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Abstract

Nanoparticles have aided in the development of nano-based sensors for diagnostic applications. However, use of nanoparticles
in the development of sensing devices for multiple analyte detection is constrained due to their inability to detect several
analytes with a single type of nanoparticle. The term “Janus particle” refers to micro or nanoscale particles that have been
divided into sections or compartments, each of which has a distinct set of chemical or physical properties, producing mul-
tifunctional particles endowed with distinctive qualities. Furthermore, Janus particles have the ability to perform multiple
functions within a single particle at the same time, with no interference from adjacent sections. This review focuses on the
use of Janus particles in the fabrication of biosensors as well as in the investigation of various properties endowed by these
Janus particles for their use as biosensors. It also discusses the various types of Janus particle-based biosensors that are cur-
rently available. Finally, the limitations of Janus particles in sensor technologies and their future scope have been discussed.
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Introduction

Nanotechnology is a booming field with immense scope for
fabricating materials of higher quality and enhanced proper-
ties. These properties include high surface to volume ratio,
small size, ease of functionalization etc. Owing to these
properties, nanoparticles have been employed for various
applications like in drug delivery [1-3], sensing [4, 5] etc.
Various sensing platforms have been developed using nano-
particles for detection of different analytes in diagnostics
[6, 7], environment [8, 9], food industry [10, 11], defence
[12—-14] etc.

Nanoparticle-based sensors provide a promising future
due to enhanced sensitivity, mechanical, optical, electrical
properties, rapid detection and thus increasing the facets
of the current biosensors (Fig. 1). Curtailment of the bio-
sensor dimensions into micro or nano range can induce
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a better signal-to-noise ratio [15]. Apart from several
advantages reported, the nanoparticle-based sensors also
embody a couple of drawbacks. These include possibil-
ity of agglomeration of nanoparticles when they are not
immobilized on a surface, multifunctionality for multi-
analyte sensing, environment friendliness. Some nanopar-
ticles such as the cerium oxide nanoparticles are readily
reactive and sensitive to ROS (Reactive Oxygen Species).
This sets a barrier for their application in detection of bio-
molecules in vivo [15].

Despite of the fact that numerous macro, micro and nano
isotropic particles have played crucial role in the devel-
opment of the biomedical field, the Janus particles have
attained an irreplaceable position in this field owing to
their multifunctional property, cumulating multiple oppos-
ing properties in a single particle [16]. These properties of
Janus particles in combination with nanotechnology can be
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Fig. 1 Diagrammatic representation of nanoparticle-based biosensors. Created with BioRender

instrumental in detection of multiple analytes without inter-
ference via different parts of a single particle [17, 18].
Janus particles are a unique set of colloidal particles in
the nanoscale or microscale range, that can be explored for
various applications with abundant fruitful ramifications.
These particles have been inspired by the Roman God, Janus
possessing two faces, each in the opposite direction. The
Janus particles have a unique characteristic of exhibiting
two different properties via different regions within a single
particle as shown in Fig. 2 [19]. Casagrande and Veyssie
in 1988 demonstrated the formulation of glass beads with
a hydrophilic hemisphere attached to a hydrophobic one,
later named as “Janus beads”. The term “Janus particles”
was introduced by Pierre-Gilles de Gennes during his Nobel
Laureate speech. These particles exhibited asymmetry, i.e.,
the Janus balance which means the specific area allotted to
each patch of the particle can vary from two hemispheres
to extremely small parts strewn. Calculation of the Janus
balance value is paramount to delineate the best geometry
for synthesis of efficient and stabilized Janus particles [20].
Janus particles also have an analog in nature. Many fungi
possess hydrophobin proteins which have a structure with
a characteristic sequence of eight cysteine residues with
conserved spacings in their primary sequence. They, thus
exhibit hydrophobic and hydrophilic portions. Due to their

the novel characteristics, multifunctional properties and
extraordinary aggregation behaviour into superstructures of
different length scales, the Janus particles find their use in
numerous domains such as biochemistry, medicine, physics,
material science, drug delivery etc [21].

With the correct use of the synergistic effect of Janus
particles, their characteristics can be capitalized for valuable
research and contriving devices for industrial use. However,
their non-centrosymmetric feature makes their synthesis an
arduous task. This resulted in a low production of Janus
nanoparticles and thus dwindled the research conducted on
these particles, further resulting in their stunted exploita-
tion (2). Even so, recent techniques and neoteric methods of
synthesis have provided an advantage for their augmented
production (2). Thus, making the Janus nanoparticle suitable
for an array of applications. Ranging from optical switchable
devices, optical probes, self-propelling particles, catalysts,
emulsifiers, disease detection, drug discovery and deliv-
ery, environmental monitoring, analysis of disease-causing
microorganisms and markers that are indicators of disease
in bodily fluids (blood, urine, saliva, sweat) and so forth
(3). Moreover, various dyes and fluorescent particles (e.g.,
quantum dots), fluorophores and other such luminescent
molecules can aid in the production of Janus particles for
bio-imaging and bio-sensing purposes [22].
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Fig.2 Schematic illustration depicting different types and shapes of Janus particle. Janus particles possess multifunctionality, endowing unique
chemical or physical properties to the particle. Created with BioRender.com

The review focuses on elucidating the structure of Janus
particles and the diverse attributes offered by these non-
centrosymmetric particles. It describes the contribution of
the varied characteristics of Janus particles to enhance the
properties of biosensors. Further, this review also gives
a brief description of factors affecting the properties of
Janus nanoparticles such as the composition, method of
synthesis, temperature, etc. The review also provides a
comprehensive account of different types of biosensors
fabricated using Janus particles such as electrochemical,
optical, optical-motile, etc.as well as how the utilization
of Janus particles improves the LOD (Limit of detec-
tion) of sensors, resulting in highly sensitive and efficient
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biosensors. Lastly, the toxicity and exploration of the
Janus particles for the fabrication of multi-analyte bio-
sensors are also highlighted.

Properties of Janus nanoparticles

Janus nanoparticles own unique and unparalleled prop-
erties as aforementioned. As the development of these
particles is very recent so far a few properties have been
investigated and tested experimentally [23].
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Optical properties

Optical properties of a particle or a substance describe the
interaction of that particle or substance with light (reflec-
tion, refraction, etc.). With the advent of new research and
experiments with metal nanoparticles, the exploitation of the
optical properties of metal nanoparticles, metallic Janus par-
ticles and nanoparticle aggregates for biosensing has gained
momentum [24].

Janus particles-based optical biosensors provide an effi-
cacious solution for solving conundrums such as autofluo-
rescence from samples and instrument optics. For example,
the aspherical, magnetically modulated optical nanoprobes

called MagMOONS, which are Janus particles undergo rota-
tional diffusion, emitting flickering signals (Fig. 3). These
MagMOONSs provide a distinct and distinguishable signal,
allowing facile biosensing as a blinking probe signal can be
easily distinguished from the unmodulated background. This
enables simple and sensitive sensing of low analyte con-
centrations despite autofluorescence and other background
noise. Therefore, MagMOONSs can further provide flexibility
to the biosensing technique by broadening the range of dyes
used and the experimental conditions under which these
processes work. These particles are also capable of absorp-
tion and emission of different fluxes of light in different
orientations due to internal reflection and self-absorption.
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Fig.3 Schematic representation of working principle of Mag-
MOONS. A The aspherical MagMOONS align according the exter-
nal magnetic field, generating a blinking on and off signal based on
its rotation. B Experimental setup for the modulation of MagMOONS
and separation of the blinking signals generated by the MagMOONS

from the unmodulated background. Reprinted figure with permission
from Anker JN, Behrend C, Kopelman R. Aspherical magnetically
modulated optical nanoprobes (MagMOONSs). J Appl Phys. 2003.
Copyright (2003) by Journal of Applied Physics
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MagMOONS are thus capable of upgrading various biomedi-
cal processes such as immunoassays, intracellular chemical
sensors, cellular labels or tags, and protein folding studies
by improving the signal-to-noise ratio [25].

As the Janus nanoparticles are having two different faces,
they interact with light differently. These particles show dual
emission characteristics with single excitation wavelength.
These characteristics are also dependent on the environmen-
tal conditions like pH. Thus Janus nanoparticles can be uti-
lized for developing pH sensors [26].

These observations imply that the optical properties of
the Janus nanoparticles are dependent on the interactions
of light with each face of the nanoparticle thus providing
unique optical properties like absorption and emission of
light in specific conditions like pH, orientation of the parti-
cles etc. resulting in flickering effect. This effect results in
overcoming the limitations of autofluorescence experienced
while using conventional nanoparticles.

Multifunctionality (non-centrosymmetry)

The presence of multiple domains in a single Janus particle
may improve or create changes in the intrinsic properties
(magnetic, electrical, optical, surface chemistry, etc.) of the
particle. However, the unique properties of both segments
of the particle collectively contribute to improvement and
enhancement of the properties of the whole/complete par-
ticle [16]. Furthermore, novel functions can be established
due to the spatial configuration of the different components
in the Janus particle. The interface between the two separate
components or domains of the particle also plays a crucial
role in determining the surface area available for various
reactions to take place [27]. These boundaries between the
two components can be manipulated to increase or decrease
the surface area for biorecognition or catalytic activity.

An important factor in a biosensor is the presence of an
immobilization matrix which can ensure the efficient bind-
ing of the analyte and its stability, without its structural dis-
tortion [28]. This must be implemented without hindering
the interaction of the analyte (direct or indirect) with the
electrode. Janus particles resolve this concern due to their
multifunctional nature. These particles allow the attachment
of biomolecules such as antibodies, enzymes for their selec-
tive binding with target analytes. Moreover, different types
of antibodies or enzymes can be attached to a single Janus
particle thus highlighting its use for simultaneous, real-time
multi-analyte sensing.

Inorganic Janus particles composed of metallic nanopar-
ticles and oxide particles [29] or transition metal NPs and
oxides [30] display high catalyst activity as the boundary of
metals and oxide components serves as a site of binding for
catalyst activation along with oxygen sorption [22]. Hence,
this property of these particles can be utilized for biosensing
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as they prove to be superior to the existing core or shell
particles as the multiple components present in the single
particle interact independently with the external environ-
ment stimulus upon exposure to it [31].

This demonstrates that each of the two faces of Janus nan-
oparticles can act as two different catalytic sites or attach-
ment sites for different reactions or bio recognition thus pav-
ing way for a possibility of utilizing these nanoparticles for
multi-analyte detection.

Tunable nature

The composition, architecture and the surface chemistry play
salient role for determining the properties and the applica-
tions of the Janus particles [16]. Janus particles possess sur-
face chemistry variation due to their non-centrosymmetric
physical or chemical nature. The heterogenicity offered by
this idiosyncratic property of the Janus particles induces
functionally distinct regions for selective attachment of dif-
ferent chemical species on the same molecule. Thus, these
particles can serve as biosensing elements for multiple ana-
lytes simultaneously [16].

The reagents and chemicals used in the synthesis of
Janus particles, also have a great influence on the chemi-
cal properties and the physical structure of these particles.
The morphologies of the Janus particles can be tuned by
the addition or substitution of certain chemicals with oth-
ers. For example, in research study manifesting the fabri-
cation of Polymeric Janus Nanoparticles for drug delivery,
Resomer RG502 (PLA/PGA 50:50) and thiol-terminated
PLGA solution (PLGA RG502SH, 25 mg/mL acetone solu-
tion) were used. The particles produced in this manner,
when observed through the AFM (atomic force microscopy)
showed the presence of ‘dents’ on Janus particles, making
them appear like pitted olives. When the substitution of the
thiol-terminated PLGA was done with RG504H having a
carboxylate end group, spherical Janus particles lacking
dents were obtained. It was assumed that the bulky thiol-
terminated chain was responsible for the dents, however, the
true underlying mechanism was not deciphered [18].

These studies infer that each of the faces of the Janus
nanoparticles can be tuned to impart specific characteristics
thus giving flexibility to tune the properties of these par-
ticles. This convenience of tuning the properties of Janus
particles can play a vital role in designing and fabricating
biosensors with multiple recognition sites.

Biocompatibility

Considering the fact that Janus particles used in the biomedi-
cal field are administered in the human body, their biocom-
patibility in vivo is of the utmost importance. They must
not exert toxic effects on the cells, tissues and hinder the
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biochemical processes occurring in the body. Also, these
particles need furnish/accomplish their function consist-
ently, constraining the clearance of these particles from the
immune system.

Janus particles generally synthesized for the in-vivo
gastrointestinal (GI) delivery tasks are micromotors with
a core—shell structure composed of a reactive metal (e.g.,
Zinc) and an inner inert shell (titanium dioxide (TiO,), vari-
ous polymers) along with a small perforation on one side
for reaction with the biological fuel. This composition of
the particle makes it biocompatible and biodegradable [32].

The toxicity of Janus particles is a function of their com-
position and it primarily depends on their constituents. The
toxicity of each component in the Janus particle contributes
to the toxicity as well as determines the overall toxicity of
the Janus particle as a whole.

Most of the Janus particles synthesized aim at target-
ing the diseased part of the body (either cells or tissues).
Target-specific biosensors assist/help in detecting infec-
tions by sensing of disease-specific biomarkers. Moreover,
the drugs aimed at attacking specific cells are expected to
exert a precise cytotoxic effect only on their target. Janus
particles can offer this target-specific toxicity with minimal
toxic effects on the healthy cells. A study report is available
on the fabrication of a multifunctional drug delivery system
of poly (lactic-co-glycolic acid) (PLGA) drug-loaded mag-
netic Janus particles (DMJPs). According to this study afore
mentioned Janus particles displayed a non-toxic effect on
normal cells but generated extremely lethal effects in cancer
cells. Such particles offer a more secure and accurate treat-
ment for cancer [33].

Le et al. (2019) demonstrated the encapsulation of the two
cancer drugs, curcumin (CUR) and DOX in a single biode-
gradable biphasic Polymer/Lipid Janus nanoparticle for lung
cancer treatment by inhalation in A549 human lung cancer
cells that were injected into the lung of nude mice. These
drugs had different properties such as different solubility,
pharmacology, etc. The incorporation of these two drugs
with different physicochemical properties in a single Janus
nanoparticle provided synergistic cytotoxic and genotoxic
effects against A549 lung cancer cells in vitro. It was also
observed that empty Janus NPs were found to be non-toxic
in the mice. The in vitro and in-vivo studies of subcuta-
neous and orthotopic liver tumour models in mice clearly
indicated that magnetic Janus nanoparticles had suppressed
the tumour growth in the liver. Additionally, these Janus
NPs exhibited a significant reduction in systemic toxicity
[34]. According to the reports of Chen et al. (2020), cardanol
mesoporous silica/silver Janus nanoparticles (C-MSN-Ag)
showed no obvious cytotoxicity on the osteoblast cell line
(MC3T3-E1) of rats as concluded by observing 95% cell
viability post 24 and 48 h of incubation without significant
changes over time. Therefore, these Janus particles exhibited

a non-cytotoxic behaviour and thus were used for Janus hae-
mostatic dressings [35].

Dehghani et al. (2020) reported use of different polymers
as carriers of DOX. Their study involved synthesis of the
Janus particles with combinations of different polymers. The
toxicity of a polymer is dependent on its charge, density
and molecular weight. It was observed that PHEMA-PMAA
(poly 2-hydroxyethyl methacrylate-poly methacrylic acid)
Janus particles showed no effect on the growth of MG-63
cells due to carboxyl groups of PMAA and mild properties
relative to cell function. Nonetheless, the positive charge on
PDMAEMA led to interactions between the particles and
outer membrane barrier of cells that culminated in the inhi-
bition of MG-63 cell proliferation by PHEMA-PDMAEMA
(poly(2-hydroxyethyl methacrylate-poly 2-(dimethylamino)
ethyl methacrylate) Janus particles [36].

These studies suggest that the toxicity of Janus nanopar-
ticles is dependent on the combined toxicity of the materi-
als that make up the two faces of these particles. However,
insufficient data regarding the toxicity of Janus particles is
recorded. Considering the use of these particles in vivo, for
various biomedical purposes and their effect on the environ-
ment, implementing studies and collecting sufficient data of
their toxicity is an urgent necessity.

Factors affecting properties of Janus
nanoparticles

Composition

The variations in Janus particles are not just confined to
their morphology and surface structure. The composition of
the particle has an essential role to play in determining the
intrinsic properties of the particle. Consolidation of different
materials can be used to obtain a variety of Janus particles
retaining desired properties. They can generally be classi-
fied as polymeric, inorganic and polymeric-inorganic Janus
particles, depending on the material of synthesis [16].

Li et al. (2017) have reported the fabrication of mul-
tifunctional asymmetric diblock and triblock (SiO, and
EPMO i.e., silicon dioxide and ethane bridged periodic
mesoporous organosilane, SiO, and BPMO i.e., silicon
dioxide and benzene bridged periodic mesoporous orga-
nosilica, Si0, and EPMO and BPMO, etc.) mesoporous
silica-based Janus nanocomposites, possessing 1D
mesoporous organosilicate nanorod with a dense SiO,
nanosphere positioned on one side of the nanorod. The
silica-based core—shell nanoparticles, used as seeds result
in the synthesis of 1D asymmetric diblock and triblock
mesoporous nanocomposites with enhanced physical and
chemical properties such as high surface area, unique
highly ordered 1D mesopore channels and functional

a
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asymmetry [37]. All these properties make it an excellent
candidate for biosensing with increased sensitivity. This
increased sensitivity is attained through larger surface area
that provides greater chances for biorecognition process
and enhances the single-molecule detection or sensing.
These nanorods can be further functionalized with dif-
ferent inorganic nanocrystals, such as magnetic Fe;0,,
upconversion nanoparticles (UCNPs) and Au nanorods
(Au-NRs) etc. With the coating of these metallic materi-
als on one side and recognizing elements on the other side,
sensitive biosensors can be fabricated.

Intrestingly, Ye et al. (2019) reported the fabrication of
Titanium oxide-platinum Janus micromotors. These particles
got clustered together in the presence of UV light but drifted
apart in the absence of the same. This property of the Janus
particle is attributed to the incorporation of Titanium oxide
that displays an enhanced photoactivity on exposure to UV
illumination [38].

Tan et al. (2019) documented the use of 1H,1H,2H,2H-
perfluorodecyltriethoxysilane (FAS) for the synthesis of
Janus particles. FAS is amphiphobic with very low surface
energy. It remained stable when reacted with acids, bases
and other solvents. However, it displayed degradation when
was exposed to UV light. Thus, the FAS particles when
exposed to UV light produced Janus particles with a com-
bination of amphiphobic and amphiphilic properties. A
similar procedure was employed for the synthesis of hexa-
decyltrimethoxysilane (HDTMS, a hydrophobic and oleo-
philic alkylsilane with a 16-carbon chain). Janus particles
were produced with a combination of hydrophobicity and
oleophilicity on HDTMS-functionalized areas, and amphi-
philicity on UV degraded areas. Such contrasting properties
in a single particle can only be achieved by means of Janus
particles [39].

Wang et al. (2020) demonstrated the fluorescent-based
nanomotor biosensors for the detection of 2,4,6-trinitrophe-
nol (TNP), an explosive in aqueous media. The Py-Azine
COF is highly luminescent and contains sites for the assem-
bly of various other molecules for interaction. This is imple-
mented by the azine groups through the formation of hydro-
gen bonds, which lead to changes in fluorescence properties,
allowing easy detection of analytes by fluorescence-based
biosensing. Furthermore, The COF-based micromotors are
composed of biodegradable polycaprolactone (PCL) poly-
meric microspheres that make the particle biodegradable,
MnO, microparticles allowing catalytic propulsion of the
Janus particles and magnetic Fe;O,4 nanoparticles for con-
trolled movement of the Janus micromotors based sensors
[40].

These observations imply that composition of the Janus
nanoparticles play a crucial role in imparting functional
characteristics to these particles. Stimulus responsive materi-
als can be used during fabrication of the Janus nanoparticles,
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so to provide targeting capabilities to these materials for
sensing applications.

Method of synthesis

Moreover, the selection of appropriate synthesis method for
Janus particles is cardinal as it greatly influences the prop-
erties of the particles, offers ease of synthesis and deter-
mines toxicity to the environment. The conventional PVD
(Physical Vapour Deposition) method is a better choice over
electroplating for it offers a more uniform deposition, allows
the deposition of a wider variety of materials and is envi-
ronmentally friendly. Additionally, this method offers easy
installation of catalytic and magnetic properties in the Janus
particles, essential for multifarious applications [38].

Electrospraying is another technique to synthesize Janus
particles of controlled sizes. For example, Janus particles of
135-3 pm were synthesized using electrospraying technique,
by altering the electric field [41]. Furthermore, an oppo-
sitely charged twin-head electrospraying setup can be used
for large-scale production of Janus particles with desired
morphologies, composition and architecture [42].

The droplet-based microfluidic method was used for the
synthesis of Au nanorod (NR)@ Ag)-polyaniline (PANI)
Janus nanoparticles (SNPs) for the fabrication of surface-
enhanced Raman scattering (SERS) sensors for detection
of Hg?" ions (Fig. 4). The synthesis method so chosen pre-
sented several advantages such as curtailed time of synthesis
paired with precise control on the size and volume of the
droplet, along with facile manipulation of every single drop-
let formed to produce uniform Janus particles [43].

These studies suggest that precision in fabrication of sin-
gle Janus nanoparticle is essential for their efficient synthe-
sis. Microfluidic based method of synthesis is superior to
other methods like physical vapour deposition, electrospray-
ing etc. for fabrication of Janus nanoparticles as it provides
uniformity in dual face Janus nanoparticles.

pH

Desired shapes of the Janus particles can be obtained as per
the requirements of different applications by altering the pH
values of the medium of synthesis. Seeded emulsion polym-
erization of MAA (methacrylic acid) in the presence of poly
(2-hydroxyethyl methacrylate) (PHEMA) seeds at pH 1
and 4.6 produced snowman-like Janus particles. Whereas,
polymerization of MAA at pH 10 contrived monodisperse
core—shell particles. The same results were obtained with
poly 2-(dimethylamino)ethyl methacrylate (PDMAEMA)
by alternating the pH values of polymerization medium,
obtaining dumbbell-like particles, monodisperse core—shell
structures and snowman-shaped Janus particles. These
results were attributed to the thermodynamic parameters
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Fig.4 A Schematic illustration of fabrication of Au nanorod (NR)@
Ag)-polyaniline (PANI) Janus nanoparticles (JNPs) by droplet-based
microfluidic method. The modification of Au nanorod to PANI JNPs
is presented along with their effect on Raman intensity. B The lin-
ear calibration curves for the SERS intensity of PANI at 1379 cm-1
and different concentrations of Hg2 +ions. (From bottom to top: 1,

and electrostatic interactions occurring in these chemical
components [36].

The advantage of these pH-controlled Janus particles
is that they can be employed in the fabrication of in-vivo
biosensors which can travel to specific systems of the body

10, 25, 50, 75, 100, 125, and 150 nM, respectively). Reprinted fig-
ure with permission from Wang Y, Shang M, Wang Y, Xu Z (2019)
Droplet-based microfluidic synthesis of (Au nanorod @ Ag)-polyani-
line Janus nanoparticles and their application as a surface-enhanced
Raman scattering nanosensor for mercury detection. Anal Methods.
Copyright (2019) © Royal Society of Chemistry 2022

and carry out sensing of the molecules which function at a
specific pH in the body. Moreover, multi-analyte sensing
can be carried out by incorporation of different segments
in the Janus particle, each functioning at a different pH
value.
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These observations clearly indicate the role of pH in
determining the morphology, by providing targeting capa-
bilities and imparting multifunctionality to the particle.
These parameters are crucial as these properties determine
the efficiency of the biosensors.

Temperature

The temperature maintained during the synthesis of the
Janus particles has a considerable influence over the mor-
phology and various other factors of the Janus particles. For
example, molecular dynamics simulations of Fe — Cu bime-
tallic nanoparticles carried out in a study demonstrated that
cooling rate affected the morphology of Fe — Cu bimetal-
lic nanoparticles, resulting into patchy, random mixture of
Janus particles. A mixture of random Janus particles was
obtained at different cooling rates. Experimental analysis
demonstrated that the immiscibility and crystallization of
Fe — Cu bimetallic Janus nanoparticles was obtained at
extremely slow cooling rate [44].

Temperature plays an important role in the synthesis
of Janus particles by the Pickering emulsion method. For
example, in the wax—water system, untreated hydrophilic
silica particlesat high temperatures adsorb to the oil-in-water
emulsion interface which contains molten wax. The tem-
perature is then reduced to solidify the wax and capture the
particles. Subsequently, chemical modification of the parti-
cles is carried out at temperatures containing the solid oil

phase, thus selectively modifying the faces of the particles
that are free from wax (not buried in wax) [45].

Thus, temperature plays a vital role in fabrication of the
Janus nanoparticles. The rate of heating and cooling deter-
mine the efficiency of structural as well as chemical modifi-
cation of the Janus nanoparticle.

Janus nanoparticle-based sensing platforms
Electrochemical sensors

Electrochemical sensors are the sensors that convert the sig-
nals generated as a result of electrochemical reactions (the
reaction occurring between the electrode and the analyte)
into legible signals that are easy to interpret. These can be
classified as potentiometric, conductometric, and ampero-
metric/voltametric sensors. The multifunctional property of
Janus particles results in a superior electrochemical biosen-
sor with enhanced characteristics such as better transduction,
multiple analyte enrichment and signal enhancement.

Among the various biosensors used, aptamer-based bio-
sensors are eminent ones due to their properties such as high
accuracy, economical and high stability and the prospect
of assembling analyte-related 3D hairpin-shaped structures
with these biomolecules. These aptamers can be attached to
Janus particles for the specific binding of the analytes to the
biosensor for their facile detection (23) (Fig. 5).

Analyte

¥
x~ Aptamer

Analyte present
—_—

ON

Electrode

Analyte absent
_—

OFF

Fig.5 Illustration depicting Janus particle-based aptameric electro-
chemical biosensors. One compartment of the Janus particle pos-
sesses aptamers specific for the target analyte while the other com-
partment of the particle is attached to the electrode. A Attachment of
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analyte to the specific aptamer produces a signal. B The analyte does
not bind to the specific aptamers; hence, no signal is generated. Cre-
ated with BioRender.com
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Paniagua et al. (2019) reported a Janus particle-based
electrochemical biosensor for the detection of carcinoembry-
onic antigen (CEA). This disposable amperometric aptasen-
sor was comprised of silica-gold Janus nanoparticles with
horseradish peroxidase enzyme (signalling element) attached
to the silica segment of the Janus particle, whereas, a biotin
thiol-modified anti-CEA DNA hairpin aptamer (biorecog-
nition element) was immobilized on the gold surface. This
sensor permitted the occupancy of both, the biorecognition
element and the signalling system in the different segments
of the same molecule. This Janus particle-based aptasensor
was able to detect CEA in the range from 1 to 5000 ng mL ™!
(5.5 pM-28 nM) with a detection limit of 210 pg mL™!
(1.2 pM) [46]. The formation of non-conducting layer that
results in higher concentration of capturing element causes
decrease in electrochemical signal and thus can be a lim-
iting factor in this sensor. Avoiding the agglomeration of
the capturing element at higher concentration may help in
improving the limit of detection.

Yang et al. (2019) reported a simpler approach for detec-
tion of Ochratoxin A(OTA) using Aptamer/NH2 Janus par-
ticles. Under optimum conditions, the sensor detected OTA
concentration from 1x 10~ nM to 10 nM, and the detection
limit is 3.3 x 107> pM under the condition of acceptable sta-
bility and reproducibility. The Janus/COOH-GN/GCE sensor

thus produced was highly specific for the OTA toxins. These
types of Janus-based sensors can provide blueprints for the
production of multitudinous amounts of highly specific sen-
sors for the detection of fatal pathogens and disease-causing
agents [47]. Superior performance of this biosensor than the
previous biosensor can be attributed to the use of graphene
layer which play a vital role in better electron transfer and
thus resulting in higher sensitivity.

Zhou et al. (2018) documented the detection of ractopa-
mine (RAC) in human urine using aptamer/octadecanethiol
Janus particles. The Gold component in the Janus nanopar-
ticles imparts enhanced electrical conductivity along with
increased sensitivity and selectivity which are the crucial
parameters for a biosensor. The detection limit obtained
for the sensor was 3.3 x 10~!4 mol/L, which was lower than
many of the existing methods [48]. Both these sensors uti-
lized differential pulse voltammetry which is a far sensitive
technique for quantification of analyte when compared to
amperometric detection.

An electrochemical sensor was fabricated by Kong et al.
(2019) using motile Mg/Pt (Magnesium—Platinum) Janus
particles for enhanced detection of glucose in the human
serum owing to the enhanced mass transfer in the solution by
the rapid motion and bubbling effect of Janus micromotors
as shown in Fig. 6. The Janus micromotors were capable of

&

Human serum

GOx (red)
@ Mg/Pt Janus micromotors

Fig.6 Schematic illustration of motile Mg/Pt (Magnesium—Platinum)
Janus particles-based electrochemical sensors for enhanced detec-
tion of glucose in the human serum using screen-printed electrode
(SPE). The mass transfer generated by the micromotor motion and
bubbling leads to the generation of an enhanced and increased signal

output. Reprinted figure with permission from Kong L, Rohaizad N,
Nasir MZM, Guan J, Pumera M (2019) Micromotor-Assisted Human
Serum Glucose Biosensing. Anal Chem. Copyright (2019) by the
American Chemical Society
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propelling through different viscosities and concentrations
of glucose without the addition of toxic chemicals or fuels,
using glucose oxidase instead, for the propulsion of micro-
motors. It was also observed that there was a linear increase
in the signals when the concentrations of the Janus micromo-
tors and glucose were increased. In the presence of 1 mg/mL
of micromotors, the LOD and LOQ values obtained were
33.2 and 110.7 pM, respectively and were further increased
on increasing the concentration of the micro motors [49].

These studies suggest that electrochemical sensors based
on Janus nanoparticles show superior performance in terms
of their limit of detection. However, limited nanomateri-
als have been utilized for the fabrication of these sensors.
Hence, other cost-effective materials can be explored for
devising Janus nanoparticles for their utilization in the
development of electrochemical sensors.

Optical sensors

The structural and compositional characteristics of the Janus
nanoparticles contribute to their unique interaction with
electromagnetic radiations. These interactions have been
exploited for the fabrication of optical biosensors. Based on
the interaction and the subsequent changes brought by these
interactions, biosensors developed accordingly are discussed
in the following sections.

Fluorescence based sensors

Fluorescence is a widely used phenomenon for the detec-
tion and tracking of biomolecules and thus is helpful in
inspecting various processes carried out in the human body,
plants, microorganisms, etc. to elucidate cells functioning,
for rapid drug discovery, and for detecting minute quantities
of pathogens or DNA. Along with being a sensitive method
it also permits real-time imaging of the molecules at ambient
conditions with high spatial and spectral resolution. How-
ever, background fluorescence from samples and instrument
optics restraints the accession of low levels of fluorescent
signals, making the detection of low concentrations of ana-
lytes difficult.

Consequently, a technique was proposed to modulate an
optical probe signal magnetically and separate it from the
background fluorescence. Anker et al. (2003) documented
the fabrication of aspherical, magnetically modulated optical
nanoprobes called MagMOONSs that undergo orientation in
external fields due to magnetic shape anisotropy (Fig. 3).
These particles can blink on and off with respect to their
surrounding rotating magnetic fields. These MagMOONS
are Janus particles having one side coated with a metal and
the other side attached to fluorophores. The particle is then
magnetized so that the uncoated light-emitting side becomes
the magnetic north of the particle. The alignment of the
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MagMOON:Ss in 90° marks the signal “ON”" and shows fluo-
rescence, whereas their alignment at 180° marks it “OFF”
(with no fluorescence). Thus, 360° rotation of these particles
emits flickering signals [25].

The flickering signals obtained from these MagMOONs
can be used to ascertain the viscoelastic and other prop-
erties of the solution or environment containing the Mag-
MOONS as the flickering signals depend on the viscous
drag experienced by the mg during rotation. Nevertheless,
the MagMOON rotation rate is independent of particle size
if constant viscosity and magnetic susceptibility are main-
tained [25]. It is possible to devise accurate nano-viscom-
eters for Nano thermometers using this technique. These
MagMOONS can be contrived into superior biosensors by
attachment of recognizing elements on the metal-deposited
hemisphere of the Janus MagMOONS. Fabrication of highly
sensitive and accurate optical biochemical sensors is possi-
ble since the flickering of the particles is not only sensitive
to viscous drag, but also to electric and magnetic fields as
well as to chemical attraction and biochemical forces [21].
Moreover, collaboration of MagMOONSs with PEBBLES
permits highly sensitive detection of intracellular analytes
using a broad range of dyes [25].

The Janus hydrogel microparticles were designed and fur-
ther used by Sun XT et al. (2017) for multi-target sensing of
glucose (by fluorescence method) and cholesterol (by col-
orimetric method) (Fig. 7). The sensor so produced did not
offer sensitivity as high as the pre-established electrochemi-
cal sensors or photometric assays for similar types of detec-
tion but were efficient enough in the direct detection of body
fluid samples. It was also observed that the fluorescence of
the particles increased with increase in the concentration
of glucose for the fluorescence of the particles enhanced
self-adsorption of the fluorochrome at greater glucose con-
centrations. This Janus particle biosensor also offered low
interference from other biomolecules and also had high sta-
bility than the conventional Con A-based glucose sensing.
The values of glucose and cholesterol observed after test-
ing of the collected human serum sample were 91.7 mg/dL
and 4.11 mM respectively with fasting-blood sample, which
showed a slight deviation from the values of glucose and
cholesterol obtained by the standard oxidase method which
were 82.6 mg/dL and 4.42 mM correspondingly. Nonethe-
less, the use of biosensor is an apt choice for preliminary
blood testing as it is a fast, cost-effective and easy method
besides its sensitivity and accuracy could be improved in
the future [17].

A basic ON-OFF (fluorescence) approach is used to
detect the presence of lipopolysaccharides (LPS) toxins
which are present in the outer membranes of gram-negative
bacteria. The selective interaction of a component of LPS
present in the sample with the respective fluorescent-labelled
affinity peptide present on the Janus-based micromotor
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Fig.7 Schematic representation of multi-target sensing of glucose
(by fluorescence method) and cholesterol (by colorimetric method)
using Janus hydrogel microparticles. The hydrogel particles restrict
the contents in the particles without any leakage while allowing the
permeability of small molecules. A (Left hemisphere of the Janus
particle) Glucose sensing is carried out by competitive binding assay
using concanavalin A and fluorescein labelled dextran. The binding
of FITC with Con A quenches the fluorescence. (Right hemisphere
of the Janus particle) The y-Fe203 nanoparticles embedded in the
hydrogel were used as a catalyst for the oxidation of 3,3',5,5'-Tetra-

sensor, quenches the fluorescence and turns it off indicating
the qualitative detection of LPS. A number of sensors have
been proposed based on this strategy. This is a highly selec-
tive, facile and rapid method providing results within a few
minutes [50-52].

For example, Pacheco et al. (2018) fabricated a micro-
motor-based fluorescent Janus sensors that demonstrated
selective binding of 3-deoxy-d-manno-oct-2-ulosonic acid
(KDO) from the endotoxin to the quantum dot comprising
region of the Janus particle. This binding led to quenching
of the fluorescence (turning off) indicating the presence of
endotoxins while the other half was involved in the trans-
portation of sensing probes as shown in Fig. 8. KDO pre-
sent in the LPS residues contains an acyclic 1,2-diol on the
exocyclic side chain which selectively binds to the PABA
groups on the graphene quantum dots by reversible boronate
formation creating a cross-linked QD-LPS structure. This
covalent cross-linking produces surface states for fluores-
cence quenching. This offers a rapid detection technique,
giving results within a few minutes, compared to other sen-
sors designed and developed for toxin detection in food [50].

methylbenzidine (TMB) by H,0,, an enzymatic hydrolysis product of
cholesterol. B (Left hemisphere of the Janus particle) Glucose mol-
ecules bind to the Con A, releasing FITC and resurging the quenched
fluorescence. The fluorescence of the particles was positively cor-
related with glucose concentration. (Right hemisphere of the Janus
particle) Hydrogen peroxide, the enzymatic hydrolysis product of
cholesterol oxidises TMB, generating a blue coloured oxTMB, in the
presence of y-Fe,O nanoparticles which serve as a catalyst. The col-
our transition is proportional to the concentration of cholesterol mol-
ecules in the sample. Created with BioRender.com

In few other studies, the same group reported WS, Janus
nanoparticles based “off—on” fluorescent sensors for detec-
tion of lipopolysaccharide (LPS) residues. Although the
limit of detection of these sensors were not as low as previ-
ously reported but the time for detection was improved to
60 s. These sensors are expensive as these involve incorpora-
tion of expensive nanomaterials like platinum during their
fabrication thus restricting their applicability as point of care
devices [52, 52].

Janus emulsions or Janus particles composed of hydro-
carbon and fluorocarbon oils were used as biosensors for
the detection of anti-SARS-CoV-2 Spike antibody. Equal
amounts of fluorocarbon and hydrocarbon oils were used
to form interfaces between the Janus droplets. Subse-
quently, the surrounding aqueous phase was functionalized
with SARS-CoV-2 spike RBD and Goat Anti-Human IgG
antibody, forming two complementary emulsions which
were further used in 1:1 ratio for the selective detection of
the antibody by agglutination reaction. These Janus parti-
cles were labelled with a non-emissive dye that blocks the
emission of the absorbed light when present in its normal
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Fig.8 Schematic illustration depicting micromotor-based fluores-
cent Janus sensor. A The Janus particle is composed of quantum dots
while the other half of the particle encapsulates platinum nanopar-
ticles. PABA is attached to the quantum dots for selective binding
with the KDO present in the LPS residues. The graphene quantum

configuration and an emissive dye on the other half of the
particle that allows the emission of the absorbed light,
upon agglutination of the Janus particles around an anti-
SARS-CoV-2 spike antibody (Fig. 9). Thus, a fluorescent
signal was obtained based on the flipping of the Janus
droplet in the presence or absence of the target antibody,
and the consequent configuration of the emissive and

x @ Springer

dot part endows the particle with fluorescence sensing while the plat-
inum part, which serves as a catalyst for the reduction of hydrogen
peroxide, enables motility. B The KDO segment of the bacterial LPS
selectively binds to the PABA, generating a fluorescent signal. Cre-
ated with BioRender.com

non-emissive dyes on the particle. The detection limit of
the sensor was as low as low as 0.2 pg/mL in 2 h [53].

Li et al. (2020) used a similar approach in the detection
of Listeria monocytogenes wherein the binding between the
Listeria and Listeria antibody resulted in the tilting of the
Janus structure exposing the emissive dye segment on the
Janus particle thus inducing fluorescence, and blocking the
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Fig.9 Schematic illustration depicting fluorescence biosensor fab-
ricated with Janus nanoparticles based on the orientation of aggre-
gation of Janus nanoparticles. The Janus particle is coated with an
emissive dye on one side and a blocking dye on the other side. The
normal orientation of the particles when no analyte is present is with

non-emissive dye segment (Fig. 9). The limit of detection
for the biosensor is less than 100 CFUs per mL [54]. This
method can be employed for the detection of other analytes
using corresponding antibodies.

These results clearly emphasize on duality of the nano-
particle which play a vital role in enhancing the detection
of the target analyte. The two faces of the Janus nanopar-
ticle determine the action of the particle in the presence or
absence of the target analyte hence playing a crucial role in
their sensitive detection.

Colorimetric based sensors

Colorimetric sensors are the sensors which exhibit a col-
our change due to the specific reaction between the analyte
and the biorecognition element. The intensity of the colour
produced depends on the concentration of the analyte react-
ing with the biorecognition element. Janus particle-based
colorimetric sensors prove to be superior to conventional
colorimetric sensors as they can be attached with specific
antibodies, aptamers, etc., for specific binding of the analyte
molecules result in signal enhancement. Furthermore, they
can be incorporated with a fluorescent and motile segment,
giving rise to a multifunctional sensor in a single particle.
Russell et al. (2019) fabricated a colorimetric sensor
using Janus particles. These Janus particles combined the
particles responsible for both, motility and colour change.
The change in colour occurred due to the binding of the

the blocking dye side on the top. In the presence of the analyte, the
analyte selectively binds to the respective antibody and causes agglu-
tination, turning the emissive dye side up, thus emitting fluorescence.
Created with BioRender.com

PCT (Procalcitonin) biomarker present in the blood to the
bioreceptors on Janus particles, in higher concentrations, as
an indication of sepsis (Fig. 10). The intensity of the pix-
els produced by the particles could be measured with the
assistance of a mobile application and thus results could be
obtained within seconds and read in realtime [27].

The predominant property of a Janus particle is its ability
to conglomerate multiple regions with multiple characteris-
tics in a single particle proficiently. This peculiarity offered
by the Janus particle permits real-time sensing of multi-
ple analytes. The same principle was utilized by Sun et al.
(2017) for multi-target sensing of glucose and cholesterol
using Janus hydrogel microparticles. This Janus particle-
based optical sensor permits the fluorescent sensing of glu-
cose (green colour) and colorimetric sensing of cholesterol
(blue colour) in a single microparticle simultaneously, avoid-
ing any interference in the sensing of either particle (Fig. 7).
The hydrogel Janus microparticles confined the detecting
probes in their respective domains by prohibiting the sur-
rounding solution from turning blue and also avoided the
interference between glucose and cholesterol sensing. These
Janus particles can be later separated from the solution by
magnets and reused for sensing other samples [17].

In another study, Xin-Yue et al. (2018) proposed a colori-
metric sensor based on the orientation of aggregated Janus
gold nanoparticles for the detection of aspartic acid (Asp) in
rat brains. These particles were functionalized with polyeth-
ylene glycol (PEG) and cysteine for stability and selective
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Fig. 10 A Schematic representation of the multifunctional Janus par-
ticles. The iron oxide core provides magnetic and colorimetric prop-
erties, whereas the Janus coating contains anti-PCT antibodies that
endow the particles with biorecognition functions. An immunoassay
renders the particles covered with catalase, which triggers colloid
motion in the presence of H,O,. B PCT is specifically captured in
blood by means of a competitive immunoassay consisting in a 10 min
capture step and a 2 min wash procedure; C Signal generation mecha-
nism: after spotting the particles on a piece of filter paper H,0O, is

binding of the analyte, respectively (Fig. 11). The binding
of aspartic acid to the cysteine present on the Janus particles
caused oriented and controlled aggregation of Janus particles
leading to enhanced stability for longer durations, also offer-
ing a wider dynamic range (1.8 nM-180 pM) in comparison
to the other ordinary colorimetric sensors. Additionally, it
was observed that as the size of AuNPs increased from 13 to
45 nm, the detection limits decreased from 18 pM to 1.8 nM.
Thus, the detection limit of this sensor can be enhanced
by increasing the size of gold nanoparticles. Besides, the
functionalization of the particle with PEG leads to steric
repulsion among PEG chains and decreases Coulombic
interaction causing highly specific interaction between the
analyte and AuNPs in the real sample. Overall, a facile and
economical sensor was fabricated, providing selective and
sensitive detection, without the need for expensive instru-
ments, complex protocols, or a large quantity of expensive
raw materials [55].

These reports demonstrate that multifunctionality of
Janus nanoparticles can be utilized for developing biosensors
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added; the catalase enzymes generate bubbles that propel the particles
and disperse the colour within seconds. The subsequent change in
pixel intensity is read in realtime with a mobile phone app. Reprinted
figure with permission from Russell SM, Alba-Patifio A, Borges M,
de la Rica R. Multifunctional motion-to-colour janus transducers for
the rapid detection of sepsis biomarkers in whole blood. Biosens Bio-
electron [Internet]. 2019. Copyright © 2019 Elsevier B.V. All rights
reserved

with dual sensing mechanism. Hence it can be used for
detecting two different analytes via same/different mecha-
nisms with detection limit of up to 1 nM.

Raman based sensor

Raman spectroscopy is a highly specific technique to pro-
cure molecular information, saving the additional steps and
efforts of molecular labelling. The non-destructive nature
of the technique, the selectivity of Raman bands and the
insensitivity to water make Raman spectroscopy a useful
analytical tool for both qualitative and quantitative studies of
organic as well as inorganic systems. Yet, the conventional
Raman spectroscopy method cannot be used for low analyte
or biomolecule concentrations.

Surface-enhanced Raman scattering (SERS) is a method
that not only encompasses the conventional Raman spec-
troscopy benefits but also allows us to make low concentra-
tion detection of analyte possible. Owing to these benefits
offered by the technique, various methods, both top down
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Fig. 11 Colorimetric sensor based on the orientation of aggregated
Janus gold nanoparticles for the detection of aspartic acid (Asp) in
rat brains. Janus particle is functionalized with PEG and Cysteine
for selective detection of Aspartic acid present from rats’ brain. The

and bottom down approaches have been proposed to enhance
and fabricate the SERS surface having greater sensitivity
[56]. The SERS enhances the weak Raman signals by uti-
lizing rough, nanosized metallic structures (usually noble
metals) as substrate to which the target molecule is attached
along with the localized surface plasmons [57]. Laser excita-
tion of the sample and nano-substrate complex excites the
“LSPR” or Localized surface plasmons into resonance. At
this condition, both the laser excitation radiation and the
scattered radiation from the sample are amplified.

Xiaowei et al. (2019) reported the synthesis of gold
nanorods (GNRs) Janus membranes functionalized with
polyethylene glycol (PEG-SH) and thiol-terminated poly-
styrene (PS-SH), at the oil/water interface. The Raman
enhancement factor (EF) of the PS-GNRs-PEG Janus mem-
brane was found to be 6.41 x 10% which is higher than the
conventional gold nanorods. It was observed that the thiol-
terminated polymers enhance the SPR and SERS activity.
On addition of PEG-SH or PS-SH, the PS-GNRs-PEG Janus
membrane displayed two distinct SPR peaks along with a
continuous blue shift which otherwise showed a significant
red shift, compared with the corresponding GNRs colloid
(Fig. 12). Overall, the sensor shows greater reproducibility
and enhanced SERS activity compared to the conventional
gold nanorods [58].

The reports hitherto suggest that the aggregation of Janus
particles results in an enhanced plasmonic coupling effect
[59]. This Plasmon coupling effect between nanoparticles
is used in SERS to achieve ultralow detection limit. The

aspartic acid in the sample selectively binds to the cysteine groups
of the Janus particle leading to their agglutination. This agglutination
induced colour change in the particles helps in the detection of aspar-
tic acid. Created with BioRender.com

droplet-based microfluidic method was used for the syn-
thesis of Au nanorod (NR)@ Ag)-polyaniline (PANI) Janus
nanoparticles (JNPs) as Surface-enhanced Raman scattering
(SERS) sensors for the detection of Hg?* ions in river water
(Fig. 4). The sensor was highly selective due to the strong
binding affinity between PANI and Hg*" ions leading to the
high Raman intensity of PANI. The higher concentration
of the Hg?* ions within a certain range result in a stronger
SERS signal. The detection limit of Hg?* ions concentration
was 0.97 nM with a linear relationship of Raman intensity
increment of PANI and Hg?" ions concentration in the range
of 1-150 nM [43].

Similarly, Janus nanoparticles were utilized as Raman
signal enhancer for detection of Rhodamine 6G (R6G) in
aqueous solution at a concentration of 1 fM. They integrated
the superhydrophobic surface design and SERS substrate
design together to construct a highly roughened surface
using noble metal nanostructure arrays termed as superhy-
drophobic surface-enhanced Raman scattering (SSERS).
The presence of copious “hot spots” or SERS sensitive
sites present in the roughened PS-Ag Janus particle array
led to their high SERS sensitivity of Rhodamine 6G (R6G)
aqueous solution. This technique was also used for the low
concentration and high sensitivity detection of 1 nm of
poliovirus (PV) RNA-dependent RNA polymerase (RdRp)
and a virus PV type I Sabin of about a 1 fM solution. This
discovery is capable of detecting minuscule quantities of
analyte present in a highly diluted solution, for example
upto femtomolar level. This SSER technique has abundant
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Fig.12 A (a) Absorption spectra of PEG-GNRs membranes coated
on slide glass with the varying proportion of PEG-SH (1: 0 mg/ml,
2: 0.7 mg/ml, 3: 1.4 mg/ml, 4: 2.1 mg/ml, 5: 3.5 mg/ml), (b) the peak
position of LSPR of the PEG-GNRs membranes as a function of the
proportion of PEG-SH, (c) the peak position of TSPR of the PEG-
GNRs membranes as a function of the proportion of PEG-SH. B (a)
Absorption spectra of PS-GNRs Janus membranes coated on slide
glass with the varying proportion of PS-SH (1: 0 mg/ml, 2: 0.05 mg/
ml, 3: 0.25 mg/ml, 4: 0.5 mg/ml), (b) the peak position of LSPR of

applications in the biosensing field for the fabrication of
accurate and highly sensitive biosensors [56].

These reports imply that Janus nanoparticles-based bio-
sensors exert/have plasmonic coupling effect resulting in
higher signal response. The anisotropy of these nanoparti-
cles enhances this effect sequentially leading to higher detec-
tion limit of upto 1 M.

Janus particle-based optical-motile biosensors
The Janus particles, owing to their superior chemistry have
been utilized for development of motile biosensors aimed for

detection of biomolecules in body fluids. These are particles
in the micro or nano dimensions with an ability to convert
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the PS-GNRs Janus membranes as a function of the proportion of
PS-SH, (c) the peak position of TSPR of the PS-GNRs Janus mem-
branes as a function of the proportion of PS-SH. Reprinted figure
with permission from Zhang X, Zhao Z, Liu L, Li Y (2019) Design
of Gold nanorods Janus membrane for efficient and high-sensitive
surface-enhanced Raman scattering and tunable surface plasmon res-
onance. Chemical Physics Letters. Copyright © 2019 Elsevier B.V.
All rights reserved

chemical fuel or external energy (light, sound and chemical
energy, etc.) into mechanical motion [60]. The application
of these particles in biosensing can be conceded to fabricate
a motile biosensor eventually capable of detecting or sens-
ing biomolecules in vivo by travelling from one system to
another, which will prove to be superior to the conventional
immobile biosensors (Fig. 13).

The above-mentioned particles have one side coated
with a material that offers a self-propulsion due to a bub-
ble thrust, or a diffusio- or electrophoretic mechanism.
This particle is capable of moving in the desired direction
with respect to the certain stimuli-responsive site [27]. The
principles behind such biosensors are the bio-recognition
reaction that can result in the change of velocity of the
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Fig. 13 Janus particle-based
optical-motile, in-vivo biosen-
sors travelling from one system
to another for the selective
detection of biomarkers in the
body for disease detection. Cre-
ated with BioRender.com
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particles and this change can be transformed into signals
based on the trajectories of the collection of particles and
calculating their average velocity.

Nickle coated Silicon dioxide particles after deposition
of a platinum layer, form SiO,—Ni-Pt Janus particles which
could be propelled in H,O, and controlled by an external
magnetic field [38]. This feature allows these particles to
be utilized for targeted drug delivery and controlled cargo
delivery [61]. This can also fabricate the development of
a self-propelled Janus nanomotor-based in-vivo biosensor,
the motion of which can be manoeuvred by an external
magnetic field without using hazardous chemical fuels.

Displacement or movement of particles or a colour
change offers more distinct sensing signals to a biosensor,
which are easily distinguishable compared to the sensors
that continuously emanate light or are stationary. A novel
motion-to-colour signal generation mechanism using Janus
particles was proposed by Russell et al. (2019) to quantify
the concentration of the protein Procalcitonin (PCT), the
presence of which in high concentration in blood, is an
indication of sepsis (Fig. 10). The biorecognition reaction
leads to the propulsion of the Janus particle as detectable
by a colour change. Thus, the propulsion and colour inten-
sity of the spot gives the concentration of PCT generating

signals within seconds that are read in realtime using a
simple mobile application [27].

Wang et al. (2020) demonstrated the fluorescent-based
nanomotors biosensors for the detection of 2,4,6-trinitro-
phenol (TNP), an explosive in aqueous media. It is com-
posed of Py-Azine COF (Covalent organic frameworks)
based micromotors along with MnO, and Fe;0, particles
located asymmetrically on one side of the micromotors for
propulsion of spherical micromotors in the desired direc-
tion. COFs (Covalent organic frameworks) were distrib-
uted throughout the micromotors as they were miscible
with PCL (Polycaprolactone), brightening the micromo-
tors with fluorescence. The principle of the detection was
based on the rapid “On—Off” fluorescent detection of TNP
in aqueous media. The COF has the ability to fluoresce
when excited. This fluorescence would be turned off due to
the interaction with TNP by hydrogen bonding. Also, The
MnO, microparticles catalyse the decomposition of hydro-
gen peroxide which permits the movement of the Janus
micromotors. Besides, the Fe;0, NPs allow the movement
of the particles in the desired direction, the absence of
which would lead to random circular or linear motion of
the particles. Also, this sensor was inexpensive due to the
replacement of Platinum with MnO, as a catalyst. Further-
more, urchin-like MnO, microspheres were synthesized
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Fig. 14 OFF-ON detection system for intracellular HPV16 (human
papillomavirus) E6 mRNA transcripts. GO-AuNWs (Graphene oxide-
gold nanowire) are modified with 6-carboxyfluorescein FAM-ssDNA
probes reverse complementary to HPV16 E6 transcript expressed
within HPV-positive OPC (oropharyngeal cancer) cells. Nanomotors
quench probe fluorescence and can penetrate cell membranes when
powered by ultrasound. Annealing of target E6 mRNA liberates the

to increase the surface area for efficient catalysis. This
biosensor offers the detection of TNP at the ppm level
within minutes, offering a rapid, cost-effective, and sensi-
tive detection [40].

Yuan et al. (2020) demonstrated the ON—OFF fluores-
cent biosensing (using fluorescence-labelled affinity pep-
tide) of Cholera Toxin B by competitive ligand binding pro-
cess, combined with 2D-nanomaterials (graphdiyne oxide
(GDYO)-, graphene oxide (GO)-, and black phosphorous
(BP)) wrapped Janus micromotors. It was observed that a
rapid fluorescence quenching was obtained with moving
micromotors, whereas; negligible quenching is obtained
with static micromotors. This phenomenon has been
observed in all experiments following a similar approach,
indicating the importance of micromotor movement for bio-
sensing. It was also noted that the fluorescence of the Janus
particles increased, as the concentration of Cholera Toxin
B increased. This was due to availability more analyte to
compete with the micromotors for peptide release thusly
indicating the presence of the toxins. Moreover, GO micro-
motors induced the highest fluorescence enhancement which
was followed by GDYO and BP micromotors. The limit of
detection of BP micromotor for cholera B toxin was reported
to be 0.015 pg/mL with linearity in the range of 0.05 — 10,
0.003 pg/mL. Whereas the detection limit of GO and GDYO
micromotors were found to be 0.003 pg/mL and 0.002 pg/
mL respectively. It was also observed that GDYO and GO
micromotors displayed fivefold greater sensing efficiency
as compared to that of BP micromotors due to their distinct

@ Springer

probe from the nanomotor and restores the probe’s fluorescent signal.
Recreated and Reprinted figure with permission from Qualliotine JR,
Bolat G, Beltran-Gastélum M, de Avila BEF, Wang J, Califano JA.
Acoustic Nanomotors for Detection of Human Papillomavirus—Asso-
ciated Head and Neck Cancer. Otolaryngol - Head Neck Surg (United
States). 2019. Copyright Copyright © 2019, © SAGE Publications

surface properties influencing the loading and release capac-
ity of the peptide which is important for the signal genera-
tion [62].

Beltran-Gastélum et al. (2019) designed and fabri-
cated a nanomotor-based biosensor comprising of a flu-
orescent-labelled aptamer that selectively binds to the
target AIB1 protein (biomarker for breast cancer) immo-
bilized on graphene oxide (GO) coated gold nanowires
(AuNWs) (Fig. 14). These particles permitted the propulsion
of nanomotors towards the breast cancer cells and get inter-
nalized in them for rapid detection of intracellular AIB1 pro-
tein. The FAM-AIB1- aptamer led to quenching of the fluo-
rescence of dye due to the FRET between the fluorophore
(FAM) and GO. When this nanomotor was internalized, the
aptamer was displaced by the AIB1 protein resulting in the
recovery of fluorescence, indicating the presence of protein.
The propulsion of the nanomotors was based on acoustic
waves, i.e. ultrasound (US) waves [60]. A similar approach
was used by Qualliotine JR et al. (2019) for the intracellular
detection of Human Papillomavirus (HPV16) [63]. How-
ever, the in-vivo toxicity of these sensors is unexplored and
should be investigated further for their clinical application.

These studies propose that optical-motile Janus nanopar-
ticles can be utilized for in-vivo biosensing. These motile
nanoparticles travel through the medium owing to their
anisotropic behaviour and reach to the target site via differ-
ent propulsion mechanisms like diffusion or electrophoretic
propulsion. The Janus nanoparticles functionalized with
bio-recognition elements bind to the target sites resulting in
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revival of fluorescence. However, very few reports provide
quantitative data, toxicological studies and discuss limita-
tions related to fluorescence signal through the skin during
in-vivo sensing.

Conclusion and future prospects

This review was aimed to study the different Janus nanopar-
ticles, their properties, factors affecting the properties and
their role in sensing applications. Based on the reviewed
literature, it can be concluded that factors like pH, tempera-
ture, method of synthesis influence the overall properties of
Janus nanoparticles. The pH of the medium plays a crucial
role in determining the morphological features of the Janus
nanoparticles. The Janus particles fabricated/ produced by
controlling pH can be utilized for developing target oriented
in-vivo biosensors. Temperature is another factor that can be
utilized to selectively modify the faces of the Janus nano-
particles thus contributing in synthesizing Janus particles for
bio-sensing applications. Different strategies for synthesiz-
ing Janus particles also play a major role in determining the
properties of Janus nanoparticles. The most efficient of the
reviewed methods is the droplet-based microfluidic method,
as it results in formation of uniform Janus particles along
with easy manipulation of every single droplet formed to
produce the Janus particles.

In conjunction with this, the review has also focussed
on understanding the utilization of the Janus nanoparticles
for bio-sensing applications. Among the different types of
sensors reviewed, electrochemical sensors developed using
Janus nanoparticles showed better overall performance as
compared to optical sensors. This type of sensor demon-
strated the enhanced sensitivity with limit of detection in
the range of pM. Unlike colorimetric and fluorescence-based
sensors, electrochemical sensors are immune to problems
like reduced accuracy due to aggregation or auto fluores-
cence of Janus particles. Raman based sensors developed
using Janus nanoparticles also showed higher sensitivity
upto fM level however, the higher instrumentation cost and
portability of these sensors can limit their use as point of
care (POC) devices. The toxicity of Janus nanoparticles is
still an under-explored area and hence more research needs
to be carried out in understanding the toxicity of these parti-
cles, synergistic toxicity of different faces for in-vivo appli-
cation. Approaches in countering the possible toxic nature
of Janus nanoparticles for example, utilizing biocompatible
materials as the faces of Janus nanoparticles can be an area
of future research.
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