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ABSTRACT

The compositional asymmetry of Janus micro- and nanoparticles gives unprecedented opportunities to manipulate such particles with dif-
ferent stimuli to achieve enhanced optical, magnetic, and photothermal responses, which can be exploited for sensing, phototherapy, and
nanoscale robotic applications. This perspective overviews recent advances in optical and magnetic manipulation of plasmonic Janus parti-
cles and their implications for biomedical applications. In particular, a brief summary of optical, plasmonic, and magnetic manipulation of
Janus particles of various compositions are presented. Moreover, the potentials of plasmonic Janus particles for targeted drug delivery, pho-
tothermal therapy, hyperthermia, bio-imaging, bio-detection, and neuromodulation are briefly discussed. Finally, a perspective on the ratio-
nal design and applications of this particular family of asymmetric particles is forwarded.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0262327

I. INTRODUCTION the way for developing innovative solutions in targeted drug deliv-
ery, imaging, and diagnostics.”™ As a result, contemporary research

Janus particles, named after the two-faced Roman god, have
on Janus particles is focused on design, synthesis, and engineering

two parts with distinct physical or chemical properties and

functionalities.””” These highly tunable and controllable anisotropic
particles possess a number of diverse and synergistic behaviors
(such as polarity, amphiphilicity, optical, and magnetic properties)
in a single structure.’ This customizable capability of Janus parti-
cles allows them to interact with different external stimuli, paving

of their optical, photothermal, and magnetic properties for biomed-
ical applications.”*

In particular, plasmonic Janus particles have been focus of
current research™'” as they use surface plasmon resonance proper-
ties to enhance their optical absorption and induce photothermal
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effects. These pronounced responses can be exploited for controlled
injection of functional nanoparticles into living cells,'" heating
and stretching of DNA molecules,'” and regulating directional
heating,'” which pave the way toward devising novel applications
in nanosurgery, sensing, and drug delivery. Although plasmonic
Janus particles hold great promise in various applications, they
face significant limitations that arise from their manipulation
methods and inherent material properties. The existing manipula-
tion techniques often depend on chemical reactions or thermal
gradients, which not only reduce precision but are also highly
dependent on the intrinsic properties of the carrier fluid where the
nanoparticles are often transported to the target site,"* resulting in
passive delivery that limits both the control and efficiency of the
transport process.

Alternatively, given their remarkable biocompatibility, Janus
particles based on magnetic materials [such as iron oxide (Fe;0,)]
have shown great promise as their light-to-heat conversion effi-
ciency under a magnetic influence is high.'” As a result, magneto-
thermal effects provided by magnetic Janus particles have been an
alternative non-invasive delivery strategy, akin to the photothermal
effects. Nevertheless, there are plenty of drawbacks to this
approach, in particular, in nano-therapeutics where high dosages
are needed to achieve substantial therapeutic effects.''” To over-
come these limitations, hybrid magneto-plasmonic Janus particles
have emerged as a novel concept for multifunctional biomedical
applications,'™'® which feature an unparalleled combination of
facile functionalization, colloidal stability, optical and magnetic
anisotropy, strong ferromagnetic activity, and enhanced optical
absorption in the near-infrared region. Thus, the combination of
magnetic and optical properties of magneto-plasmonic nanostruc-
tures can pave the way toward developing smart nanodevices for
healthcare.

To take advantage of these intriguing properties of hybrid
Janus particles for various applications in biomedicine, it is impor-
tant to design and synthesize these composite structures with
enhanced optical, magnetic, and photothermal responses. To this
end, a number of design and synthesis methods have been
reported.”'>*" Furthermore, a plethora of reports on manipulation
of Janus particles with various mechanisms, including plasmonic
nanotweezers,” nanofiber evanescent fields,* photonic nanojets,””
and magnetic fields™ imply their potentials for targeted drug deliv-
ery and photothermal therapy. As a result of these recent advances
in the design principles and manipulation methods of Janus parti-
cles, it is imperative to provide a thorough overview with a particu-
lar focus on their implications for biomedical applications.

In this perspective, we present a brief overview of the latest
advances in design principles, manipulation techniques, and bio-
medical applications of novel Janus particles (Fig. 1). In this regard,
we showcase state-of-the-art of various compositions and configu-
rations of Janus particles with sizes ranging from micro- to nano-
scale. Moreover, we briefly discuss recent breakthroughs in optical,
plasmonic, and magnetic manipulation of Janus particles.
Furthermore, we outline the potentials of plasmonic Janus particles
for biomedical applications and highlight recent works in targeted
drug delivery, bio-imaging, bio-detection, photothermal therapy,
and neuromodulation. Finally, we forward our viewpoints on the
future direction of the field.
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FIG. 1. Schematic illustration of the design principles, optical properties, manip-
ulation methods, and biomedical applications of Janus particles of various con-
figurations and compositions.

1. OPTICAL AND MAGNETIC MANIPULATION OF JANUS
PARTICLES

The geometrical asymmetry of composite Janus particles gives
unprecedented opportunities to manipulate these architectures with
various methods, including optical, plasmonic, and magnetic
manipulation techniques. The interaction of optical fields with
Rayleigh particles (particles with sizes much smaller than incident
light wavelength) embedded in a medium with the dielectric cons-
tant &, is determined by its polarizability o = 3V;‘:;';, where V
is the particle volume and &, is the dielectric function of the parti-
cle.”* For optical trapping of plasmonic nanoparticles, the gradient
force is attractive and highly enhanced on the low-frequency side of
plasmon resonance of the nanoparticle but repulsive on the high-
frequency side.”” On the other hand, dielectric particles such as
silica beads have positive ¢; therefore, they are pulled toward the
maximum optical intensity of a Gaussian beam with a transverse
mode.”® Furthermore, the viscosity of the solvent in which a parti-
cle swims plays an important role in determining its acceleration.
The limiting velocity v of a particle traveling in a viscous medium
can be estimated using Stokes’s law: v = 2qPr/3cww}n, where q is
the fraction of reflected light, P is the laser power, r is the particle
radius, @y is the laser beam radius, and 7 is the viscosity of the
medium.”” Consequently, the drug force acting on a spherical parti-
cle moving in a viscous fluid is given as Fp = 6xnrv.”

However, optical manipulation of plasmonic Janus particles is
challenging because the high reflectance and absorbance of metallic
part lead to strong optical forces that repel the particles from the
optical trap. To tackle this challenge, several manipulation methods
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have been proposed. For stable trapping of Janus particles, Koya
et al. have proposed the resonant optical trapping method to trap
Janus plasmonic nanoparticles with a two-laser system, where one
laser excites the nanoparticle and the other laser plays the trapping
role.”’ This approach drastically enhances the radiation force by
matching the photon energy of excitation laser with the excitation
bands of the trapped objects. (Further details on resonant optical
trapping of metallic and metal-coated Janus particles can be found
in Sec. II A.) Moreover, to actively control the rotational dynamics
of plasmonic Janus particles, various approaches have been devel-
oped. In particular, Sadafi et al. proposed and demonstrated an
electrostatic approach to control the local orientation of optically
asymmetric Janus particles.”’ Furthermore, Ilic et al. theoretically
demonstrated that, by engineering the orbital angular momentum
of light, it is possible to control the orientation and the stability of
the spinning states of plasmonic Janus particles.”” Most recently,
several other manipulation techniques have been devised, which
include nanofiber-based evanescent field trapping,'* photonic
nanojet mediated manipulation,”” and magneto-plasmonic manip-
ulation.”” Next, we discuss some of these and other related
methods commonly employed to manipulate plasmonic Janus
particles.

A. Resonant optical trapping of Janus nanoparticles
with plasmonic nanoapertures

As a result of the extraordinary optical transmission through
nanoholes,”’ sub-wavelength nano-apertures in metallic films
have been the focus of intense research for the last two
decades.””” The optical transmission of circular nanoapertures
with radius r can be described using Bethe’s aperture theory,”
where the light transmission T is approximated as the fourth
power of the incident light wavelength A, ie, T oc (r/A)%. In the
presence of an object inside the nanohole, the aperture appears
optically larger, which is manifested by redshift in the transmis-
sion wavelength and increase in its intensity by AT [Figs. 2(a)
and 2(b)]. Apart from the extraordinary light transmission, plas-
monic nanohole apertures (NHAs) are characterized by squeezing
photons into a point-like spaces [Fig. 2(c)] and they have remark-
able photothermal properties.”” *® Because of these intriguing
optical and photothermal properties, plasmonic NHAs have
found applications in several fields including optical manipulation
of small objects with low-power optical tweezers.””

Nevertheless, as discussed in the introduction of Sec. I, stable
trapping of metallic (and light-absorbing) nanoparticles with
optical and plasmonic tweezers has been challenging as the high
reflectance and absorbance of these materials lead to strong
thermal and optical forces that repel the particles from the optical
trap.”” To alleviate the photothermal heating effects of light-
absorbing nanoparticles, as a principle, an off-resonant optical
trapping technique has been widely implemented. However, this
method ignores self-induced back-action (SIBA) effect, where the
trapped objects have an active role in the trapping process."* To
compensate the drawbacks of the off-resonant optical trapping
approach, the resonant optical trapping method with a two-laser
system has been introduced.”*® As a result, the resonant optical
trapping approach is found to be an efficient mechanism to
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manipulate metallic and metal-coated Janus particles by enhancing
the gradient force of an optical trap and increasing the strength of
trap potential through surface plasmon resonances.”"""”

One of the most recent works in this regard is the theoretical
study by Koya et al., in which they exploited the effect of highly
enhanced near-field intensity of plasmonic nanoaperture tweezers
and SIBA impact of trapped objects to demonstrate enhanced trap-
ping of single plasmonic Janus nanoparticles.”" Systematic displace-
ment of Au-coated Janus nanoparticles toward the nanoaperture
and proper orientation of the metallic coating with respect to the
aperture results in pronounced near-field intensity and optical
force [Figs. 2(d)-2(f)]. In the abovementioned nanoparticle-
nanoaperture configuration, the resonant optical trapping tech-
nique can yield about a threefold optical force, which is ascribed to
the excitation of surface plasmon resonance in plasmonic Janus
nanoparticles. This resonant optical trapping method can also be
employed to manipulate a dimer-like plasmonic Janus particles
made of, for example, overlapping Fe;0, nanocubes and Au nano-
spheres [Fig. 2(g)]. For about 40 nm sized Fe;O,@Au nanoparticles
trapped in plasmonic nanoapertures, the total optical force acting
on the nanoparticle can be greatly enhanced by increasing the trap-
ping laser power [Fig. 2(h)]. This effort can be further extended
by designing multi-component Janus nanoparticles comprised of
plasmonic, magnetic, and low-toxic materials like copper sulfide
[Fig. 2(i)]. Other groups have also demonstrated that the optical
resonance between a light-absorbing particle and trapping laser
can give rise to about fourfold enhancement of radiation force,
which is attributed to the excitation of surface plasmon reso-
nance.”>"” Early works by Shoji et al. have also demonstrated that
combining the resonant optical trapping with plasmonic effects
can yield about five to ten times enhanced radiation force.’
These efforts imply that plasmon-based resonant optical manipu-
lation techniques can not only enhance trapping efficiency but
also can give unprecedented opportunities to manipulate various
compositions of Janus particles made of dielectric and metallic
components.”’

B. Propulsion of Janus particles with optical
nanofibers

Optical nanofibers (ONFs) with the waist diameter smaller
than the propagating wavelength of light are found to be promising
due to their large evanescent field that extends beyond the fiber
surface.”” As a result, ONF tweezers have emerged as powerful
optical manipulation tools for trapping of nanoparticles, transpor-
tation of living micro-organisms, and propulsion of composite par-
ticles.'*">? Unlike the free-space beams of light, evanescent fields
of optical fiber facilitate stable trapping of Janus particles with low
optical power. In this regard, Tkachenko et al. have demonstrated
stable trapping and efficient propulsion of plasmonic Janus parti-
cles (JPs) made of microsphere silica core and half-coated Au
nanolayer with optical nanofiber tweezers [Fig. 3(a)]."* The pres-
ence of metallic coating gives rise to an intense backscattering of
light (and hence larger transfer of linear momentum) compared to
the bare silica particle (SP) [Figs. 3(b) and 3(c)]. The trapping and
propulsion actions, respectively, take place via pulling of the JP to
the ONF by the radial force F, and pushing it along z by the
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FIG. 2. Plasmonic nanohole aperture-enhanced resonant optical trapping of Janus particles. lllustration of (a) optical transmission through a single Au nanohole aperture
and (b) corresponding transmission intensity with and without particles, where in the presence of nanoparticles, the nanoaperture transmission T wavelength redshifts and
its intensity increases by AT. Reproduced with permission from Al Balushi et al., Analyst 140(14), 4760-4778 (2015). Copyright 2012 Royal Society of Chemistry.** (c)
Electric near-field intensity of the single plasmonic nanohole aperture. Reproduced with permission from Jiang et al., ACS Photonics 6(7), 1763-1773 (2019). Copyright
2019 American Chemical Society.® (d) Schematic illustration of the resonant optical trapping of Si-core Au-shell half-coated Janus nanoparticles in plasmonic nanoaper-
tures. The Janus nanoparticle location (e) and Au-shell orientation (f) greatly influence the optical force strength and near-field intensity. Reproduced with permission from
Koya et al,, Appl. Phys. Lett. 123(22), 221107 (2023). Copyright 2023 AIP Publishing LLC.>" (g) lllustration of the resonant optical trapping of FesO4@Au magneto-
plasmonic Janus nanodimer in the single nanohole plasmonic aperture. (h) Corresponding optical force strength for various input laser powers. (i) Comparative optical
absorption spectra of Au nanoparticles, Fe;0,@Au Janus nanodimers, and Fe;0,@Au@Cu,_S Janus nanotrimers. Reproduced with permission from Fiorito et al., Small
18(18), €2200174 (2022). Copyright 2022 Wiley-VCH."®

longitudinal force F, [Fig. 3(d)]. As a result of the plasmonic effect nanoshell thickness, the propulsion speed is found to be maximum
coming from the Au coating, the optical force and propulsion when the Au cap is oriented toward the nanofiber, which is
speed of the Janus particle can be significantly enhanced depending ascribed to the high polarizability of gold and sharp decline in the
on the nanoshell orientation [Figs. 3(e)-3(h)]. For a given Au evanescent field with distance from the fiber surface."*
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FIG. 3. (a) lllustration of trapping and propulsion of plasmonic Janus particles with optical nanofiber (ONF) tweezers. (b) and (c) Comparative electric field distributions
around Janus particle (JP) and silica particle (SP) with strong backscattering of light by the JP. (d) Schematic model of the ONF-JP system showing electric field vector &,
gravitational acceleration g, optical torque N, torque caused by friction force (Fy) N, longitudinal force F,, and radial force F,. (e) The effect of gold cap orientation on the
optical force components and optical torque. (f) Position-time series for the longitudinal direction of silica and Janus particles. (g) and (h) Propulsion speed as a function
of transmitted optical power for Au coating thickness of d=10nm and d =20 nm, respectively. Reproduced with permission from Tkachenko et al., Nat. Commun. 14(1),
1691 (2023). Copyright 2023 Authors, licensed under a Creative Commons Attribution 4.0 International License.'*

C. Magnetic manipulation of magneto-plasmonic
Janus particles

Magnetic manipulation is another promising technique that
allows the precise control of magneto-plasmonic Janus particles via
externally applied magnetic fields. In principle, magneto-plasmonic
particles can be designed as a magnetic-core metal-shell bifunc-
tional particles” or a Janus-like magneto-plasmonic particles as
illustrated in Fig. 4(a), where the magneto-plasmonic effect is the
key property to manipulate with a high degree of accuracy and selec-
tivity.” One of the most significant theoretical studies on the possibil-
ity of capturing and controlling magneto-plasmonic nanoparticles
inside a hybrid magneto-plasmonic nanopore is the recent work by
Maccaferri et al., which highlights the prospects of this technique.”
In this work, the authors theoretically demonstrated that a hybrid
nanopore consisting of a thin layer of cobalt sandwiched between

two Au layers can be used to create a localized magnetic field by an
external magnetic field, which allows capturing and control of mag-
netic nanoparticles near the nanopore [Figs. 4(b)-4(h)]. According
to the simulation results, the capture force of nanoparticles with
magnetic tweezers can reach up to 28 pN [Fig. 4(f)], which signifi-
cantly exceeds the capabilities of traditional optical or plasmon
capture methods. There is also an increase in the electromagnetic
field in the system [Figs. 4(g) and 4(h)], which has implication for
improved performance in the detection and analysis of molecules.
The magneto-plasmonic nanoparticles introduced into these systems
can be controlled using an external magnetic field, which allows
precise control of their movement through nanopores. This is espe-
cially important for applications related to DNA sequencing, where
high sensitivity and control over the movement of molecules are
required.”’ Even if this model reported only on symmetric magneto-
plasmonic particles, a similar effect is expected using a Janus-like
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FIG. 4. Magnetic manipulation of magneto-plasmonic Janus particles. (a) Schematic illustration of different designs of magneto-plasmonic Janus particles: (i) and (ii)
magneto-plasmonic Janus dimers comprised of Fe;O, and Au in various shapes, (i) magneto-plasmonic nanodomes coated with Fe/Au multilayers on polystyrene
spheres, and (iv) silver nanoparticle-decorated Fe;04-SiO, Janus nanorod. (b)—(h) Magnetic trapping of Fe,O3-Au core-shell nanoparticle in a hybrid magneto-plasmonic
nanotweezer made of Au/Co/Au layers. (b) Schematic illustration of trapping Fe,O3—Au nanoparticle in the hybrid nanopore with a 780 nm laser. (c) Micromagnetic configu-
ration of the Co layer within the hybrid nanopore structure. (d) 2D Map of the stray field gradient corresponding to the Co layer micromagnetic configuration shown in (c).
(e) Room temperature superparamagnetic response of a 10 nm diameter nanosphere of magnetite (see the inset). (f) 2D map of the corresponding force exerted on the
nanosphere. (g) Near-field intensity of 10 nm-core 2 nm-shell Fe,O;—Au nanoparticle placed at 2 nm from the nanopore. (h) Average field enhancement for various
nanopore-nanoparticle configurations and geometries. Reproduced with permission from Maccaferri et al., Appl. Phys. Lett. 118(19), 193102 (2021). Copyright 2021
Authors, licensed under a Creative Commons Attribution (CC BY) License.” (i}~(n) Opto-magnetic manipulation of a dot Janus particle made of polystyrene core and
cobalt dot. (i) lllustration of coordinate axes defining the dot Janus particle orientation. (j) Micrograph depicting an overlay of 12 images during optical manipulation of the
dot Janus particle with magnetic moment oriented along ¢ =0°. (k) Overlay of seven images as dot Janus particle is spatially moved around a predefined circle (dotted
line) by a holographic optical trap and rotationally oriented by a 0.1 Hz rotating magnetic field. (I)-(n) Sequence of images showing rotation of the dot Janus particle
around the ¢ axis while optically trapped. Reproduced with permission from Erb et al., Adv. Mater. 21(47), 4825-4829 (2009). Copyright 2009 Wiley-VCH.**
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magneto-plasmonic particle illustrated in Fig. 4(a). These non-toxic
particles can be designed from fluorescent polystyrene nanospheres
with a diameter of about 100 nm and several layers of magnetic and
plasmonic material coatings on one side of the particle (Fe/Au or
Co/Au).

Early works by Erb et al. also demonstrated the synthesis of
new types of spherical Janus particles that have a metallic coating
on less than 20% of the surface (the so-called “dot” Janus parti-
cles).”” These particles have magnetic anisotropy, which makes
them compatible with (magneto-) optical traps. The study showed
that such Janus particles can be effectively controlled in three-
dimensional space using optical traps, while a magnetic field is
used to control the orientation of the particles [Figs. 4(i)-4(n)].”” A
more recent work by Brennan et al. used magneto-plasmonic Janus
particles with magnetic core (Fe;0,) and plasmonic shell (Au) to
examine the effect of the shell thickness on the magnetic properties
of the Janus nanoparticles and exploited their potentials for mag-
netic hyperthermia and photothermal therapy.” It was shown that
increasing the thickness of the Au shell reduces the magnetic sus-
ceptibility of nanoparticles, which negatively affects the ability of
nanoparticles to magnetic manipulation and magnetic hyperther-
mia. With an increase in the thickness of the shell, the time of
magnetophoresis (i.e., movement of nanoparticles under the influ-
ence of a magnetic field) increased significantly, resulting in a
decrease in the speed and efficiency of magnetic manipulation.
This phenomenon is probably due to a decrease in magnetization
and an increase in the resistance force during the movement of
nanoparticles.”* Thus, magneto-plasmonic control of composite
nanoparticles enables manipulation at the nanoscale, which is
important for the development of new diagnostic and treatment
methods for biological analysis.”

11l. BIOMEDICAL APPLICATIONS OF PLASMONIC JANUS
NANOPARTICLES

When the energy of incident light matches the resonant fre-
quency of free electrons in nanostructured plasmonic materials, the
nanoparticles exhibit strong localized surface plasmon resonance.
This phenomenon induces two competing optical processes—
strong scattering and absorption of the incident light—which are
linked to near-field enhancement and the photothermal effect,
respectively.”® Thus, plasmonic nanostructures have been efficient
sources of extremely localized heat sources,”’ " which have been
exploited for biomedical applications.”’ The key feature of photo-
induced plasmonic heating requires remote activation of the
heating by applying laser irradiation to plasmonic nanostructures
that are designed to optimally convert light into heat.”” In this
regard, various photothermal materials®’ and architectures” have
been designed as powerful light-to-heart converters.”* These effects
can be exploited for targeted drug delivery and photothermal
therapy.”>° Moreover, recent studies demonstrated that magneto-
plasmonic Janus particles based on heterodimer particles consisting
of Fe;0, and Au of various shapes exhibit enhanced magnetic-
photothermal effects, boosting the potential of these multifunc-
tional materials for biological applications.” Furthermore, decorat-
ing magnetic Janus particles with Ag nanoparticles has enabled the
development of Ag-particle delivery systems, known for their low
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toxicity and antibacterial properties. Hence, the integration of
strong magnetic properties with high bacterial affinity in these
systems enhances the efficiency of bacterial capture and separa-
tion.”” These and other related findings imply that plasmonic and
magneto-plasmonic Janus particles have potentials for such appli-
cations as drug delivery and photothermal therapy. Here, we
discuss recent developments in exploiting the potentials of plas-
monic Janus particles for biomedical applications.

A. Self-propelling plasmonic Janus particles for
targeted drug delivery

Janus nano-architectures with asymmetric optical and thermal
properties [Figs. 5(a)-5(c)] can serve as light-powered self-
propelling universal nanomotors and micro-swimmers.””** The
imbalance in the optical and photothermal properties of Janus
nanoparticles have been exploited for controlled guiding of com-
posite nanoparticles with light.**” In this regard, Peng et al. have
designed dielectric-core Au-shell Janus micro-swimmers driven by
a self-sustained electric field that arises from the asymmetric optho-
thermal response of the particles.”” The optically generated temper-
ature gradient along the particle surfaces leads to an enhanced
opto-thermoelectrical field that propels the particles [Fig. 5(d)],
where the swimming direction is determined by the particle orien-
tation. Furthermore, the propulsion speed and rotational rate of the
Au-coated Janus micro-swimmers can be further accelerated by
increasing the illumination laser power [Figs. 5(e)-5(g)].

However, when the laser power is further increased, a strong
heating effect occurs, which causes thermal damage to the plas-
monic Janus particles.”*” As a result, measuring the temperature
of optically trapped light-absorbing particles has been a subject of
intense research.”””' To overcome the trapping laser power-
induced heating damage, an off-resonant trapping techniques have
been proposed.”’ However, this approach disregards the active role
of the particles in the trapping process. Thus, an alternative
approach based on a dual laser system where a defocused visible
laser excites the nanoparticle and another focused near-infrared
laser traps the nanoparticles is found to be a plausible approach for
efficient manipulation of plasmonic Janus nanoparticles.”’ These
light-powered plasmonic Janus particles can serve as bases for
developing self-propelling nano-carriers and micro-swimmers for
targeted drug delivery. To this end, Park and co-workers have
developed beta cyclodextrin (B-CD) conjugated Au-Fe;O, Janus
nanopatrticles to exploit the chemo-photothermal effects for cancer
ablation.”® These drug-loaded B-CD-conjugated Janus nanoparti-
cles are capable of eliminating cancer from tumor-bearing nude
mice without causing adverse effects [Fig. 5(h)].

B. Plasmonic magnetic Janus particles for
phototherapy and hyperthermia

1. Photothermal therapy

One of the key applications that exploit the photothermal
effects of magneto-plasmonic core-shell Janus nanoparticles is
cancer therapy and diagnosis.”” In this regard, Espinosa et al.
explored the possibility of using magneto-plasmonic Janus nano-
particles combining a magnetic core and a plasmonic shell for
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targeted drug delivery to tumors and subsequent photothermal
therapy.”” The research is devoted to the synthesis of heterodimer
nanoparticles with an iron core and gold nanostars; thus, the Janus
nanoparticles possess both magnetic and plasmonic properties.
After accumulation of the particles in the target area using a mag-
netic field, the nanoparticles are irradiated with laser radiation in
the near-infrared range. As a result, the temperature in the particle
accumulation zone rises, thereby destroying cancer cells.”” Brennan
et al. also used magneto-plasmonic Janus particles with magnetic
core (Fe;04) and plasmonic shell (Au) to examine the effect of
gold-shell thickness on the magnetic properties of the Janus nano-
particles and exploited their potentials for photothermal therapy.”

Huang et al. developed a YFe,Os;@Au core/shell-type magnetic
gold nanoflower-based theranostic nanoplatform, where yFe,O;
(magnetic iron oxide) was designed as a core and gold as a shell.”
These nanoparticles have a nanoflower shape with a rough surface,
which enhances surface plasmon resonance and allows them to be
used as multifunctional agents for the diagnosis and therapy of
cancer. The manipulation of yFe,O;@Au particles was carried out
by an external magnetic field to accumulate them in the right parts
of the body due to the magnetic properties of iron oxide nuclei.
The nanoparticles were activated by laser irradiation in the near-
infrared range, which led to local heating and destruction of tumor
cells.”" Similarly, Liu et al. also reported on the development and
application of magneto-plasmonic Janus vesicles for improved
tumor imaging using magnetic resonance imaging (MRI) and pho-
toacoustic (PA) imaging.75 The proposed Janus vesicles were
created by self-assembling a mixture of magnetic nanoparticles,
gold, and amphiphilic block copolymers (BCPs). As a drug deliv-
ery, the contents of the vesicles were activated by near-infrared
(NIR) radiation, and the release rate was controlled by a magnetic
field. These vesicles have also proven themselves well as contrast
agents for improved imaging of tumors using MRI. The magnetic
field significantly increases the accumulation of vesicles in tumors,
which led to a two to threefold increase in imaging signals com-
pared to the control groups.”

2. Hyperthermia

Hyperthermia is one of the cancer treatment methods that
work as an artificial way to increase the temperature of body tissues
by heating through external sources, which destroys cancer cells
and prevents their further growth.”® Cancer cells are damaged and
destroyed when the temperature reaches around 41-42 °C, where
such cells become vulnerable and can be effectively destroyed, espe-
cially by combining other treatment methods such as chemother-
apy or radiation.”” However, traditional hyperthermia methods
often have limitations, affecting not only the cancerous cells but
also the surrounding healthy tissues.”” With the advent of nano-
technology, particularly Janus nanoparticles, in the process of
hyperthermia, it became possible to purposefully control heating,
thereby minimizing damage to surrounding healthy tissues. By
using Janus particles, several types of hyperthermia can be per-
formed [Figs. 6(a)-6(f)].

Magnetic hyperthermia involves the use of magnetic nanopar-
ticles that generate heat under the influence of a magnetic field.””
This method has high selectivity in which magnetic nanoparticles
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can be purposefully delivered to the tumor using an external mag-
netic field, which localizes the thermal effect only on unhealthy
tissue, minimizing damage to healthy tissue.”’ In related study, Zuo
et al. used Janus magnetic mesoporous silica nanoparticles
(MSNPs) to generate magnetic hyperthermia in combination with
protein therapy for enhanced treatment of breast cancer.”’ The
dual function of these nanoparticles allowed for both precise
heating and targeted delivery of therapeutic proteins, resulting in a
significant reduction in tumor growth with combination therapy.

Unlike magnetic hyperthermia discussed above, photothermal
hyperthermia uses nanoparticles that absorb light, converting it
into heat. While the magnetic hyperthermia is well effective in
deeply localized tumors, photothermal hyperthermia is effective for
the treatment of superficial tumors or tumors that can be directly
irradiated with lasers. The photothermal hyperthermia is enhanced
due to the plasmonic properties of Janus nanoparticles. In this
regard, Ali et al. experimentally investigated the photothermal
effects of plasmonic Janus nanoparticles based on silver and nickel
(Ag/Ni) and silver and iron (Ag/Fe), which were synthesized using
laser ablation.®” Experiments have shown that the temperature of
nanoparticles increases significantly with increasing laser power,
where Ag/Ni particles reached temperatures up to 79 °C and Ag/Fe
up to 72 °C at maximum laser power of 4 W. Therefore, exploiting
the simultaneous effects of magnetic and photothermal heating
increases the hyperthermia of magneto-plasmonic Janus nanoparti-
cles. Such particles could be directed to tumors using magnetic
fields, and upon laser irradiation, they generate heat for localized
hyperthermia.”” This dual functionality improves treatment preci-
sion and efficacy. In another related report by Wang et al.,”” mag-
netic Janus nanobullets were used to enhance the immune response
in cancer therapy by combining magnetic hyperthermia with pho-
todynamic effects. Furthermore, Wu and co-workers also developed
Janus nanoparticles with magnetic and luminescent properties for
imaging of tumor and the results show decrease in cell viability due
to the heat released by the nanoparticles, which makes them appli-
cable for photothermal therapy.”

Finally, combining hyperthermia with other treatments such
as immuno-, chemo-, and radiotherapy provides a multifaceted
approach to combating intractable cancers. In this regard, Fiorito
et al. reported on synthesis of three-material inorganic heterostruc-
tures made of iron oxide-gold-copper sulfide (Fe;0,@Au@Cu,_,S)
and demonstrated proof of exploitation of the structure for photo-
magnetic hyperthermia.'® The Fe;0,@Au@Cu,_,S heterostructures
with well-defined Fe;O,4, Au, and Cu,_,S domains offer distinct
properties for multifunctional cancer treatment. In particular, the
Cu,_,S domain contains **Cu radioisotope incorporation since it
emits both beta particles (for radiotherapy) and positrons [for pos-
itron emission tomography (PET) imaging]. The study demon-
strated that when exposed to both magnetic fields and infrared
radiation, the temperature rose higher than usual compared to
either of these methods individually. Radiotherapy provides a spe-
cific type of treatment because resistant cancer cells may survive
hyperthermia, but can be killed by radiotherapy.'® Thus, the use of
magnetic and plasmonic properties of Janus nanoparticles for
hyperthermia allows not only to deliver particles to damaged
tissues but also to significantly increase the specificity and effective-
ness of hyperthermia.
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C. Plasmonic Janus particles for bio-imaging and
bio-detection

On the one hand, visualization of disease tissue with high res-
olution is of great significance among biomedical applications. To
this end, plasmonic-fluorescent Janus particles show great promise
for integrating fluorescence and photothermal effect into a single
system, implying their potentials for imaging and diagnosis of bio-
logical processes.”” In particular, silver—silver sulfide (Ag/Ag,S)
Janus particles have gained a wide-spread attention for bioimaging
applications in the second near-infrared (NIR-II) (950-1700 nm)
window as a result of the high fluorescence quantum yield and low
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toxicity of Ag,S.”” In this regard, Zhang et al. developed novel
Ag/Ag,S Janus nanoparticles for activatable fluorescence imaging
in the NIR-II window.”” The excellent fluorescence properties of
Ag,S nanoparticles coupled with the plasmonic properties of Ag
can yield hydrogen peroxide (H,0,) activated NIR-II fluorescence
emission of the Ag/Ag,S Janus nanoparticles [Figs. 7(a) and 7(b)],
which can be employed for in vivo NIR-II fluorescence imaging in
tumor-bearing living mice [Fig. 7(c)]. Similarly, Bao and
co-workers designed activatable Ag,S-Ag Janus probes, where the
Ag part can yield hydroxyl radicals by consuming H,O, for high-
efficiency chemodynamic therapy, while the Ag,S part has impres-
sive photothermal therapy (PTT), implying their potentials for
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precise bio-imaging and synergistic cancer therapy in the NIR-II
window.”

On the other hand, engineering optical hotspots with high
density and at the same time concentrating analytes into such hot-
spots are very important for surface-enhanced Raman scattering
(SERS) bio-sensing. This can be realized by using Janus particles
as they have two distinct surface regions, which can interact with
different biomolecules and membranes. In particular, plasmonic
Janus nanoparticles are of interest for the detection of small
molecules as the plasmonic component generates strong electro-
magnetic fields that can be exploited for boosting the Raman
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scattering of surrounding molecules. To this end, Reguera and
co-workers demonstrated seed-mediated synthesis of Janus nano-
particle aggregates made of iron oxide nanospheres and gold
nanostars [Figs. 7(d) and 7(e)] to detect dye molecules at low
volumes and concentrations.”” They carried out SERS measure-
ments of magnetically aggregated iron oxide nanosphere-gold
nanostar Janus nanoparticles to demonstrate a facile detection
of crystal violet [CV] molecules with a concentration of about
450 nM. The magnetic aggregation facilitates concentration of the
magneto-plasmonic Janus nanoparticles, yielding ~five times
enhanced SERS signal [Fig. 7(f)].
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D. Magneto-plasmonic Janus particles for
neuromodulation

Neural stimulation is an emerging field of study that focuses
on treating neurological diseases by exploiting the fundamental
wave properties and by engineering nanostructures for the efficient
modulation of the nervous system.”’ Among a wide range of smart
nanostructures developed for the modulation of neural activi-
ties,””” Janus particles provide unique optoelectronic features. To
this end, Han et al. demonstrated the use of silica-based piezoelec-
tric magnetic Janus microparticles (PEMPs) as miniaturized elec-
trodes to study neural circuits.”” While the barium titanate
(BaTiO3) nanoparticle conjugated half of the PEMP acts as a piezo-
electric electrode to induce electrical stimulation, the nickel-gold
nanofilm-coated magnetic hemisphere provides spatial and orienta-
tional control of neural stimulation via external uniform rotating
magnetic fields [Figs. 8(a)-8(c)]. This implies that the anisotropic
nature of Janus particles provides unparalleled opportunities for
minimal invasive treatment of neurological diseases.

Moreover, Mousavi et al. provided an in-depth review on the
emerging field of neuroplasmonics, emphasizing the critical role of
neural interfaces in advancing our understanding of brain function
and enhancing neural device technologies.” Since both optical
neural interfaces and electrical-based neural interfaces involve
intrinsic limitations and challenges, the exploitation of magneto-
plasmon Janus-based electrodes holds the potential to transform
the brain-machine interface technology. This hybrid strategy,
which combines non-genetic magnetic and plasmonic electrical
stimulation, has the potential to revolutionize neural engineering.’”
Furthermore, these particles could be functionalized with materials
created through genetic engineering, providing a novel hybrid
(magneto-opto-electro-genetic) neural interface technology. Apart
from light and magnetic fields, other forms of physical signals with
significant tissue penetration (such as ultrasound) have emerged to
enrich the toolbox for ion channel manipulation by acoustic forces
that are generated by ultrasound to directly activate mechanosensi-
tive channels with high conductance and Piezol (i.e., a mechano-
sensitive ion channel protein) to excite neurons.”®

IV. PERSPECTIVE

In this work, we have presented an overview on the most recent
developments in design principles, manipulation methods, and bio-
medical applications of plasmonic Janus particles. A particular focus
is given to the novel design of magneto-plasmonic Janus particles
with enhanced optical, magnetic, and photothermal responses.
Furthermore, we have also overviewed recent advances in optical and
magnetic manipulation of Janus particles. We have also briefly
discussed the application of these asymmetric particles in the bio-
medical field, including drug delivery, photothermal therapy, hyper-
thermia, bio-imaging, bio-sensing, and neuromodulation.

The research interest in exploiting the potentials of Janus par-
ticles for biomedical applications is still increasing, thanks to their
interesting performance compared to standard symmetric nanopar-
ticles. Compared with isotropic metal or polymer nanoparticles,
Janus particles possess two or more domains with anisotropic com-
positions and independent functions. Although individual compo-
nents combine and coexist together in a single-particle system, the
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intrinsic physical and chemical properties of each domain are
seldom altered or lost. For instance, Janus particles enable to carry
simultaneously multiple drugs and biomolecules. If different
domains are modified with light- or heat-sensitive molecules, their
release can be separately controlled. Thus, Janus particles with
optical and magnetic properties as contrast agents can be used for
multimodal bio-imaging by combining with drug loading and real-
izing imaging-guided therapy. Finally, Janus particles as a biosensor
can simultaneously detect many biomolecules, as well as can be
used for the construction of self-propelling micro-/nano-motors,
achieving targeted drug delivery and cancer therapy.

Despite the important applications of Janus particles in multi-
ple fields from biomedicine to optics and catalysis, there are still
considerable room for improvements not only in theoretical under-
standing of their motion but also in the synthesis methods, propul-
sion mechanisms, and application aspects. In particular, accurate
modeling of the kinetic behaviors of Janus particles in viscous
media would shade light on a thorough understanding of the self-
propulsion, collective dynamics, and controlled assembly of such
particles. However, the physics behind the working mechanism of
Janus particle movements and their interaction with environment
(typically biologically relevant liquids) is yet to be uncovered. Thus,
taking advantage of the cutting-edge simulation tools'>”””* and
state-of-the art of fabrication methods will provide a comprehensive
understanding about the optical, magnetic, and thermal properties of
Janus particles. Furthermore, having a precise control over the move-
ment and direction of Janus particles can facilitate their application
in targeted drug delivery and nano-robotics. From the applications
point of view, one of the main challenges is related to the biodegrad-
ability and toxicity of the Janus particles. Thus, developing Janus
particles with biodegradable and low-toxic materials that can dissolve
harmlessly into their surroundings after completing any desired
purpose would benefit the field of biomedicine. Moreover, the use of
porous structures can improve the drug loading capacity.””'*’

Finally, with their asymmetric compositions and distinct
chemical and/or physical properties, plasmonic Janus particles are
expected to revolutionize not only the field of biomedicine but also
its practices. In particular, integrating such smart devices with arti-
ficial intelligence will accelerate developing advanced sensing,
imaging, and diagnostic tools with enhanced sensitivity, accuracy,
and automation. Therefore, we hope that this perspective will stim-
ulate further research efforts to use Janus particles in multiple
fields including bioengineering, robotics, and environmental
monitoring.
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