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ABSTRACT
Janus Zn/Aumicromotors (MMs) are fabricated by sputtering Au onto one hemisphere of Znmicroparticles, resulting in spherical
light-responsive structures with dual photothermal propulsion and SERS detection capabilities. Zn/Au MMs exhibit efficient
propulsion under near-infrared (NIR) light, withmotion driven through thermophoretic effects induced by local heating of the Au
surface. The MMs are activated by CARS microscopy, enabling label-free, real-time trajectory tracking, with propulsion velocities
increasing linearly with total laser power and remaining largely independent of the pump wavelength within the NIR range
(780–900 nm) under dual-wavelength excitation. A 30 nm Au coating provides the optimal balance between optical absorption
and propulsion efficiency, while independent modulation of the pump and Stokes beams confirms that dual-beam excitation
is essential for sustained motion. Zn/Au MMs work perfectly as active SERS platforms for single and multiplex detection of
the anticancer drugs methotrexate (MTX) and 6-mercaptopurine (6-MP). Their active motion enhances analyte exchange at
the Au surface, reducing affinity-driven saturation and competitive adsorption effects, which broadens the linear range and
improves multiplex SERS detection. The integration of autonomous motion with chemometrics models, including partial least
squares-discrimination analysis (PLS-DA) on the obtained SERS data, represents a promising step toward MM-based diagnostic
systems.
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Introduction

ancer is one of the leading causes of death worldwide.
ost patients often receive combinations of two or more anti-
ancer drugs to improve treatment outcomes. Finding precise
echnology for detecting anticancer drugs during therapy is
ighly important. Many anticancer drugs, including methotrex-
te (MTX) and 6-mercaptopurine (6-MP), must be dosed with
igh precision because their therapeutic range is very narrow.
ven minor fluctuations in blood concentration can result in
erious adverse effects or reduced therapeutic efficacy [1]. For
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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this reason, real-time monitoring of drug concentrations in
biological fluids (blood, urine, or saliva) would ensure both the
safety and effectiveness of treatment [2, 3]. Furthermore, as
combination chemotherapy becomes more common, the ability
to measure several drugs at the same time is gaining importance
[4]. Surface-enhanced Raman scattering (SERS) is a powerful,
label-free technique that provides detailed molecular fingerprint
information about drugs in a sensitive and selective manner
[5, 6]. Its capability to identify and quantify multiple analytes
simultaneously makes SERS valuable for the multiplex detection
of drugs in complex biological environments [7, 8]. Plasmonic
se, which permits use, distribution and reproduction in any medium, provided the
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ERS substrates can enhance Raman signals by up to 1015-
old, making them powerful for trace detection [9]. Among
ERS-active materials, gold, silver, and copper nanostructures
re the most widely used. Recent advances have focused on
ntegrating these metals with high-surface-area materials, such
s graphene and other carbon-based supports, to enhance analyte
nrichment and detection [10–14]. Despite the SERS advantages
high sensitivity and selectivity, fast and real-time analysis,
ffective performance in complex biological environments), tradi-
ional plasmonic substrates are immobile and depend on passive
nalyte diffusion to the surface, which can reduce detection
fficiency and reproducibility. Previously, researchers combined
ERS technology with self-propelled micromotors (MMs), mak-
ng efficient and dynamic systems for analyte detection and
ignal enhancement [15, 16]. Unlike static microparticles, MMs
re microscale devices that can perform autonomous movement
17]. This motion can occur in various environments, spanning
rom simple aqueous solutions to complex biological media [18].
heir propulsion can be driven by external energy sources,
uch as magnetic fields, electric fields, light, or heat, but can
lso be triggered internally through chemical reactions between
he MM and its surrounding medium [19–21]. Their ability to
ove comes from a process in which energy is turned into
echanical motion [22–25]. This self-driven mobility is one of
he main advantages of MMs and offers clear benefits for SERS-
ased sensing approaches. Because they continuously move and
edistributemolecules in their surroundings, MMs bring analytes
nto closer and more frequent contact with the SERS substrate.
his gives stronger and more consistent signals and, overall,
mproves the quality of detection [26, 27]. In recent years, many
esearchers have turned to self-propelled SERS systems, aiming
o pair active movement with plasmonic amplification to push
etection sensitivity even further [28–30]. Li, Yang, and co-
orkers developed micromotors composed of magnetic beads
oated with Ag nanoparticles and Au spikes (MB@Ag@Au
Ms). The magnetic core allows external manipulation, while
he Ag and Au components provide strong plasmonic activ-
ty [31]. When a magnetic field is applied, the MMs can be
uided toward bacterial colonies or individual cells (E. coli, S.
ureus). Their proximity to the cells and the strong plasmonic
esponse make it possible to distinguish the two bacteria by their
aman signatures. The same magnetic-actuation principle was
pplied to develop rod-shaped Fe3O4@Ti2C MMs. In this system,
agnetic propulsion was integrated with charge-transfer-based
ERS selectivity [32]. They efficiently concentrate analytes on
Xene surfaces under rotating magnetic fields, resulting in up
o ninefold stronger Raman signals and detection limits as low as
0−8 M for Rhodamine 6G (R6G). Remarkably, these MMs enable
elective Raman enhancement by detecting only R6G, but not 4-
ercaptopyridine, in mixed samples, due to the charge-transfer
esonance between the MXene’s Fermi level and the electronic
tates of the molecule. In contrast to magnetically actuated MMs,
ight has also been employed for propulsion through photophere-
is. Escarpa, Sánchez, and their group used the same laser source
or both triggering motion and detecting crystal violet (CV),
chieving a 15–18-fold increase in the SERS signal after approx-
mately 1000 s, as well as sensitive detection of malachite green
limit of detection (LOD)∼0.1 µm) and paraquat, even in salt-rich
edia. While MMs-SERS studies have demonstrated intracel-
ular sensing, exosome targeting, and integrated photothermal
heragnostic, direct detection of therapeutic drugs remains under-
of 13
represented, underscoring the need for motion-enhanced SERS
platforms tailored to clinically relevant agents [33–36].

Herein, we fabricated Janus Zn/Au MMs that serve as dynamic
SERS substrates for the detection of two anticancer drugs, 6-
MP and MTX, both individually and simultaneously, exhibiting
enhanced Raman intensity under motion. Compared to static
systems, the active Zn/Au MMs produced stronger SERS signals
and enabled dual-drug discrimination, with 6-MP exhibiting a
higher affinity toward plasmonic hotspots, indicating motion-
induced molecular enrichment and competitive binding effects.
We showed that their motion comes from the thermophoresis
mechanism under NIR light. The highest average velocities were
observed for Zn microspheres coated with a 30 nm gold layer
under simultaneous dual-wavelength irradiation,when the pump
wavelength was set to 800 nm. They moved more quickly at
higher laser intensities. To evaluate how they behave in amedium
that resembles physiological conditions, we tested them in PBS,
where they continued to move in a comparable manner.

2 Results and Discussion

Figure 1 provides an overview of the fabrication of Janus Zn/Au
micromotors, their movement, and multiplex drug detection
using SERS. Commercial Zn microspheres were asymmetrically
sputtered with Au to form Janus Zn/Au MMs with the thermal
contrast needed for NIR-driven motion (Figure 1A). We tested
several gold layer thicknesses to find the best balance between
propulsion behavior and SERS activity. In the first part, motion
studies were conducted under various laser wavelengths, powers,
and Au thicknesses to establish the most effective propulsion
parameters (Figure 1B). When exposed to NIR light, the Zn/Au
MMsmove due to the thermophoresis mechanism. In the second
part of the study, we showed that they can be used as dynamic
SERS substrates. Two anticancer drugs (6-MP and MTX) were
tested asmodel drugs, both individually and together (Figure 1C).

The choice of material is guided by both propulsion performance
and SERS functionality. Alternative material combinations, such
as ZnO/Pt for catalytic propulsion or MB@Ag@Au MMs for
SERS-based applications, have been explored. Pt MMs are widely
used for catalytic propulsion, while Ag provides strong SERS
enhancement. However, Pt lacks plasmonic activity in the near-
infrared (NIR) range, making it unsuitable for SERS applications.
Although Ag offers high SERS sensitivity, it exhibits lower
photothermal efficiency under NIR irradiation. In contrast, Au
combines strong plasmonic activity with efficient photothermal
conversion, enabling dual functionality within a single platform.

The morphology and structure of the Zn/Au MMs were exam-
ined using scanning electron microscopy (SEM) to verify the
successful Janus formation and the adsorption of drugmolecules.
As shown in Figure 2A, bare Zn microparticles exhibit uniform
spherical morphology. After sputtering with Au, the Zn parti-
cles maintained their spherical morphology without noticeable
surface disturbance or structural deformation (Figure 2B-i–iv).
Energy-dispersive X-ray spectroscopy (EDS) elemental mapping
confirmed the presence of both Zn and Au, verifying successful
gold deposition on the particle surface (Figure 2B-ii, iii). The
size distribution was determined by measuring 200 bare Zn
Advanced Functional Materials, 2026
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FIGURE 1 Schematics of (A) fabrication procedure of Janus Zn/Au MMs; (B) motion study, and (C) SERS-based multiplex drug detection.
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articles and 200 Zn/Au MMs from SEM images (Figure 2C,
, respectively). Figure 2C shows that most Zn particles have
size in the range of 2–3 µm, and that the gold coating did
ot significantly change the particle’s diameter (Figure 2D). This
niformity in MMs’ size is important, as the motion of MMs
epends on their size.High variations in diameter could influence
Ms’ average velocity in subsequent motion studies.

ext, we examined the stability of the MMs stored in an aqueous
olution and PBS for 15 days. It has been observed that there
s a gradual degradation of MMs, which motivated us to sys-
ematically evaluate their structural stability and survival period
fter fabrication. SEM images were taken on days 1, 5, 9, and 15
fter MMs preparation in aqueous solution (Figure 2E) and PBS
Figure 2F) and accounted for the total number of MMs in a 4 µL
ample on days 1 and 15 (Figure 2G). The number ofMMs counted
n day 1 was defined as 100% (n = 3), and the percentage of MMs
urvived until day 15 was calculated accordingly. Figure 2G shows
n 81% decrease in the number of MMs after 15 days of storage
n aqueous solution and 88.8% decrease after 15 days of storage
n PBS. These results indicate MMs’ degradation. SEM images
resented in Figure 2E,F confirmed MMs’ surface corrosion
y day 15 with more pronounced degradation and thus faster
orrosion in PBS. Furthermore, extended degradation studies
howed that Zn/AuMMsundergo complete degradation and fully
isappear after approximately 20 days in both aqueous solution
nd PBS.

his degradation occurred not only on the Au layer but also in
he Zn core. It can be explained by the different electrochemical
eactivity of the two metals. Zn acts as a sacrificial anode in the
alvanic couple as it is more reactive and prone to oxidation than
n. Zn loses electrons and dissolves over time, while Au remains
dvanced Functional Materials, 2026
relatively inert due to its low reactivity and resistance to oxidation.
The apparent loss of MMs within 15 days indicates that Zn/Au
MMs are unstable in aqueous solution or PBS. Higher MMs
degradation in PBS could be explained by the presence of ionic
species, which increases conductivity and promotes galvanic
corrosion. Most likely, Cl− ions destabilize the protective layers
on the Zn surface, making themmore porous and breaking down
the passivation layer.

A similar trend was previously observed by Pumera et al. for Pt-
basedMMs. They proved that even noble-metalMMs are prone to
corrosion over time [37, 38]. A similar degradation behavior has
been described for transient MMs made from Zn and Mg, where
the presence of two different metals leads to galvanic effects
that speed up their dissolution in both water-based and acidic
environments [39]. Our study, alongwith other reports, highlights
thatMMsmust be used right after their preparation to ensure they
perform at their highest motion efficiency. To avoid corrosion,
Zn/Au MMs could also be stored as dry powders.

2.1 Propulsion Behavior of Zn/AuMMs

First, we studied the motion behavior of Zn/Au MMs under NIR
light in water media and then in PBS. This matters because
how fast they move has a clear influence on how much they
can enhance the SERS signal. We varied a few parameters: laser
wavelength, Au thickness, and laser power, to study how each
of them affected the MMs velocity. For these experiments, a
Coherent Anti-Stokes Raman Scattering (CARS) microscope has
been used as a light source. A CARS setup uses two lasers, a
Pump laser with a tunable wavelength and a Stokes laser fixed at
1031 nm. We used both lasers simultaneously to start the motion
3 of 13
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FIGURE 2 Scanning electron microscopy (SEM) images of (A) bare Zn particles, (B) Zn/Au MMs: (i) SEM image of a single particle, (ii,iii)
corresponding energy-dispersive X-ray spectroscopy (EDS) elemental mapping (Zn in red, Au in green), and (iv) SEM image showing multiple MMs
(wide field). Size distribution of (C) bare Zn, and (D) Zn/Au MMs, obtained by measuring 200 MMs from SEM images. (E) SEM images of the gradual
degradation of Zn/Au MMs over 1, 5, 9, and 15 days in aqueous solution. (F) SEM images showing the degradation of Zn/Au MMs in PBS over the same
time (1, 5, 9, and 15 days). (G) Quantitative analysis ofMMdegradation, expressed as the percentage of remainingMMs on day 15 relative to day 1 (defined
as 100%, n = 3 independent measurements) in aqueous solution and PBS.
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f the MMs. The frequency difference between the lasers aligns
ith vibrational modes in the sample, enabling NIR excitation
nd imaging of the MMs [40]. The CARS system allows us to
djust the wavelength, power, and detectors, giving better control
ver the MMs’ motion and their interaction with the light [41].

n the first set of experiments, we tested the motion of the MMs
t different Pump laser wavelengths. The Stokes laser wavelength
as kept constant at 1031 nm throughout all experiments. MMs
ere simultaneously irradiated with both the Pump and Stokes
eams, while the pump laser wavelength was varied between 780,
00, 850, and 900 nm. Figure S1 shows the average velocities
f 30 nm Au-coated MMs measured under simultaneous dual-
avelength irradiation at the different Pump wavelengths. The
otal laser power from both beams was maintained at 17 mW. The
orresponding average velocities were 9.46 ± 2.23, 9.32 ± 1.86,
.78 ± 2.41, and 8.09 ± 2.27 µm s−1, respectively. The two-tailed t-
ests showed no significant differences between the wavelengths
p> 0.05). The results show that the velocity of the MMs does not
epend on the chosen Pump laser wavelength and that they can
ove over a broad NIR range. Our earlier study also showed that
he MMs exhibited similar velocities regardless of the NIR excita-
ion wavelength [41]. This indicates that the MMs are propelled
ot by plasmon resonance but by a photothermal effect. This
ffect depends on how efficiently the Au layer absorbs light, not
n any specific resonant wavelength. The Au part of the MMs is
esponsible for absorbing the light and converting it into heat [42].
he photothermal behavior of the Zn/Au MMs was evaluated by
onitoring the temperature increase under 808 nm irradiation
t a power density of ∼1.27 W cm−2, with the corresponding
eating and cooling profiles shown in Figure S2a and the linear
itting of ln θ versus time during the cooling process presented in
igure S2b. This generates localized heating and a temperature
radient around the MMs. The Au-coated side becomes hotter
han the bare Zn hemisphere. Consequently, the generated ther-
ophoretic force drives MMs via a thermophoretic mechanism
43]. The photothermal conversion efficiency (η) of the 30 nmAu-
oatedMMswas calculated to be approximately 47.3%, indicating
fficient light-to-heat conversion (see Supporting Information
or details). Since the velocities were similar with no significant
tatistical differences at all studied Pump wavelengths, for all
ollowing experiments, the pump laser wavelength was fixed at
00 nm. The second parameter investigated was the thickness of
he coated Au layer. Figure 3A shows the average velocities of the
n/Au MMs for Au coating thicknesses of 15, 30, 37, and 45 nm.
he experiments were conducted at a laser power of 19.2 mW.
nder these conditions, the Zn/AuMMs coated with 15 nm of Au
id not display any clear propulsion. This is likely due to the poor
hotothermal efficiency of very thin Au layers (<20 nm). When
he Au layer is that thin, it does not spread into a smooth film
ut instead breaks into small islands on the curved Zn surface.
s a result, it does not absorb NIR light very well, and the
eating it produces is limited. Because the propulsion of theMMs
nder NIR illumination depends on a photothermal-induced
hermophoretic mechanism, the inadequate thermal gradient at
his coating thickness prevents measurable motion. By contrast,
ncreasing the Au coating thickness resulted in measurable
ropulsion of the Zn/Au MMs. Figure 3A shows that there is
statistically significant difference in average velocity between
he Zn/Au MMs with an Au thickness of 30 nm (8.98 ± 1.50 µm
−1) and 37 nm (5.43 ± 0.84 µm s−1) at a laser power of 19.2 mW
dvanced Functional Materials, 2026
(p < 0.05). Although an increase in the Au coating thickness is
expected to enhance NIR light absorption and thereby improve
photothermal energy conversion, a thickerAu layer also increases
the overall mass of the MMs, making them heavier and more
difficult to propel via the thermophoretic mechanism at the same
laser power. Consequently, higher energy input (stronger laser
power) would be required to achieve comparable propulsion
velocities. The Zn/AuMMs coatedwith a 45 nm thickAu layer did
not exhibit any propulsion under 19.2mWNIR illumination. This
can be attributed to reduced photothermal efficiency at higher
coating thicknesses. When the Au layer becomes optically thick,
additional gold mainly increases reflectivity and enhances lateral
heat dissipation rather than improving light absorption. As a
result, the generated temperature gradient in the surrounding
medium becomes insufficient to induce a thermophoretic force,
and the heavier MMs remain immobile. For clarity, a summary
of the motion analysis under different experimental conditions is
provided in Table S1.

Based on the previously observed influence of Au coating thick-
ness on the propulsion behavior of Zn/Au MMs at low laser
power, the next step was to investigate whether increasing the
laser power could enhance their motion. We aimed to determine
whether a higher irradiation power could induce propulsion in
MMswith 15 and 45 nmAu coatings, which showednomovement
at 19.2 mW, and whether the same trend with Au thickness
would persist under stronger illumination. For this purpose, the
laser power was increased to 43.8 mW, and the average velocity
was measured for the same four Au thicknesses (Figure 3B).
Even with increased laser power, Zn/Au MMs coated with 15 nm
Au remained immobile, consistent with the previously observed
behavior at lower power, where the discontinuous morphology of
the ultrathin Au layer limited its photothermal heating efficiency.
For the MMs with the thicker Au coatings, the propulsion
behavior changed whenwe increased the laser power to 43.8 mW.
TheMMs coated with a 45 nm Au layer, which didn’t move at the
lower power, started to propel. MMs coated with 30 and 37 nm
Au thickness also showed an increase in velocity. The average
velocities reached 15.34 ± 3.75 µm s−1 for 30 nm coatings, 15.27
± 3.62 µm s−1 for 37 nm coatings, and 19.82 ± 3.81 µm s−1 for
45 nm coatings. They differed significantly between the 30 and
45 nm Au-coated MMs (p = 0.000788) and between the 37 and
45 nm Au-coated MMs (p = 0.000558). No significant difference
in average velocity was observed between the 30 and 37 nm Au-
coated MMs (p = 0.952751). When we increased the laser power
from 19.2 to 43.8 mW, the 30 nm Au-coated MMs showed only
a slight increase in velocity (Δv = 6.36 µm s−1). The 37 nm Au-
coated MMs responded with a much larger difference in velocity
(Δv = 9.84 µm s−1). This thickness requires more energy to
produce a more substantial photothermal effect. The 45 nm Au-
coated MMs, however, gained enough energy at the higher laser
power to compensate for their lower absorption efficiency. As
a result, they effectively generated a local thermal gradient and
showed the highest average velocity. These results suggest that
MMs with thinner Au layers can produce sufficient heat even
at lower laser powers, whereas those with thicker coatings need
more energy to reach similar propulsion levels.

After confirming that the propulsion of the Zn/AuMMs depends
on both the Au coating thickness and the laser power, we carried
out the remaining experiments using a fixed setup: a Pump
5 of 13
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FIGURE 3 (A)Average velocities of Zn/AuMMswithAu coatings of 15, 30, 37, and 45 nmunder dual-beamNIR excitation (total power= 19.2mW).
(B) Effect of increased laser power (43.8 mW) on the average velocity of Zn/Au MMs with different Au coating thicknesses. (C) Dependence of average
velocity on total laser power for Zn/Au MMs (30 nm Au coating) under balanced dual-beam excitation. (D) Average velocity of Zn/Au MMs (30 nm Au
coating) as a function of Stokes laser power with constant Pump power (20%). (E) Average velocity of Zn/Au MMs (30 nm Au coating) as a function of
Pump laser power with constant Stokes power (20%). (F) Comparison of average velocities of Zn/Au MMs (30 nm Au coating) in DI water and PBS at
19.2 and 43.8 mW total power. All experiments were performed under dual-beam NIR excitation with the Pump laser fixed at 800 nm and the Stokes
laser at 1031 nm. For all experiments, the Pump laser wavelength was fixed at 800 nm and the Stokes laser at 1031 nm. Velocities were calculated from
trajectory analysis of individual MMs (n = 20 MMs per condition). Data are presented as mean ± standard deviation (SD). Statistical significance was
evaluated using a two-tailed t-test, with p < 0.05 considered statistically significant.
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avelength of 800 and a 30 nm Au coating. This configuration
rovided stable propulsion under all tested conditions. In the
ollowing experiments, we adjusted the Pump and Stokes laser
owers to see how their combined effect influences MM propul-
ion.We increased the Pumpand Stokes powers in parallel to 20%,
0%, 40%, and 50% of their maximum outputs, resulting in total
easured powers of 19.2, 28.2, 36.8, and 43.8 mW, respectively
Figure 3C).As shown inFigure 3C, the average velocity increased
ith an increase in laser power. At 19.2 mW, the MMs reached
n average velocity of 9.42 ± 1.86 µm s−1. By increasing laser
ower to 28.2 mW, the average velocity slightly increased to
.83± 1.82 µms−1. A higher jump in average velocity was observed
t 36.8 mW (15.45 ± 4.07 µm s−1), and the highest average velocity
as obtained at 43.8 mW (16.11 ± 3.33 µm s−1). The smaller
ower increments showed no statistical difference in velocity
19.2 vs. 28.2 mW and 36.8 vs. 43.8 mW), whereas the jump
etween larger power levels resulted in a statistically significant
hange in velocities (28.2 vs. 36.8 mW, p = 0.00000436). The
esults suggest that MMs’ acceleration does not respond linearly
o light. They require a minimum laser power for photothermal
eating to become effective. When the power is too low, the
emperature gradient around the MMs is insufficient to generate
hermophoretic motion. Once this threshold is crossed, the
of 13
absorbed light produces significantly higher thermal gradients,
and MMs begin to move. This power setting served as a reference
point for the rest of the study. In the following experiments, we
varied the power of only one laser while keeping the other fixed to
determine whether and how each contributes to MM propulsion.

In the next set of experiments, we explored how the Zn/Au MMs
with a 30 nm Au-coating respond to variations in the Stokes
laser power. The Pump power was held at 20%, while the Stokes
was gradually increased from 10% to 30%, 50%, and 70% of its
maximum output. These settings resulted in total powers of 14.7,
23.8, 31.4, and 37.1 mW, respectively. As shown in Figure 3D, the
average velocity of the Zn/Au MMs increased with increasing
Stokes laser power, following an approximately linear trend.
The average velocity at the lowest power (14.7 mW) was 4.97 ±
1.21 µm s−1 and increased to 6.75 ± 2.82, 13.68 ± 2.29, and 20.28
± 4.62 µm s−1 at 23.8, 31.4, and 37.1 mW, respectively. Statistical
analysis showed that all comparisons between the measured
average velocities resulted in p < 0.05, meaning that even small
increases in Stokes laser power had a significant impact on
propulsion. This shows that the Stokes laser adds distinctly to
the photothermal heating of the Au surface by boosting the
temperature gradient that enables thermophoretic motion.
Advanced Functional Materials, 2026
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n a similar setup, the same approach was applied, but this
ime the power of the Pump laser was varied from 10% to 30%,
0%, and 70% of its maximum output, while the power of the
toke laser remained constant at 20%. The total measured powers
ere 14, 24.6, 34.3, and 43.9 mW, respectively. As shown in
igure 3E, the average velocity of the Zn/AuMMs increased with
n increase in the Pump laser power. The average velocity at
4mWwas 4.62± 1.16 µm s−1, rising to 8.89± 1.61, 11.12± 1.55, and
9.84 ± 4.53 µm s−1 at 24.6; 34.3; and 43.9 mW, respectively.
tatistical analysis showed that all differences in velocity were
tatistically significant.

verall, the MMs’ propulsion depends on the combined power
nput from the Pump and Stoke lasers. The Stoke laser con-
ributes more to the photothermal response, as it produces higher
elocities at lower total power. The Zn/Au MMs moved only
hen the Pump and Stokes lasers were switched on simul-
aneously. Switching off either laser immediately stopped the
otion. Thus, the combined input of both beams is required to
enerate the photothermal gradient that drivesMMs in the CARS
etup. Neither beam alone generates enough localized heating to
aintain a stable temperature gradient across the Janus inter-
ace; only their combined absorption enables thermophoretic
ropulsion.

o test how the Zn/AuMMs behave in a more realistic ionic envi-
onment, we replacedwater with PBS, a physiological buffer. This
tep is an essential part for determining whether their propulsion
an bemaintained beyond simplewater-based systems. As shown
n Figure 3F, Zn/Au MMs with a 30 nm Au-coating can move in
oth media under NIR illumination at 19.2 and 43.8 mW power,
ith corresponding representative motion shown in Videos S1–
4. Corresponding trajectory and mean square displacement
MSD) analyses are provided in Figure S3. The MSD increases
ith time, indicating active, non-Brownian motion of the MMs
nder the studied conditions.

t the laser power of 19.2 mW, the average velocity in PBS
edia was 3.12 ± 1.37 µm s−1 compared to the average velocity
n DI water, which was much higher, 9.42 ± 1.86 µm s−1
p = 2.65 × 10−14). It was expected, as they have different
iscosities (1.3 mPa⋅s for PBS and 0.93 mPa⋅s for DI water) due
o the presence of dissolved ions in PBS that can influence
hermophoretic forces. However, when the laser power increased
o 43.8 mW, the Zn/Au MMs achieved similar velocities in both
edia (16.11 ± 3.33 µm s−1 in DI water and 16.17 ± 2.76 µm s−1
n PBS).

s the laser power increases, the Au portion of the MMs
eats up more. It lowers the local viscosity of PBS and
trengthens the temperature gradient across MM. As a result,
he MM can move more easily despite the ionic and viscous
rag, reaching velocities comparable to those in DI water. The
esults indicate that Zn/Au MMs remain capable of efficient
ropulsion in physiologically relevant environments, which is
n encouraging step toward real biomedical applications. Con-
rol experiments under visible-light illumination (405–600 nm)
roduced no measurable motion, confirming that the propul-
ion of Zn/Au MMs originates from NIR-induced photothermal
ffects.
dvanced Functional Materials, 2026
2.2 SERS-based Detection of Anticancer Drugs

The use of light-powered Zn/Au MMs provides an additional
degree of freedom for label-free SERS-based detection by enabling
remote and controllable manipulation of substrate motion. The
Au layer served as both a plasmonic component for SERS
enhancement and a protective shell improving the chemical
stability of the Zn cores. In this work, light-powered Zn/AuMMs
with an Au shell thickness of 30 nm were employed, enabling
efficient electromagnetic enhancement and propulsion.

MTX and 6-MP have been used as model analytes with dis-
tinct molecular properties. No detectable Raman signal was
observed in the absence of MMs, confirming that the analyte
concentration alone was insufficient for spontaneous Raman
detection (Figure 4A,B). Upon introduction of the Zn/Au MMs,
characteristic Raman peaks of MTX (670 and 1365 cm−1) and
6-MP (440 and 1220 cm−1) were clearly resolved, demonstrat-
ing the intrinsic SERS activity of the Zn/Au MMs substrates
(Figure 4A,B). TheRamanbands at 670 cm−1 (MTX) and 440 cm−1

(6-MP) were selected for analysis due to their spectral specificity,
minimal overlap between analytes, and stable intensity across the
investigated concentration range, despite the presence of more
intense but overlapping peaks. In addition, we systematically
investigate the effect of Au shell (15, 30, 37, and 45 nm) thickness
on the MTX Raman shift (Figure S4) and demonstrate that
the observed signal enhancement is strongly correlated with
the propulsion speed of the micromotors (Figure 3A) and also
with UV–vis spectra of MMs (Figure S5). This behavior can be
attributed to a combined effect of plasmonic enhancement and
propulsion-drivenmass transport, where Au thickness influences
both the electromagnetic field enhancement and the micromotor
speed. To evaluate the broader applicability of the platform,
additional compounds were investigated, including trans-1,2-
bis(4-pyridyl)ethylene (BPE) as a model Raman-active molecule
and 5-fluorouracil (5-FU) as other types anticancer drug with
a distinctly different molecular structure and size compared to
MTX and 6-MP. As shown in Figure S6, clear and character-
istic Raman peaks of 5-FU, the band at ∼785 cm−1, which is
attributed to the F-C band, were observed [44]. These results
demonstrate the capability of the Zn/Au Janus MMs to detect
structurally diverse analytes, highlighting the versatility of the
system. The enhancement in non-activated MMs arises from
localized electromagnetic-field amplification at the Au surface.
It is considered a passive SERS effect, in which signals depend
solely on analyte diffusion and randomcontactwith the substrate.
Notably, when MMs were set in motion by light, a substantial
increase in Raman intensity was observed at low MTX con-
centrations and high 6-MP concentrations (Figure 4C,D). This
enhancement can be attributed to several synergistic effects:
(i) the micromotors actively move analyte molecules to SERS-
active areas, (ii) increased local analyte concentration due to the
transitory and continuously renewed localization of analytes, and
(iii) formation of temporary electromagnetic “hotspots” arising
fromMMs clustering. Together, these effectsmake the interaction
between the substrate and analyte much more efficient than in
static conditions.

The effect of a motion-based system is altered for analytes with
different properties and affinities for the SERS substrate surface.
7 of 13
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FIGURE 4 Raman and SERS spectra of (A) MTX and (B) 6-MP on the bare substrates and Zn/Au MMs at 600 µm concentrations. (C) Average
signal intensity of 670 cm−1 versus concentration curve for MTX using active and static Zn/AuMMs at concentrations of 200, 400, 600, and 800 µm. The
black line represents active Zn/Au MMs, and the red line represents static Zn/Au MMs. A linear function was used to fit the SERS data. (D) Average
signal intensity of 440 cm−1 versus concentration curve for 6-MP using active and static Zn/Au MMs at concentrations of 200, 400, 600, and 800 µm.
The black line represents active Zn/Au MMs, and the red line represents static Zn/Au MMs. A linear function was used to fit the SERS data (inserts in
the C and D). Data are presented as mean ± standard deviation (SD) obtained from three independent Raman mappings per condition.
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or the drug molecule containing a thiol functional group (6-
P), which exhibits a strong affinity for gold surfaces, the
assive SERS mode rapidly reached saturation at higher concen-
rations. This behavior is consistent with surface site saturation,
here analyte molecules densely occupy available SERS-active
ites, limiting further signal increase. In contrast, under active
easurement conditions, the Zn/Au MMs’ dynamic motion
ontinuously refreshed the interaction environment, mitigating
ocal saturation effects. As a result, a significantly extended linear
etection range was achieved, highlighting the ability of active
Ms to overcome affinity-driven signal plateauing [45].

or the MTX, characterized by weaker substrate affinity in
omparison with 6-MP, the benefits of active mode are not only
xtending the linear range but also higher signal intensity at
ow concentrations (Figure 4C). Under light-driven conditions,
aman intensities for low concentrations ofMTX showed an aver-
ge of 50% enhancement compared with passive measurements,
hich is due to an increase in the collision frequency and analyte
apture efficiency. This observation underscores the importance
of 13
of active transport in compensating for low binding probabilities
and diffusion-limited interactions, which are common challenges
at low analyte concentrations. The limit of detection (LOD) and
limit of quantification (LOQ) were estimated from the calibration
data based on the blank signal. For 6-MP, the LOD and LOQ
were approximately 4.5 and 13.5 µM, respectively, while for MTX
they were approximately 14.5 and 45 µM in single detectionmode.
In the next step, we investigate the changes in the SERS signal
under multiplex detection conditions and the influence of com-
petitive interactions between analytes. These values indicate that,
although the calibration range focuses on higher concentrations,
the platform is capable of detecting analytes at lower micromolar
levels. In high-dose MTX therapy, serum concentrations can
reach the high micromolar range (hundreds up to ∼1000 µm)
during or shortly after infusion, and subsequently decrease to
approximately 50 µmup to 24 h, highlighting that the investigated
concentration range reflects clinically relevant early-phase expo-
sure conditions [46]. It should be noted that these performance
metrics were obtained in PBS and deionized water. In complex
biological matrices, matrix effects such as protein interference
Advanced Functional Materials, 2026
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ay impact detection sensitivity. In our previous work, such
hallenges have been addressed through appropriate sample
retreatment strategies in combination with established SERS
ubstrates and validation against reference analytical methods.
hese results suggest a feasible pathway for future adaptation
nd validation of the present system in biologically relevant
onditions [47].

.3 Multiplex Detection

eyond individual analyte measurements, multiplex detection
as further investigated to show the difference between the
ctive and passive Zn/Au MMs. The benefits of active MM-
ssisted SERS become obvious in multiplex detection, where
nalytes compete for a finite number of SERS-active sites [45].
n the passive detection mode, the presence of a high-affinity
nalyte leads to preferential adsorption onto the Zn/Au surface,
ffectively blocking available enhancement sites. As a result, the
aman signal of the MTX, which exhibits lower Au surface affin-
ty, is significantly suppressed due to competitive binding and
urface saturation effects specifically in high concentrations of
-MP (Figure 5A–C). This competition-induced signal reduction
imits the reliability of passive SERS for simultaneous detection
f multiple analytes.

n contrast, under active detection conditions, light-powered
n/Au MMs continuously redistribute the SERS substrate and
ynamically refresh drug-substrate interactions. The active trans-
ort and transient aggregation of MMs increase the effective
umber of available SERS-active sites and reduce prolonged
ccupation by high-affinity molecules. Consequently, competi-
ion between analytes is lessened, leading to a markedly smaller
eduction in the Raman signal of the second, lower-affinity
olecule (Figure 5B–D). This behavior indicates that active
Ms motion mitigates surface site monopolization by dominant
pecies and enables more balanced signal contributions in multi-
lex measurements. For further investigation, the identification
nd discrimination of two drugs and their mixture, we have
mplemented a PLS-DA model using preprocessed SERS spectra.
he data sets consist of nine points with MTX concentration at
00 and 800 µm, five points of 6-MP at 600 µm, and five points of
mixture of them. The loading plots were examined to identify
he main Raman shifts that make discrimination between MTX,
-MP, and their mixture. As it is observable in Figure 5E, the
ominant Raman Shifts in LV1 are 670 and 1360−1, which are
ainly the Raman Shifts attributed to the MTX [46], and we
ave also minor positive contributions of 440 and 1220 cm−1,
hich are the Raman Shifts of 6-MP. In contrast, in LV2, the
ositive contributions are coming from670 cm−1, and the negative
ontribution is coming from 440 cm−1, which are characteristic
eaks of MTX and 6-MP, respectively. The score plot indicates
hat the main discrimination between MTX and 6MP originates
rom LV2, which yields positive scores for MTX and negative
cores for 6-MP (Figure 5F). The calibration results indicated
erfect classification, with all the samples correctly assigned to
heir respective classes. Sensitivity, specificity, and precision were
.00 for all classes. The confusion matrix confirmed complete
eparation, with no misclassified or unassigned samples. Model
obustness was evaluated using cross-validation, which resulted
n only one misclassification: a mixture sample predicted as
dvanced Functional Materials, 2026
6-MP. This yielded an overall predictive accuracy of 95.5%.
Thus, the PLS-DA model enables clear multiplex detection and
identification of both targeted drugs by active Zn/Au MMs.

Collectively, these results demonstrate that light-powered MMs
amplify SERS signals for the weakly interacting analytes and
they fundamentally alter the detection dynamics. By enabling
active analyte enrichment and mitigating surface saturation
effects, the approach broadens the linear dynamic range and
enhances sensitivity, particularly for low-concentration orweakly
interacting analytes. This dynamic SERS strategy is therefore
highly promising for practical applications in drug monitoring
and complex bioanalytical environments, where both sensitivity
and quantitative reliability are critical.

3 Conclusions

In summary, this work demonstrates the fabrication of Janus
Zn/AuMMs that couple light-driven propulsion in theNIR region
with strong SERS activity. Zn/AuMMs exhibit tunable propulsion
behavior, governed by the Au coating thickness and laser power,
with a 30 nm configuration identified as optimal. Their motion
remains stable in ionicmedia such as PBS, confirming robustness
under physiologically relevant conditions. The light-propelled
Zn/AuMMs act as active SERS platforms for single andmultiplex
detection of the anticancer drugs MTX and 6-MP. In the case of
single drug detection, the MMs enhance analyte diffusion and
enrichment. The continuous renewal of interaction sites results in
expanding the linear dynamic range for the drug with high affin-
ity to substrates (6-MP), by mitigating surface saturation effects.
Also, boosts sensitivity, particularly for low concentrations in
the case of weakly interacting analytes (MTX). For multiplex
detection, competitive adsorption effects between MTX and 6-
MP were observed, underscoring the complexity of multiplex
sensing at nanoscale interfaces. Chemometric analysis using PLS-
DA enables reliable classification under multiplex conditions,
and future work will explore more advanced machine learning
approaches for quantitative analysis of complex Label-free SERS
datasets. Overall, active detection not only broadens the linear
range and sensitivity but also improves multiplex detection per-
formance byminimizing competitive adsorption effects. Thereby,
active detection enables more accurate and reliable simultane-
ous detection of analytes with different surface affinities using
their SERS fingerprint. These results highlight Zn/Au MMs as
dual-functional systems that integrate autonomous motion and
SERS detection, paving the way toward intelligent MM-based
diagnostic platforms.

4 Experimental Section

4.1 Fabrication of Zn/AuMMs

Zn particles (Sigma–Aldrich) were used as a template for MM
fabrication. 1200 mg of Zn particles were dispersed in 35 mL of
ethanol (99.8%). Subsequently, it was washed three times with
ethanol, followed by sonication for 10 min at 25◦C (Branson
2210 DTH Ultrasonic Cleaner, Branson Ultrasonics, USA) and
centrifugation at 3000 rpm for 2 min (ST16R centrifuge, Thermo
Scientific). After each step, the sample was replaced with fresh
9 of 13
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FIGURE 5 (A) Stacked SERS spectra of dual and single detected 6-MP andMTX at 800 µmcomparedwith blank using active Zn/AuMMs. The stars
correspond to the characteristic peak at around 670 ± 5 cm−1 for MTX and around 440 and 1220 cm−1 for 6-MP, respectively. (B) Stacked SERS spectra of
dual- and single-detected 200 6-MP and 600 µmMTX compared with the blank using active Zn/AuMMs. The stars correspond to the characteristic peak
at around 670 ± 5 cm−1 for MTX and around 440 and 1220 cm−1 for 6-MP, respectively. Comparison of signal intensities for single and dual detection of
800 µMMTX and 800 µM 6-MP integrated with (C) Static Zn/Au MMs and (D) Active Zn/Au MMs. Corresponding error bars are depicted. p-values are
shown between conditions using the two-tailed t-test with a significance level of 0.05. (E) Loading plots of PLS-DA model (LVs = 4). (F) 3D score plots
of PLS-DAmodel for the concentration level of 600 and 800 µmMTX and 6-MP and mixture of 600 µm of each. [Correction added on June 4, 2026, after
first online publication: Figure caption of Figure 5 (C) and (D) has been amended in this version.]
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thanol to remove impurities. The purified Zn suspension was
hen diluted to a final concentration of 3 mg/mL. Separately, a
wt.% polyvinylpyrrolidone (PVP) solution was prepared, and
mL was spread onto a clean glass slide and left to dry at
oom temperature in a fume hood. The PVP film served as an
dhesive layer to immobilize the Zn particles for Au-coating.
ubsequently, 1 mL of the 3 mg/mL Zn solution was uniformly
ispersed onto the PVP-coated glass slide and left to dry. After
rying, the samples were coated with an Au layer to thicknesses
f 15, 30, 37, and 45 nm using a sputter coater (Quorum Q150R,
uorum Technologies, UK), where the thickness was monitored
n real time using the built-in quartz crystal microbalance (film
hicknessmonitor). Subsequently, the glass slides were washed in
thanol to detach the MMs from the glass slide and dissolve PVP.
ach washing cycle includes 20 s sonication at 25◦C, followed by
entrifugation at 3000 rpm for 3 min. Following the final wash,
he Zn/Au MMs were resuspended and stored in DI water.

.2 Characterization of Zn/AuMMs

hemorphology of bare Zn particles andZn/AuMMswas charac-
erized using a scanning electronmicroscope (SEM, TM3030Plus,
itachi, Japan). Further identification and elemental analysis
ere performed using a FEI Quanta AFEG 250 scanning electron
icroscope equipped with an X-Max 50 EDS detector (Oxford
nstruments, United Kingdom). The stability of the Zn/Au MMs
as monitored over 15 days using SEM. SEM images were
ollected on days 1, 2, 5, 9, and 15. Particle stability was evaluated
y counting Zn/Au MMs in 10 µL of suspension on days 1 and 15;
ach drop was counted three times to obtain an average particle
umber. The optical properties of Zn/Au MMs with different
u thicknesses (15, 30, 37, and 45 nm) were analyzed using a
arioskan microplate reader (Thermo Scientific).

.3 Motion Studies

he motion behavior of Zn/Au MMs was performed using near-
nfrared (NIR) lasers integrated into a Leica TCS SP8CARSmicro-
cope (Leica, Germany). All images and video sequences were
ecorded using Leica Application Suite X (LAS X) software, while
mageJ (version 1.54p, NIH, USA) was employed for velocity
nalysis. The average velocity of MMs under specific conditions
as calculated by tracking the trajectories of individual MMs
sing the Manual Tracking plugin in ImageJ. The displacement
as measured across consecutive frames and divided by the
orresponding time interval to obtain the velocity of a single
M. Only MMs exhibiting stable and continuous motion were

ncluded in the analysis. For each condition, 20MMswere tracked
o determine the average velocity. First, velocity was tested at a
otal power of 17mW. For other set experiments, velocity has been
ested at the Pump wavelength of 800 nm. The influence of Au
ayer thickness (15, 30, 37, and 45 nm) was examined under two
aser powers (19.2 and 43.8 mW). The effect of varying the Pump
nd Stokes laser powers was investigated independently, with the
ump laser fixed while the Stokes laser varied (14.7, 23.8, 31.4, and
7.1 mW) and vice versa (14.0, 24.6, 34.3, and 43.9 mW). Motion
xperiments in PBSwere performed at pH 7.4 at 19.2 and 43.8mW
aser power. Control experiments were performed under near-
V and visible-light illumination at 405 nm (0.02 mW), 500 nm
dvanced Functional Materials, 2026
(0.02mW), 550 nm (0.06mW), and 600nm (0.1mW)using a Leica
INM100 optical microscope. A summary of the velocity analysis
under all experimental conditions is provided in Table S1.

4.4 Raman and SERSMeasurements

Raman and SERS measurements were conducted using a DXRxi
Raman Imaging Microscope (Thermo Scientific) operated with
OMNICxi software. For calibration measurements, four concen-
trations (200, 400, 600, and 800 µm) of MTX and 6-MP were
prepared in DI water, while Zn/Au MMs were suspended in
ethanol. Both static and active MMs were used. Static MMs were
prepared by oven drying, whereas active MMs were prepared
by laser drying under the Raman microscope. All samples were
deposited on calcium fluoride (CaF2) crystal optic slides.

Instrument calibration was performed using a silicon wafer
(520.6 cm−1) with the following parameters: laser power, 5 mW;
exposure time, 0.1 s; two scans; image pixel size, 100 µm; and
preview size, 2000 µm. For drug measurements, 50 µL of Zn/Au
MMs were mixed with 50 µL of each drug concentration. For the
Raman measurements, the 50× objective has been used. Raman
parameters were set to a 15 mW laser power, a 2 s exposure time,
one scan, an image pixel size of 2.5 µm, and 40 × 40 pixels. From
each sample, four drops (10 µL each) were placed on CaF2 slides:
two for active and two for static MMs. Three Raman mappings
were collected per drop.

For dual-drugmeasurements, two concentration sets were tested:
(i) 800 µm MTX and 800 µm 6-MP and (ii) 600 µm MTX and
200 µm 6-MP. For each set, 50 µL of Zn/Au MMs were mixed
with 25 µL of each drug solution. A blank control was prepared
by mixing 50 µL of Zn/Au MMs with 50 µL of DI water, with one
drop used for active and one for static MMs.

4.5 Data Analysis

For the Raman maps data treatment, custom-made mapanalyzer
tools have been used. The SERS mapping data were cropped
between 400 and 1800 cm−1, and a 9× 10 pixel regionwas selected
to avoid overlapping areas, resulting in three independent regions
selected for analysis. Next, background correction was done by
making a baseline correction using a rolling-circle filter with a
radius of 100 and an ellipticity of 5. The top 5% of pixels that
contributed most to the MTX band at about 670 cm−1 or the
6-MP peak at about 440 cm−1 were chosen and averaged. The
theoretical limit of detection (LoD) and limit of quantification
(LoQ) for both active and static Zn/AuMMs with 6-MP andMTX
were calculated according to the following equations: LoD =
3×𝜎

𝑆
and LoQ = 10×𝜎

𝑆
, where σ represents the standard deviation

of the blank signal, and S denotes the slope of the calibration
curve. All statistical data analysis methods were performed
using the PLS toolbox (Eigenvector Research) in Matlab (2021b,
MathWorks, Natick, MA, USA) and OriginPro 2022. Partial least
squares- discrimination analysis (PLS-DA) was implemented as
a quantitative method. Leave-one-out was utilized as a cross-
validation method for the evaluation of the prediction accuracy
of the models. All data points were plotted using OriginPro 2024.
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