represent averages over about 100 individual particles (see Fig. S1 and S2). In both systems, the increasing slopes of the MSD curves
with higher illumination intensity indicate enhanced effective diffusion coefficients.

where D, is the diffusion coefficient in the absence of laser
illumination, Dy = kgTo/6mn(To)R. The temperature increase of
an isolated plasmonic nanoparticle with absorption cross-
section o, is given by:*”*8
OabsP

AT = ek @)
where P is the incident light power, x the thermal conductivity
of the surrounding solvent (xk = 0.6 W m™ K" for water), and
w the beam waist. For an excitation wavelength of 1 = 532 nm,
Mie theory yields an estimation of the absorption cross-section
of 6,ps & 5000 nm” for the Au nanoparticles used in this study.
Combining eqn (3) and (4), the contribution arising from hot
Brownian motion is thus expected to have a linear dependence
with the light intensity for a set of thermally independent
particles:

Dt —Do (5)

Dy
For self-propelling active particles, such as the self-thermo-

phoretic Janus nanoparticles studied here, the MSD acquires
an additional contribution to account for the persistent and
directed motion, as follows:*’

121R? [2At

MSD(At) = 4DFEM - At + — +eMw 1] ()

[3:3

where v is the propulsion speed, and 7y is the characteristic
rotational diffusion time, inversely related to the rotational
diffusion coefficient Dy by 7z = D"

The MSD behavior depends strongly on the timescale over
which particle motion is probed. At long timescales, specifi-
cally when At >> 73, as for our experimental conditions (see
below), the MSD expression in eqn (6) reduces to a linear

5226 | Nanoscale, 2026, 18, 5221-5230

dependence in time, indicating an effective active diffusive
regime:

MSD(A¢) = [4 - DEEM 275 At. (7)

This apparent diffusive behavior for active particles arises
because rotational diffusion randomizes the propulsion direc-
tion over time, transforming persistent motion into a random
walk leading to a substantial enhancement of the effective
diffusion coefficient over its (hot) Brownian value, namely:*°

, 1
D™ = Do + ZVZTR- (8)

This expression captures the enhanced diffusive behavior of
active particles at long times combining effects of thermal fluc-
tuations and self-propulsion. On timescales longer than the
characteristic rotational diffusion time, the motion resembles
that of passive particles (Fig. 7), but with a markedly larger
effective diffusion coefficient (eqn (8)).

This long timescale regime applies to our Janus nano-
particles, as the time range accessible in our experiments —
determined by the frame rate during video acquisition - is
2.1 ms and above (see Materials and methods). This is nearly
one order of magnitude larger than the characteristic
rotational time 7z &~ 0.22 ms (calculated for a spherical particle
with a diameter of 66 nm), confirming that At > 7.

Thus, for both Janus and bare gold nanoparticles, the MSD
is expected to follow a diffusive regime (MSD o« At) with an
effective diffusion coefficient, D.s, differing only by the
additional velocity contribution stemming from self-propul-
sion. Under illumination, the particle speed is expected to
scale linearly with the laser power P and hence with the
surface temperature increase AT (see eqn (4)),'° leading,

This journal is © The Royal Society of Chemistry 2026
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according to eqn (8), to a quadratic dependence of the normal-
ized effective diffusion coefficient,

active
D eff Dy

oc a-P + b-P*
Dy +

9)

where a and b are two constants associated with hot Brownian
motion and self-propulsion, respectively.

The experimental averaged MSDs for both Janus and bare
gold nanoparticles are shown in Fig. 8, and linear fits of these
curves provide the corresponding effective diffusion coeffi-
cients, which are presented in Fig. 9(a). For the samples
without optical excitation, the fits yield diffusion coefficients
of Do py = 8.98 + 0.25 pm* s™" and Dy japus = 6.49 £ 0.25 pm? s~
(Fig. S1 and S2). Using the Stokes-Einstein equation, these
values correspond to hydrodynamic diameters of dy ay = 54.6 +
1.5 nm and dy janus = 75.6 = 2.9 nm, respectively. As expected,
these hydrodynamic diameters are larger than the bares core
sizes d obtained from the size distribution measured by TEM
(Fig. 2), and are consistent with dy ~ d + ', where ' =
13 nm is the Debye screening length at the experimental ionic
strength (I = 0.5 mM) used in our nanoparticle suspensions
(see Materials and methods).

Characterizing the active behavior of Janus nanoparticles
under illumination solely from their MSD is challenging, as it
requires precise quantification of the light-induced enhance-
ment in both translational and rotational diffusion (eqn (6)
and (8)).>>*" To isolate the contribution of active motion and
disentangle it from hot Brownian motion, we compare the
dynamics of the Janus nanoparticles with that of bare gold
nanoparticles under identical experimental conditions and
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same laser illumination. To account for the size difference
caused by the silica shell on the Janus particles, we analyze the
rescaled effective translational diffusion coefficient, (Deg — Do)/
D,, where D, is the diffusion coefficient in the absence of laser
illumination. This parameter quantifies the relative increase in
the effective diffusion coefficient for both systems, as shown in
Fig. 9(b). If the observed enhancement was solely due to hot
Brownian motion, the increase in diffusion due to internal
heating of the Janus particles should not exceed that of the
bare gold nanoparticles. However, our results reveal that the
relative increase of the normalized effective diffusion coeffi-
cient is consistently higher for the Janus nanoparticles than
for the bare gold nanoparticles, demonstrating that Janus par-
ticles exhibit significant self-propulsion.

The quantitative analysis is provided below. The depen-
dence of Au nanoparticles on light intensity deviates from line-
arity at the highest laser power, suggesting that collective
thermal effects contribute to their heating. When several nano-
particles are illuminated at the same time, the temperature
increase experienced by a nanoparticle also stems from neigh-
boring nanoparticles heating their environment.*® This effect
originates from the long-range temperature diffusion profile
around a source of heat, decaying as AT(r) « 1/r, r being the
distance from the heat source.*” As shown in Fig. S4, the temp-
erature increase calculated from the experimental rescaled
diffusion coefficient (Fig. 9(b)) using the HBM theory (eqn (S5)
and Fig. S3) consistently exceeds the prediction of eqn (4) for
thermally independent particles. This discrepancy persists
even when considering the lower limit of the beam size, which
corresponds to the upper limit of the laser power density
(Fig. S4).

T T T

% Gold nanoparticles
¢ Janus nanoparticles

Light intensity (mW)

Fig. 9 Experimental evidence of self-thermophoretic motion for Janus nanoparticles under optical illumination. (a) Effective diffusive coefficients
extracted from MSD analysis increase with light intensity. The lower absolute diffusion values of Janus nanoparticles, compared to bare Au particles,
stem from their larger size due to the silica shell. (b) Normalized effective diffusion coefficients as a function of laser intensity. Dy is the diffusion
coefficient in absence of illumination. The enhanced dynamics of Janus nanoparticles reveal light-activated self-propulsion in addition to hot
Brownian motion, which is also observed for Au nanoparticles (linear fit (egn (5)) shown as a blue line). Orange lines represent quadratic fits for
Janus nanoparticles: the dashed curve is purely quadratic (egn (9), a = 0), while the solid curve includes the same linear contribution as for Au nano-
beads (eqn (9), a = 6.35 x 107, b = 9.85 x 107°). Error bars represent estimated experimental uncertainties.

This journal is © The Royal Society of Chemistry 2026 Nanoscale, 2026, 18, 5221-5230 | 5227


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04182a

Open Access Article. Published on 02 February 2026. Downloaded on 6/22/2026 1:50:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Conversely, for Janus nanoparticles, a non-linear depen-
dence of the normalized effective diffusion coefficient on laser
power is expected from eqn (9), in agreement with the experi-
mental results shown in Fig. 9(b). To isolate the contribution
of active motion, we have used in eqn (9) the same fitting para-
meter accounting for HBM as that determined for bare gold
nanoparticles (namely parameter a), while allowing the active
term b to vary freely. Although the fit quality remains limited,
the pronounced increase in the normalized effective diffusion
coefficient provides conclusive evidence of an additional con-
tribution from self-thermophoresis-induced motion to the
dynamics of Janus nanoparticles. At the highest illumination,
active motion accounts for approximately 50% of the total
diffusion enhancement. The corresponding propulsion speed
of the Janus particles can then be estimated using eqn (8),
assuming g = Dg (Terr) ® D '(T,), which yields v ~ 35 pm
s~'. The corresponding Péclet number can also be calculated
and gives Pe ~ 0.3, confirming a posteriori that the system
operates in a regime where active and passive Brownian contri-
butions are comparable.

Conclusion

In summary, we have successfully produced stable nanoscale
gold-silica Janus particles and demonstrated their self-thermo-
phoretic propulsion under optical illumination. Using single
particle tracking, we resolved individual particle trajectories,
and determined effective diffusion coefficients by analyzing
the mean squared displacements of approximately one
hundred individual traces per experimental condition, ensur-
ing statistical relevance. The limited amplitude of the active
contribution within the explored irradiation power range, com-
bined with the intrinsic passive hot Brownian diffusion of the
nanoparticles, results in an experimental system at low Péclet
number in which active and passive contributions to particle
dynamics are comparable in magnitude. In this low Péclet
regime, our results reveal that the Janus particles exhibit a sys-
tematically and significantly higher relative increase in nor-
malized effective diffusivity compared to bare gold nanobeads
under identical illumination conditions. This enhancement,
which accounts up to about 50% of the total dynamics, pro-
vides direct experimental evidence of visible-light-induced
active motion in Janus nanoparticles. Furthermore, since the
active behavior is both optically controlled and reversible, our
system represents a simple, fuel-free, tunable platform for
studying active matter and non-equilibrium dynamics at the
nanoscale.
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