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Abstract
Janus particles are a unique type of materials combining two different functionalities in a single unit. This allows the 
combination of different analytical properties leading to new analytical capabilities, i.e., enhanced fluid mixing to increase 
sensitivity with targeting capturing abilities and unique advantages in terms of multi-functionality and versatility of modifi-
cation, use, and operation both in static and dynamic modes. The aim of this conceptual review is to cover recent (over the 
last 5 years) advances in the use of Janus microparticles and micromotors in (bio)-sensing. First, the role of different materi-
als and synthetic routes in the performance of Janus particles are described. In a second main section, electrochemical and 
optical biosensing based on Janus particles and motors are covered, including in vivo and in vitro methodologies as the next 
biosensing generation. Current challenges and future perspectives are provided in the conclusions section.
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Introduction

Janus particles (JPs) are a unique type of nanomaterials that 
combine two or more physical or chemical properties in the 
same entity, resulting in unpreceded capabilities [1]. The 
concept “Janus Particle” to define anisotropic materials was 
pioneered by the Nobel Laureate Pierre-Gilles de Gennes 
during his lecture about “Soft matter.” Among other find-
ings, Gennes synthetized the first JP consisting of a glass 
bead with polar and non-polar hemispheres [2]. Later, JPs 
were modified with catalytic structures (such as Pt nano-
particles) for autonomous motion in solution by catalytic 
fuels or other external inputs [3, 4]. Since then, a myriad of 
JPs and Janus micromotors (JMs) composed by one or more 

polymeric, carbon, inorganic, or organic nanomaterials have 
been synthetized. Although there is no clear definition of the 
difference between JPs and JMs, a JM can be defined as a 
JPs capable of moving autonomously in the solution. Rapid 
development in the field allows introducing multifunctional 
properties and capabilities for functionalization, which can 
be tailored by judicious selection of the type of nanoma-
terial used for particle or micromotor synthesis. Applica-
tions are vast in fields such as the biomedical, analytical, 
or environmental remediation, among others [5, 6]. In this 
review, we focus on the analytical dimension of JPs and JMs 
for enhanced (bio)sensing. The reader is referred to current 
recent reviews to expand the dimension of JPs and JMs in 
other fields [1, 3–7].

What makes JPs and JMs unique for analytical (bio)-sens-
ing is the asymmetric structure, which allows the integra-
tion of multifunctional features required for efficient (bio)
sensing, including analyte enrichment, signal enhancement, 
and convenient transduction. Indeed, while asymmetry is 
required for efficient propulsion of JMs and enhanced fluid 
mixing, in the case of JPs, it allows targeted immobilization 
of receptors such as aptamers and antibodies for an improve-
ment in overall analytical properties, including selectivity. 
This ultimately results in the overall improvement of ana-
lytical sensing features, which is of paramount significance 
in biomedical diagnosis or food control [3]. Figure 1 shows 
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two representative examples of JPs and JMs with multifunc-
tional capabilities for improved biosensing. Biji and Patnaik 
[8] exploited the use of Janus gold nanoclusters, modified 
through non-covalent interactions with the ligands tetraoc-
tylammonium cation  (TOA+) and tryptophan, as modifiers 
in a glassy carbon electrode (GCE) for dopamine (DA) sens-
ing (Fig. 1a). In this method, the presence of tryptophan at 
the peripheral Janus cluster hemisphere attracted a larger 
amount of DA towards the nanocluster surface through 
H-bonding interactions thus allowing the use of the elec-
trode as a pre-concentrating layer and enhancing the electro-
catalytic oxidation of DA (see blue arrows). The resulting 
sensor exhibited antifouling properties and detected DA 
in the sub-nanomolar concentration range (limit of detec-
tion, LOD of 0.5 nM) in contrast with 6400 nM provided by 
the bare GCE using differential pulse voltammetry (DPV). 
Unfortunately, no comparative experiments were performed 
by nanostructuring the GCE, e.g., with AuNPs. Figure 1b 
displays silica  (SiO2)/Pt JMs loaded with fluorescein amine 
(FLA) which were used for the OFF–ON detection of the 
chemical warfare agent simulant diethyl chlorophosphate 
(DCP) [9]. The Janus structure allowed the encapsulation of 
the fluorescence FLA, which was quenched in the presence 

of DCP in a concentration dependent manner. The catalytic 
Pt layer promoted the efficient micromotor motion and fluid 
mixing thus decreasing the detection times. Indeed, no fluo-
rescence quenching was observed after 1 min in solutions 
contaminated with DCP using static (not moving) micro-
motors, while only 10 s was needed in moving mode. In 
both examples, the asymmetric structure of JPs allowed the 
integration of multifunctional capabilities benefiting optical 
and electrochemical biosensing.

In view of the potential of Janus structures in analyti-
cal (bio)-sensing, the aim of this review is to cover recent 
advances (last 5 years) on the use of JPs and JMs to enhance 
analytical (bio)-sensing. The first more fundamental section 
reports the role of different synthetic routes in the multifunc-
tional properties of the resulting nanoentities, with special 
emphasis in biocompatibility and operational ability in com-
plex (bio)media. The second more applied section covers 
electrochemical and optical biosensing using JPs and JMs 
including in vivo and in vitro methods as the next biosensing 
generation. Current challenges and future perspectives are 
discussed in the final section.

JPs and JMs: fabrication routes 
and attributes pursued

Synthesis

Many materials have been explored for synthesis of JPs and 
JMs. Such materials and their designs play a crucial role 
in the analytical (bio)-sensing performance, affecting both 
functionalization and biocompatibility. We focus here only 
on the most applied nanomaterials and synthetic routes. 
Table 1 summarizes the synthesis strategies and related 
(bio)-analytical applications. Polymeric, silica, and inor-
ganic nanomaterials (including reactive particles) and their 
combinations are the most employed, prepared either by 
controlled self-assembly, masking, or phase separation (see 
schematic of these synthetic routes in Fig. 2).

Self-assembly rely on the autonomous assembly of block-
copolymers into similar structures. The size and shape of 
the resulting Janus structures can be tailored by tuning the 
interactions among individual blocks, the fraction, and the 
interactions with the surrounding media. The synthesis can 
be made in bulk or in solution. For example, amphiphilic 
polymeric JPs have been prepared by assembly in solution 
of poly(ethylene oxide)-b-poly(4-vinylpyridine) functional-
ized yttrium hydroxide nanotubes with hydrophobic divinyl 
cross-linker and a hydrophobic free-radical initiator [10]. 
2D nanomaterials wrapped JMs have been prepared by self-
assembly of sulfhydryl-modified graphene with gold sput-
tered silica nanoparticles, followed by controlled growth/
assembly of platinum, iron oxide nanoparticles (NPs), and 

Fig. 1  JPs and JMs enhanced (bio)-sensing. a GCE modified with 
 TOA+/tryptophan Janus gold nanoclusters for the electrocatalytic oxi-
dation of DA. b  SiO2-FL/Pt micromotors for OFF–ON fluorescence 
detection of chemical warfare agents Reprinted with permission from 
ref. [8] (a) and ref. [9] (b), respectively
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quantum dots (QDs) [11]. The main advantage of self-
assembly for the preparation of JPs and JMs is the precise 
control of the morphology, shape, and structure of the result-
ing structures. Yet, the technique is mainly restricted to poly-
meric materials and the cost makes it not feasible for large 
scale-up processes [12].

Masking is a term used to define many routes for asym-
metric decoration/deposition of a material in NPs used as 
template. Usually, JPs are either bounded to a solid sub-
strate, which is removed after the modification, or trapped 
in the interface between two fluid phases [13]. The use of 
solid substrates relies in the formation of a monolayer of 
particles (polystyrene, Mg, etc.) on a glass slide followed 
by the deposition of a half-layer or gold, platinum, etc. by 
chemical/physical vapor deposition, atomic layer deposition, 
etc. The glass slide can be set as an angle, i.e., glancing 
angle deposition, to facilitate the formation of the asym-
metric layer. This technique has been used for the prepara-
tion of Au-coated polystyrene JPs [14] or Mg/Au JMs used 

in electrochemical sensing [15]. With this approach, the 
amount of JMs produced is limited by the particles dispersed 
in the solid substrates thus preventing large-scale synthe-
sis. Masking in solution is denoted as pickering emulsion 
and allows the large-scale JP synthesis. In this case, NPs or 
polymers are trapped between the liquid–liquid interface of 
immiscible fluids, followed by chemical modification in the 
aqueous phase [16, 17]. Granick was one of the first pioneer 
in the use of this methodology, reporting the fabrication of 
JPs by dispersing silica particles in paraffin wax and mixing 
the resulting solution with water. This promoted the trapping 
and locking of the silica NPs in the oil–water interface which 
was followed by chemical modification to obtain cationic or 
anionic half-modified JPs [18].

Phase separation is the most used synthetic method for 
the preparation of JPs and JMs, either in solution or using 
microfluidic devices. Yet, it is mostly applied for polymeric 
materials but allows the introduction of metallic NPs or other 
components [19–21]. For example, polystyrene/poly(methyl 

Table 1  Janus particles and 
micromotors: materials, 
synthesis, and applications

Material Examples Synthesis Application

Polymers Polycaprolactone
Polystyrene

Self-assembly
Masking
Phase separation

Electrochemical and optical biosensing
(in vivo/in vitro)

Silica Mesoporous silica Self-assembly
Masking

Electrochemical biosensing (in vitro)

Metallic NPs Gold, silver Self-assembly
Masking

Electrochemical biosensing (in vitro)

Inorganic Mg, Zn
2D nanomaterials

Masking Electrochemical and optical biosensing 
(in vivo/in vitro)

Cellular approaches

Fig. 2  Synthetic routes of JPs 
and JMs. Reprinted with per-
mission from ref. [7]
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methacrylate) JPs have been prepared by dispersion of such 
polymers in toluene and mixing with an aqueous solution 
containing polyoxyethylene nonylphenyl and a surfactant. 
The slow evaporation of the solvent resulted in the genera-
tion of JPs with different hemispheres formed by each indi-
vidual polymer in a single unit [22]. Magneto-catalytic JMs 
have been prepared by mixing an organic phase containing 
polycaprolactone (PCL), platinum NPs, and iron oxide NPs 
with an aqueous phase containing a surfactant and GQDs. 
After mixing, an oil-in-water emulsion was generated, in 
which interface PCL drops trapping the NPs and the QDs 
were formed. After solvent evaporation, the PCL drops 
reduced its size, while trapping the QDs all over the particle 
and the NPs in one size of the structure due to electrostatic 
repulsion with the polymers. The resulting micromotors 
were used for optical sensing and can operate by the action 
of chemical fuel or magnetic fields [23].

Bipolar electrochemistry is an alternative concept to 
break the symmetry of particles in solution, generating an 
asymmetric patch. In other words, polarized base particles 
are placed in a special set-up or chamber containing two 
connected electrodes for the application of strong electric 
field. In this way, tailored electrochemical reactions can 
carry out on the opposite (half-side) of the particles, result-
ing in the generation of JPs and JMs [24].

To summarize, the synthetic route plays a critical role in 
further (bio)sensing applications, affecting both performance 
and biocompatibility. Self-assembly and solid substrates-
based approaches result in low-yield syntheses (or relatively 
low number of NPs) but allow tailoring the composition. 
Pickering emulsions and phase separation, on the contrary, 
can be used for large-scale synthesis to translate basic sci-
ence into industrial and point-of-care applications.

Operation in real (bio)‑media: propulsion 
and biocompatibility

Analytical methods in biological domains require full bio-
compatibility of the JPs and JMs in this latter case including 
composition and propulsion mode. Of course, biocompat-
ibility is of crucial importance in in vivo biosensing where 
the Janus NPs should be administered to the human body. 
First, biocompatible materials should be ideally employed. 
Another key point to consider is the biodegradability of the 
materials into non-harmful products, which is of paramount 
importance in in vivo bioimaging and cellular sensing, and 
is compatible with the principles of green chemistry [25]. 
In the case of JMs, biocompatible propulsion schemes are 
needed, as the oxygen peroxide or other fuels used tradition-
ally are toxic to human cells avoiding its direct application in 
whole blood. With this aim, alginate [26, 27], chitosan [28], 
cellulose, mesoporous silica, and biodegradable polymers 
such as PCL [29] have been used for the preparation of JPs 

and JMs. A group of biocompatible JMs is composed by 
reactive Mg and Zn particles that can react with water and 
body fluids generating hydrogen bubbles for autonomous 
propulsion while the body of the micromotor dissolves. In 
addition, the released products are non-toxic, holding con-
siderable promise for cellular and in vivo methods [30, 31]. 
Another potential approach for these biocompatible JMs is 
their use to aid electrochemical detection, replacing the clas-
sical fuel peroxide, which can greatly interfere with elec-
trochemical detection. A second group compromise light 
and magnetic-propelled JMs, which can propel in body flu-
ids (including whole blood) in optical detection schemes. 
For example, a PCL micromotor encapsulating magnetic 
nanoparticles and biocompatible QDs can move in serum 
and blood for the detection of heavy metals and toxins. Bio-
compatibility assays revealed the full compatibility with the 
fluids, and the micromotor can be degraded using natural 
lipases [32].

It should be also considered that once in contact with 
body fluids, blood protein adhesion and other components 
from the immune system will interact with JPs and JMs, pre-
venting further in vivo operation and leading to the so-called 
biofouling effects. This can hamper analytical performance 
and avoid adequate in vivo operation [33]. To avoid this, 
JPs and JMs can be functionalized with external layers such 
as protein corona, natural proteins [34], or hydrogels [35], 
among others.

Sensing and biosensing with JPs and JMs

Electrochemical (bio)sensing

JPs and JMs have been exploited in electrochemical sensing 
and biosensing [6, 36–38]. While JPs can increase the load-
ing of biomolecules on the electrode surface thus amplify-
ing the electrochemical response [39], the self-propulsion 
of the JMs improves, besides the sensitivity, the kinetics 
of the assay. Moreover, the products generated during their 
movement can be exploited to degrade and sense non-elec-
troactive toxic compounds (pesticides or emerging contami-
nants) into detectable electroactive by-products. However, 
to date JPs have been exploited more than Janus engines 
in (bio)-sensing probably due to the interference caused by 
fuels  (H2O2) or radicals generated by the most used catalytic 
JMs. Nevertheless, the discovery of redox JMs that use the 
body of the motor as a fuel itself for self-propelling in aque-
ous media has opened new avenues in this area [36, 40].

Villalonga’s group reported the use of Au–mesoporous 
silica Janus nanoparticles (Au MS JNPs) and bifunctional-
ized JPs for catalytic [41] and affinity [42, 43] electrochemi-
cal biosensing. The first work reported Au MS JNPs dually 
functionalized with covalently immobilized horseradish 
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peroxidase (HRP) as enzymatic signaling element on the 
mesoporous silica face, and with streptavidin (Stv) and 
polyethylenglycol chains as biorecognition and solubilizing 
agents, respectively, on the Au face (Au-MS JNPs-HRP-Stv-
PEG) (Fig. 3a). Such functionalized JPs, with biorecogni-
tion-signaling ability, were successfully employed to recog-
nize biotin on gold surfaces in a proof-of-concept application 
by monitoring the HRP reduction of  H2O2 using cyclic vol-
tammetry (CV). Two years later, the same group reported 
the use of Au MS JNPs with glucose oxidase (GOx) and 
HRP immobilized on the Au and mesoporous silica faces, 
respectively, in connection with carbon nanotubes (CNTs) 
[41] as GCE modifiers to construct an amperometric glucose 
biosensor (Fig. 3b). The resulting biosensor achieved a LOD 
of 360 nM and was employed for the analysis of glucose in 
commercial soft drinks.

More recently, the same group used bifunctionalized JPs 
as biorecognition-signaling elements in an amperometric 
signal-on aptasensor for the determination of carcinoem-
bryonic antigen (CEA) [43]. In this strategy, the JNPs 

were functionalized with HRP (signaling element) on the 
silica surface, and with a dually biotin thiol-specific hairpin 
structure aptamer (biorecognition element) on the Au face 
(Fig. 4). The aptamer bound to the bifunctionalized JNPs 
was unfolded in the presence of CEA releasing the biotin 
residues so that the CEA-JNP complex could be captured 
by avidin-modified  Fe3O4@SiO2 NanoCaptors® (Fig. 4). 
The amperometric detection carried out in the presence 
of  H2O2/hydroquinone (HQ) upon deposition of the mag-
netic nanoconjugates on the working electrode surface of a 
screen-printed carbon electrode (SPCE) allowed detection 
of 1.2 pM of CEA standard. The method was applied to 
perform the determination in a spiked commercial serum 
sample.

He and Shuang’s group used JPs as GCE modifiers to 
develop label-free electrochemical aptasensors [39, 44]. 
The affinity reactions were monitored by measuring the 
decrease in the DPV reduction peak current measured in 
the presence of [Fe(CN)6]4−/3− due to the hindered dif-
fusion of the redox probe to the electrode. One of the 

Au-MS JNP-HRP-Stv-PEG

Au/Biotin

electrode

H
2
OH

2
O

2

GOx-HRP-JNP/CNT/GCE

TEM
b)a)

Fig. 3  Au MS JNPs dually functionalized with HRP and Stv and pol-
yethylenglycol chains used as biorecognition-signaling system (a) or 
with GOx and HRP enzymes as electrode modifiers (b) for affinity 
and catalytic electrochemical biosensing, respectively. A representa-

tive transmission-electron microscopy (TEM) image of these Au MS 
JNPs is also shown. Reprinted with permission from ref. [42] (a) and 
ref. [41] (b)

HRP

Au-SiO
2
JP

CEA aptamer

Biotin

dATP

Fig. 4  Use of bifunctionalized JNPs as biorecognition-signaling elements in an amperometric signal-on CEA aptasensor. Reprinted with permis-
sion and  adapted from ref. [43]
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works reported an aptasensor for the determination of 
ractopamine (RAC) and involved the use of JPs with one 
hydrophobic side (octadecanethiol) to connect to the 
GCE surface, and one hydrophilic side to immobilize Au 
NPs, followed by the attachment of the thiolated specific 
aptamer [39]. A more recent method used aptamer/NH2 
JPs for the electrochemical determination of Ochratoxin 
A (OTA) [44]. In this approach, gold was coated on the 
hemispherical surface of the aminated polystyrene par-
ticles to immobilize the thiolated OTA aptamer and the 
exposed amino groups of the other hemisphere allowed the 
covalent immobilization of the JPs through carbodiimide/
succinimide (EDC/NHS) chemistry onto a GCE modified 
with carboxylated graphene (COOH-GN) (Fig. 5). Both 
aptasensors achieved similar LOD values (3.3 ×  10−14 and 
1 ×  10−14 M for RAC and OTA, respectively) which were 
competitive in comparison with other reported methods. 
The aptasensors were employed to analyze spiked human 
urine (RAC) and wine (OTA) samples.

The efficient self-propulsion of certain JPs allows them to 
mix with liquids much better than static particles making it 
possible to perform dynamic electrochemical sensing with 
improved efficiency in the absence of external stirrers [45]. 
For instance, Au and Mg JPs are propelled in aqueous NaCl 
medium by corrosion reactions that generate bubbles on one 
side and propel JPs in the opposite direction. By combina-
tion of galvanic and pitting corrosion processes, the gold 
layer coating along with the presence of chloride ions in the 
medium induces the dissolution of the Mg(OH)2 passivation 
layer in the Mg particle and subsequently the spontaneous 
redox oxidation reaction between Mg and water to generate 
directional hydrogen bubble propulsion (for enhanced fluid 

mixing) and  OH− ions for alkaline degradation (Fig. 6a) 
[36].

Thus, these JMs exert a dual function as “autonomous 
stirrers” imparting effective micromixing and enhanced 
mass transfer convective transport using microliter volumes 
and as “natural enzyme mimics,” inducing localized pH gra-
dients that can be exploited in the degradation, by alkaline 
hydrolysis, of non-electroactive analytes. The enhanced fluid 
mixing, measured by calculating the mean square displace-
ment of bead microtracers, evidenced a much higher dis-
placement induced by moving micromotors as compared to 
Brownian motion. In fact, the pH value can be controlled 
with the amount of micromotors added to the solution. The 
pH value increased from 9 to 12 with the micromotor sus-
pension volume from 1 to 4 μL, respectively. The use of 
larger volumes of micromotor suspension provoked poorer 
S/N ratios [36]. These interesting characteristics make them 
ideal to perform electrochemical measurements on microvol-
ume samples at screen-printed electrodes [36, 40].

To date, JMs have been used much more in optical sens-
ing than in electrochemical biosensing. Cinti et al. [15] and 
Rojas et al. [46] exploited the use of bubble generating Janus 
microengines with screen-printed electrodes using aqueous 
NaCl (which also acted as supporting electrolyte) media. In 
these strategies, the movement of micromotors generated a 
greatly enhanced fluid transport, which led to a significant 
improvement in sensitivity (∼15–20-fold) compared to the 
static approach, and to a rapid detection (~ 5 min) and deg-
radation (assisted by hydrogen microbubbles and hydroxyl 
ions generated during the micromotors self-movement) of 
toxic non-detectable species to easily detectable electroac-
tive non-hazardous compounds (Fig. 6a). In these methods, 

Fig. 5  Aptasensor for the deter-
mination of OTA constructed by 
coupling aptamer/NH2 JPs with 
COOH-GN/GCE. Reprinted 
with permission and  adapted 
from ref. [44]
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Au-Ni-Mg (magnetically confined on the surface of SPEs 
through the Ni interlayer) or unconfined Mg-Au JMs were 
used for the determination of the organophosphorous (OP) 
nerve agent paraoxon, or of diphenyl phthalate (DPP) using 
DPV in spiked raw food (milk, whiskey) and biological 
(human plasma) samples (Fig. 6b). Although these attrac-
tive strategies can be exploited for the detection of traces of 
other environmental pollutants or for alkaline-assisted elec-
trocatalytic oxidation reactions, they are limited by the rela-
tively short lifetime of the micromotors as they are dissolved 
after 5 min of movement in the sample. Pumera employed 
Mg/Pt micromotors together with SPCE for enhanced glu-
cose biosensing, with the enhanced mixing induced by the 
micromotors increasing the overall electrochemical signal 
[47]. Bipolar electrochemistry has also been applied for 
the synthesis of Mg-based micromotors with dynamically 
controlled motion and analytical operations. Such JMs can 
simultaneously move while emitting light due to the strong 
redox reactivity of Mg, as illustrated with the model chemi-
luminescence mediator Ru(bpy)3

2+, which can be exploited 
for (bio)-sensing applications [48].

It is worth to note also that Moo and Pumera [49] dem-
onstrated the potential of particle-electrode impact voltam-
metry for the real-time tracking and surveying of JM motion 

in solution even in a microfluidic channel [50], which may 
be relevant to address future applications in electrochemical 
sensing and biosensing.

Optical biosensing and bioimaging

In vitro biosensing approaches

JPs and JMs offer considerable promise for optical biosens-
ing where the spatial separation of probes or other compo-
nents can help to avoid interferences among different sensing 
units, which is of relevance in protein-rich media. In addi-
tion, the self-propulsion of JMs can add a new dimension 
in optical biosensing associated with increased analytical 
performance by the enhancement in the fluid mixing.

Gold-coated polystyrene JPs have been used in surface-
enhanced Raman scattering (SERS) for cancer cell sensing. 
Polystyrene particles were coated with a thin gold layer, fol-
lowed by the generation of a rough coral-like Au layer by 
oxygen plasma etching. The dual nature of the JPs allowed 
functionalization of the polystyrene hemisphere with anti-
HER-2 antibodies for attachment to breast cancer cells, 
while the rough Au hemisphere provided SERS hotspots for 
detection [51]. In a similar concept, commercial fluorescence 

1 mM DPP 2.5 mM DPP 0.25 mM DPP

0.50 mM DPP

a)

b)

Fig. 6  a Mg/Au JMs-based electrochemical strategy for the simul-
taneous degradation/detection of DPP and reactions involved in the 
degradation. b DPV voltammograms obtained from left to right for 

milk, whiskey, and human plasma samples unspiked (green) and 
spiked (blue and red) with DPP at the indicated concentrations. 
Reprinted with permission and adapted from [46]
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labelled polystyrene beads were modified with carboxylic 
groups and a half-gold layer for cancer cell targeting, SERS 
sensing, and imaging (Fig. 7a). The free polystyrene hemi-
sphere was modified with anti-CD44 to target overexpressed 
CD44 glycoproteins in cancer cells. The JPs exhibited 
12-fold cancer targeting ability and 10-fold enhancement 
in SERS signal compared with smooth gold nanoparticles 
[52]. Au–Ag-polyaniline (PA) JPs have been used as SERS 
tags for diagnosis of rheumatoid arthritis (RA) (Fig. 7b). The 
bimetallic JP nanoclusters were prepared by dye-induced 
aggregation of AuNPs followed by AgNPs. Next, surface-
templated polymerization was used to decorate one hemi-
sphere with PANI. The PANI hemisphere was modified with 
anti-CCP antibodies and rheumatoid factor immunoglobulin 
M. For the multiplexed assay, MB were modified with the 
same antibodies for the capture of RA autoantibodies, fol-
lowed by tagging with the Au–Ag-PA Janus nanohybrids for 
subsequent SERS detection exploiting the Au and Ag NPs 
as hot-spots. Successful multiplexed detection of anti-CCP 
and rheumatoid factor immunoglobulin M was achieved with 
LOD of 0.7 and 0.9 IU/mL, respectively [53].

Silica nanoparticles half-coated with a hematite layer 
(γ-Fe2O3) display enzyme-like activity as illustrated in the 
colorimetric detection of glucose and  H2O2. Figure 8a shows 
as GOx-modified JPs can detect glucose in serum by using 
the colorimetric substrate 3,3′,5,5′-tetramethylbenzidine 
(TMB). The reaction mechanism relied on  H2O2 interac-
tion with the JP surface, followed by decomposition and OH 
radicals’ generation and TMB oxidation into a blue colored 
product in a concentration dependance manner. The linear 
range obtained with this method for glucose spanned from 
10 to 20 μM, with a LOD of 3.2 μM [54]. Such proof-of-
concept applications demonstrate the applicability of mul-
tifunctional Janus structures for tailored analytical (bio)-
sensing. JP emulsions represent a novel way to perform 
biosensing as illustrated by Swager et al. for the detection 

of Listeria monocytogenes. A block copolymer, poly-TCO, 
with a hydrophobic polystyrene block and a hydrophilic 
polyacrylic acid block was used to prepare the Janus drop-
let mixture, which also contained Listeria antibodies. The 
principle of detection was based in the aggregation of the 
droplets after binding of the droplet-immobilized antibod-
ies to Listeria. To perform detection, specific fluorescence 
dyes were added in solution and the subsequent changes of 
emission in the presence of Listeria were monitored [55]. 
Similarly, Janus emulsions have been used for biosensing 
of anti-SARS-CoV-2 spike antibodies (Fig. 8b) [56]. Janus 
emulsions were prepared by mixing immiscible hydrocar-
bon and fluorocarbon oils with water. The resulting water/
organic phase interface was functionalized with a secondary 
antibody of IgG protein and SARS-CoV-2 spike receptor 
binding domain, resulting in two Janus emulsions. In the 
presence of the anti-SARS-CoV-2 spike IgG antibody, the 
droplets agglutinated. The extent of agglutination was moni-
tored by taking optical images and quantitative fluorescence 
spectra in the presence of Lumogen F Orange 240 dye. The 
method achieved a LOD of 0.2 μg/mL.

JM-based optical biosensing involves mainly fluorescence 
detection. The dual Janus nature allows simultaneous detec-
tion (via encapsulation or modification of the micromotor 
with the detection probes) and enhanced mixing to decrease 
the overall response time while improving analytical perfor-
mance. Two broad strategies have been adopted, with most 
designs based on catalytic propulsion using peroxide fuel. 
Recent works exploit fuel-free schemes such as magnetic 
propulsion to improve biocompatibility in real samples 
while facilitating in vivo applications. Magneto-catalytic 
Janus micromotors loaded with phenylboronic acid-modified 
graphene QDs have been used for ON–OFF detection of 
Escherichia coli endotoxin in sepsis diagnosis applications. 
The JMs were prepared using an oil-in-water emulsion for 
the encapsulation of the modified QDs, Pt, and iron oxide 

Fig. 7  SERS sensing using JPs. a Anti-CCD 4 modified fluorescence 
polystyrene beads (PSB) half-modified with gold for enhanced SERS 
sensing of cancer cells, concept, and TEM images of the particles and 
(b) compartmentalized bimetal cluster-poly(aniline) hybrid nano-
structures (CBCPHNs) as tags for SERS-sensing of RA, schematic of 

the multiplexed assay, SEM image, and corresponding SERS signals. 
RBITC rhodamine B isothiocyanate, MGITC malachite green isothi-
ocyanate. Reprinted and adapted with permission from ref. [52] (a) 
and ref. [53] (b)
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nanoparticles in a PCL body, with a resulting size of about 
20 μm. The initial blue fluorescence resulting from the QDs 
encapsulated in the micromotors was rapidly quenched in 
the presence of the target endotoxin by interaction of the 
3-deoxy-d-manno-octulosonic acid (KDO) residue in the 
endotoxin molecule with the aminophenylboronic group in 
the micromotor. A LOD of 0.01 M was achieved, with a 
sensor response time of 4 and 15 min in catalytic and mag-
netic mode, respectively [23]. The same strategy was later 
extended to the detection of Salmonella enterica endotoxin 
in food samples. In this case, the catalytic mode was used 
achieving a LOD of 0.07 ng/mL with excellent recoveries in 
milk, egg, and complex food samples without any previous 
treatment [57]. Despite their efficiency, the above mentioned 

JMs sensing strategies lack selectivity due to all endotoxins 
contain a KDO residue. To solve the problem, the micro-
motor structure was redefined by using PCL JMs loaded 
with  WS2 for subsequent attachment of a rhodamine labelled 
affinity peptide specific for Escherichia coli endotoxin. The 
OFF–ON strategy is displayed in Fig. 9a. The  WS2-loaded 
micromotors were incubated with a solution containing the 
fluorescence labelled affinity peptide which entered the 
micromotor and interacted with the  WS2, this resulting in the 
fluorescence quenching of the solution. In the presence of 
the Escherichia coli endotoxin, the high affinity of the pep-
tide probe provoked the release from the micromotor into the 
solution, resulting in an increase of the fluorescence in the 
solution in a concentration dependent manner. The method 

Fig. 8  Colorimetric and fluorescence biosensing using JPs. a GOx 
functionalized silica-hematite JPs for colorimetric detection of glu-
cose; schematic of the detection, absorbance spectra in the presence 
on increasing concentrations of glucose and corresponding calibra-

tion plot. b Janus emulsion biosensing of anti-SARS-CoV-2 spike 
antibody by agglutination assay. Reprinted and adapted with permis-
sion from ref. [54] (a) and ref. [56] (b)
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was highly selective, with no fluorescence increase in the 
presence of Salmonella Enterica endotoxin. The strategy 
was validated against the gold standard Limulus Amebocyte 
lysate in a specific culture, with excellent match. A LOD of 
120 pM was obtained, which allows detection in real clini-
cal settings [58]. PCL micromotors prepared according to a 
similar structure were loaded with a covalent organic frame-
work for ON–OFF fluorescence detection of nitroaromatic 
explosives in water [59].

Catalytic JMs prepared by self-assembly are also attrac-
tive for biosensing applications related with clinical diag-
nosis. 2D nanomaterials (graphene, graphdiyne, and black 
phosphorus) wrapped silica-gold micromotors have been 
combined with a fluorescence labelled affinity peptide spe-
cific to cholera B toxin subunit for the detection of such 

toxin achieving a LOD of 2 ng/mL and excellent selectivity 
in the presence of other toxins [61]. JMs using iron oxide 
have been modified with procalcitonin (PCT) antibodies for 
the detection of PCT in a paper-based assay. As can be seen 
in Fig. 9b, after the binding of PCT, the resulting complex 
was labelled with catalase for propulsion in the presence of 
peroxide. The JMs were dropped in a filter paper to facili-
tate color observation. In the presence of PCT, catalase was 
attached to the complex, thus generating oxygen bubbles for 
propulsion, and dispersing the color in the filter paper. Such 
changes were monitored with a smartphone, allowing the 
fast sensing of PCT for sepsis diagnosis [60].

Non-catalytic JMs have been very recently developed. 
Colloidal crystal-based stomatocyte micromotors can act as 
barcodes with different colors due to characteristic reflection 

Fig. 9  Catalytic JMs for optical sensing. a  WS2/PCL/Pt Janus micro-
motors functionalized with a specific affinity peptide for OFF–ON 
Escherichia coli detection. Top part shows the schematic of the struc-
ture from peptide loading (left) and release in the presence of the spe-

cific endotoxin (right). Bottom middle part are the corresponding flu-
orescence microcopy images of each step. b Anti-PCT modified iron 
oxide JMs modified with catalase for PCT detection. Reprinted with 
permission from ref. [58] (a) and ref (b) [60]

Fig. 10  Non-catalytic JMs for optical sensing. Concept schematic of magnetic JMs for label-free isolation and transport of biotin-avidin beads 
within the reservoirs of a microchip. Reprinted with permission from ref. [63]
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peaks for DNA detection [62]. A biosensing concept using 
magnetic micromotors is illustrated in Fig. 10. Polystyrene 
beads were half coated with Cr/Ni/Au layer for magnetic 
propulsion. The micromotors can be controlled by electric 
and magnetic fields for label-free capture of biotin-function-
alized beads, which are transported within the reservoirs of 
a microchip for capture of avidin-functionalized cargo and 
subsequent release. Such concept allows performing bioas-
says even in whole blood with enhanced biocompatibility 
[63].

Cell imaging and biosensing

Due to their unique properties, JPs are attractive tools for 
optical imaging and sensing in biological systems [64] 
although their potential in this field has not been much 
explored.

Magnetically and optically active nanoparticles provide 
unique advantages for in vivo real-time cell imaging. In this 
context, magnetic QDs, which combine the optical proper-
ties of QDs to enable imaging of cells, with the magnetic 
ability of iron oxide nanoparticles to enable magnetic reso-
nance imaging, are particularly interesting JPs. This type 
of particles has been explored by some authors allowing, 
with a single type of Janus nanoparticles, simultaneous 
magnetic resonance imaging (MRI) and optical reflection 
imaging [65, 66] and even cell-targeting capacity by func-
tionalization with a specific antibody [67]. These are also 
examples of asymmetric structures where asymmetry is not 
really necessary.

Besides magnetic QD systems, plasmonic tadpole-like 
JPs with enhanced cellular internalization have been used 
as plasmonic probes for near infrared (NIR) cell imaging 
[68]. Matchstick-shaped Au/ZnO/SiO2 Janus nanorods, 
allowing multimodal dark-field, two-photon, and fluores-
cence imaging [69], Janus polymer nanospheres [70], and 
Fe–Au nanorods [71] have also demonstrated potential in 
cell imaging.

Regarding cellular biosensing applications, the develop-
ment of antibody-modified JPs for targeting and SERS sens-
ing of tumor cells [51, 52] and JPs which combine sensing 
and barcoding functions to enable multiplexed bioanalysis 
[72–78] should be mentioned.

Regarding cell applications of JMs, there is no doubt that, 
due to their capacity for internalization without compromis-
ing cell viability, acoustically propelled nanomotors are well 
ahead of other motors for this kind of applications. During 
the last few years, US-propelled JMs have shown relevant 
intracellular applications [79, 80] for the sensing of biomark-
ers with high clinical interest (miRNA-21 [81], E6 mRNA 
transcripts [82], and AIB1 [83]) and delivery of therapeutics 
such as a small interfering RNA (siRNA) [84] and caspase-3 

(CASP-3) [85] in a functional form for targeted silencing or 
apoptosis, respectively.

However, to our knowledge, Janus motors’ forays into this 
field lag those of ultrasonic motors and have not yet dem-
onstrated cellular application in biosensing or bioimaging.

In vivo biosensing and bioimaging

Despite the significant advances made in the construction 
of diverse nano and micromotors over the last decade and 
the booming research enthusiasm in this field [86], the 
requirement of cell-toxic fuels by many of such motors or 
the limited lifetime of motors with dissolving body (such as 
the magnesium ones) have hampered their use for in vivo 
applications [40]. However, recent developments in mag-
netic [87], ultrasound [88], and Zn and Mg micromotors [89] 
micromotors have shed some light on the field demonstrating 
promising proof-of-concept in vivo applications [90–93].

Indeed, different types of biocompatible and biodegrad-
able chemically powered body-fuel-propelled micromotors 
have shown their potential for in vivo applications other than 
biosensing including precise micromotor tissue localization 
and retention, autonomous gastric fluid neutralization and 
cargo release, and improved drug delivery to enhance the 
treatment of bacterial infection of the stomach [89].

Although JMs have been evaluated extensively under 
in vitro conditions exhibiting interesting attributes includ-
ing the possibility of fabrication with biocompatible materi-
als (hollow MS NPs [94]), their motion consuming nontoxic 
fuels [94], in acidic environment produced by Hela cells 
[95] or blood [96] and self-destruction capabilities [30], JMs 
in vivo function has been little explored up to date.

Wang’s group used different body fuel-propelled micro-
motors (Zn-based tubular micromotors, Mg-based JMs, and 
Mg microparticles-loaded tubular micromotors) for in vivo 
applications in the gastrointestinal tract profiting their auton-
omous driven by generating hydrogen bubbles through acid 
(Zn-based) or aqueous-acidic (Mg-based) solutions [89]. 
These body fuel-propelled micromotors have shown con-
siderable promise for navigating through complex biological 
fluids, reaching hard-to-access body locations, and releas-
ing their therapeutic payloads at predetermined destinations 
[90, 91, 93]. Indeed, JMs have been applied in vivo (mouse 
model) to safely and rapidly neutralize gastric acid through 
efficient chemical propulsion in the gastric fluid (Fig. 11b) 
by rapidly depleting the localized protons and simultane-
ously release payload without causing noticeable acute tox-
icity or affecting the stomach function [92], or to treat gastric 
bacterial (Helicobacter pylori) infection (Fig. 11c) [93] or 
iron deficiency anemia (Fig. 11d) [97] by delivery of drugs 
or minerals, respectively, more efficiently than using pas-
sive carriers. Although at an early stage, these results open 
the door to the use of synthetic motors as active-delivery 
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platforms for in vivo treatment of diseases and leads one to 
believe that a more efficient in vivo biosensing will be the 
next step.

Challenges and future perspectives

JPs and JMs are materials that combine multifunctional 
properties in a single unit. This fact can greatly benefit 
biosensing by attaching capture probes in one part of the 
particles and other components, e.g., signal enhancers or 
substances to avoid biofouling and other interferences in 
complex samples, in the other part. An important aspect 
of JPs and JMs to be considered in biosensing is the choice 
of an adequate material and synthetic route to achieve high 
biocompatibility without compromising analytical perfor-
mance. The large number of available materials and syn-
thetic routes (self-assembly, masking, and phase separation) 
allows tailoring the JPs and JMs composition to obtain full 
biocompatibility in the analyses media or to get the desired 
analytical properties.

Several electrochemical biosensing approaches have 
been reported for the determination of clinical biomarkers 
using silica-Au and polymer-based micromotors as the most 
employed. However, catalytic JMs have been less used due 
to the interference of the fuel utilized to propel them with 
the electrochemical signal. Nevertheless, there is no doubt 
of the extraordinary potential of Mg-based micromotors 

for enhanced mixing and assisted degradation in strip elec-
trodes. In this sense, more developments for electrochemi-
cal sensing can be expected by exploiting the properties of 
magnetic, light, or ultrasound-propelled micromotors.

Regarding optical detection, a lot of in vitro methods, 
mainly using fluorescence detection, involving both JPs and 
JMs, have been reported, for instance, for point-of-care diag-
nosis in sepsis or SARS-CoV-2 detection. Yet, in vivo meth-
ods and cell-based sensing still require more developments 
due to the difficulties in body biocompatibility and adequate 
imaging. Recent advances in this direction with degradable 
Mg micromotors or ultrasound-propelled nanorod hold con-
siderable promise for in vivo detection of clinical biomarkers 
in the near future.

A general and expanded bird’s eye view of the topics 
reviewed and discussed leads to the conclusion that there are 
many challenges to be addressed and space to be explored in 
this exciting field of a clear multidisciplinary nature.

Although JPs and JMs have emerged as new materials 
with exciting properties in the field of biosensing, many 
challenges currently hinder their widespread adoption in this 
and other disciplines. For example, further efforts are essen-
tial to develop simple fabrication techniques that enable the 
fabrication of JPs with defined functionality, morphology, 
and size distribution on a large scale and their biofunction-
alization with high stability and adequate long-term storage 
in an environmentally friendly and low-cost manner. On the 
other hand, JPs with different surface chemistry offer more 

Fig. 11  a Synthesis of cargo-loaded Mg-based micromotors. b Pro-
pulsion of Mg-based micromotors in acidic medium. c Schematic 
diagram of the Mg/TiO2/Drug@PLGA/chitosan micromotor and 
propulsion and drug delivery in a mouse stomach and (d) schematic 

structure of the Mg/TiO2/PLGA/Fe − Se@chitosan/pH-responsive 
enteric coating micromotor and in  vivo release of Fe and Se at the 
duodenum region. Reprinted and  adapted from ref. (a–c) [93] and 
(d) [97]

416   Page 12 of 16 Microchim Acta (2021) 188: 416



1 3

opportunities to combine unique features, but also introduce 
more complex interactions than uniform nanoparticles. A 
better understanding of these interactions is critical for the 
rational design and exploitation of JPs as new multifunc-
tional tools. Their physical stability, biodistribution, and 
toxicity should also be studied more thoroughly.

As for JMs, the development of a direct method for on-
site interpretation rather than measuring the velocity change 
calculated from various motors under microscope observa-
tion and the further exploitation of fuel-free and biocompat-
ible JMs are included in the list of research worthwhile to 
address. This later would reduce the number of interferences 
primarily in electrochemical biosensing strategies and allow 
enhancing in vivo applications by fabricating JMs capable 
of evading immune system attack.

Moreover, the highlighted proof-of-concept applications 
demonstrate the applicability of multifunctional Janus struc-
tures for tailored analytical (bio)-sensing and the consider-
able promise hold by the asymmetric properties of JPs for 
a myriad of applications with the added advantage of easy 
surface modification without deactivation of catalytic activ-
ity and reusability use via magnetic separation. However, 
research in this field should devote efforts for improving 
the overall analytical performance to ensure compatibility 
with real-world applications and to perform comprehen-
sive studies showing the advantages of Janus nanomaterials 
compared to the methods that use symmetrical or related 
nanostructures.

It is obvious that the great leap of these devices from 
the laboratory to the market must most likely pass through 
standardizing and improving the fabrication and modifi-
cation of the JPs and JMs making detection results more 
repeatable and their motion more stable; exploring new 
power sources to improve their prolonged navigation and 
penetration for fully autonomous operation in complex 
environments; working on the control and monitoring of 
wireless micromotors through high-resolution imaging and 
their coupling with equipment normally used for biomedical 
diagnostics or cell phones with integrated signal reading; 
performing more comprehensive biocompatibility studies to 
ensure compatibility with in vivo applications; and certainly 
dare to explore their potential far beyond proof-of-concept 
applications.

Despite these significant barriers to overcome, due to 
their unique characteristics and reported pioneering applica-
tions, JPs and JMs are favored to tackle analytical strategies 
that have long been considered unattainable and now limited 
only by our imagination. Thus, it can be predicted, with all 
sense that in the coming years, we will witness JPs- and 
JMs-assisted research demonstrating increased prominence 
of enzyme-functionalized nanomotors driven by constituents 
of body fluids; new developments further exploiting bioaf-
finity reactions for new portable electroanalytical systems 

integrated into cell phones, or even wearable sensors for 
rapid disease diagnosis, environmental analysis, or food 
quality assurance; and empowering their applications for 
sensing and biosensing on microfluidic chips, microliter 
solutions, and microenvironments poorly compatible with 
more conventional sensing and biosensing technologies.

Acronyms CASP-3:  Caspase-3; CBCPHNs:  Compartmentalized 
bimetal cluster-poly(aniline) hybrid nanostructures; CEA: Carcinoem-
bryonic antigen; CNTs: Carbon nanotubes; CV: Cyclic voltammetry; 
DA: Dopamine; DCP: Diethyl chlorophosphite; DPP: Diphenyl phtha-
late; DPV: Differential pulse voltammetry; EDC/NHS: Carbodiimide/
succinimide chemistry; FLA: Fluorescein amine; GCE: Glassy-carbon 
electrode; GOx: Glucose oxidase; HQ: Hydroquinone; HRP: Horse-
radish peroxidase; JMs:  Janus micromotors; JPs:  Janus particles; 
KDO: 3-Deoxy-d-manno-octulosonic acid; LOD: Limit of detection; 
MGITC: Malachite green isothiocyanate; MRI: Magnetic resonance 
imaging; MS: Mesoporous silica; NIR: Near-infrared; NPs: Nano-
particles; OP: Organophosphorous; OTA: Ochratoxin A; PA: Poly-
aniline; PCL: Polycaprolactone; PCT: Procalcitonin; QDs: Quantum 
dots; RAC :  Ractopamine; RBITC:  Rhodamine B isothiocyanate; 
SERS: Surface-enhanced Raman scattering; SiRNA: Small interfer-
ing RNA; SPCE: Screen-printed carbon electrode; STv: Streptavidin; 
TEM: Transmission-electron microscopy; TMB: 3,3′,5,5′-Tetrameth-
ylbenzidine; TOA+: Tetraoctylammonium cation
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