1duosnuely Joyiny 1duosnuey Joyiny 1duosnuely Joyiny

1duosnuepy Joyiny

Author manuscript
Analyst. Author manuscript; available in PMC 2017 June 21.

s HHS Public Access
L

Published in final edited form as:
Analyst. 2016 June 21; 141(12): 3526—-3539. doi:10.1039/c6an00325g.

Janus Particles for Biological Imaging and Sensing

Yi Yi, Lucero Sanchez, Yuan Gao, and Yan Yu"
Department of Chemistry, Indiana University

Abstract

Janus particles, named after the two-faced Roman god Janus, have different surface makeups,
structures or compartments on two sides. This review highlights recent advances in employing
Janus particles as novel analytical tools for live cell imaging and biosensing. Unlike conventional
particles used in analytical science, two-faced Janus particles provide asymmetry and
directionality, and can combine different or even incompatible properties within a single particle.
The broken symmetry enables imaging and quantification of rotational dynamics, revealing
information beyond what traditional measurements offer. The spatial segregation of molecules on
the surface of a single particle also allows analytical functions that would otherwise interfere with
each other to be decoupled, opening up opportunities for novel multimodal analytical methods. We
summarize here the development of Janus particles, a few general methods for their fabrication
and, more importantly, the emerging and novel applications of Janus particles as multi-functional
imaging probes and sensors.

Graphical abstract

Janus particles with anisotropic surface makeup or compartments enable novel imaging and
sensing in biological systems.

Corresponding address: yy33@indiana.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yietal. Page 2

1. Introduction of Janus particles

Janus is the ancient Roman god of beginnings and transitions who has two faces that look in
opposite directions (Fig. 1). One face looks to the future and the other to the past. In 1988,
Cadagrande and Veyssie published a study in which they made glass beads that were
hydrophobic on one side and hydrophilic on the other.” Those beads were named “Janus
beads” after the Roman god. Pierre-Gilles de Gennes, who received the Nobel Prize for
physics in 1991, introduced the term Janus particles to the scientific community in his Nobel
Laureate speech.2 He believed that the surface anisotropy of these particles would give them
interesting properties and functions not possible for particles of uniform composition. For
example, he predicted that Janus particles that are hydrophobic on one hemisphere and
charged on the other would act like small surfactant molecules and thus stabilize the air-
water interface by forming “a skin that can breathe”. Since then, research on Janus particles
has progressed far beyond two-faced amphiphilic particles, and the definition of Janus
particles has expanded significantly. Loosely defined, a Janus particle possesses two or more
spatial regions that differ in their material properties (Fig. 1). These differences include but
are not limited to chemical, optical, electrical, or magnetic properties. The asymmetry of the
particle surface, known as its Janus balance (quantified as the ratio of surface area devoted to
different surface types on the two sides of the particle), can vary from interspersed small
patches to half-and-half hemispheres.

Research on Janus particles has grown rapidly over the last two decades. One major focus of
this growth has been the development of synthesis strategies.s‘18 With greater access to
those particles, many groups have investigated their unusual physical properties, particularly
their capacity to self-assemble into supracolloidal structures. % Dipolar, amphiphilic, or
magnetically responsive Janus particles form unique crystalline and twisted ribbon
metastructures. Dissolved ions, magnetic fields, and other external stimuli can serve as
switches to manipulate the organization of these metastructures. Exploration of novel
biomedical applications made possible by the surface anisotropy of Janus particles has also
emerged in recent years.14' 2131 One promising biomedical application is drug delivery. A
single Janus particle with multiple compartments can serve as an ideal carrier for drugs of
different water solubility.”” When the separate compartments are made of polymers that
have different degradation properties, multi-step drug release is possible.?’l' 37, 39-43 Many
functions, such as cell targeting, molecular sensing, and /n vivo imaging, interfere with each
other when they are combined on the same surface. By spatially separating them on the two
faces of single Janus particles, such incompatible functions can be united in a single
structural unit. % 32.39. 44 |_jgands targeting specific types of cells can be applied selectively
to opposite sides of Janus particles to enable dual-targeting. Janus particles whose two sides
are of different materials have also been developed for diagnostic applications.2 3032 One
side, for example, might be magnetic and the other fluorescent, enabling simultaneous
imaging and magnetic hyperthermia.29' 30 The examples mentioned here are merely the tip
of the iceberg, but fully demonstrate the potential of Janus particles in transforming many
research fields.

In this review, we present a comprehensive overview of the applications of Janus particles in
biological imaging and sensing. We summarize studies from our group and others that have
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utilized Janus particles as an analytical tool to detect and measure biological processes. This
review is mainly focused on studies conducted in the last few years, but earlier pioneering
studies that laid the groundwork for these investigations are also included. In the first
section, we will introduce a few common strategies for synthesizing Janus particles. This
section not only serves as a general introduction to these particles, but also provides
information to analytical scientists who wish to introduce them into the development of new
analytical tools. We mostly focus on synthetic and fabrication techniques that are commonly
used in the Janus particle community. The second section details the development of Janus
particles as imaging probes. Biological imaging applications include measurement of
rotational dynamics in a biological environment, dual optical and magnetic imaging of cells,
and simultaneous imaging and cell-targeting. In the third section, we discuss advances in
designing Janus particles as biosensors. This includes research that employs the surface
segregation of Janus particles for dual-sensing or sensing/targeting functions, and recent
studies aimed at developing Janus micro- and nano-motors as active sensors. The last section
will offer practical advice for scientists who wish to control the efficiency with which their
Janus particles are internalized by cells. For a more general overview of Janus particle
research, readers may wish to also consult past reviews. =" 10. 45

2. A brief overview of strategies for fabricating Janus particles

A variety of methods have been developed to synthesize or fabricate Janus particles with

. . oo 4 45 48 . . .
particular geometries, shapes, and compositions. As a general introduction, we will
discuss a few of these methods, because understanding how Janus particles are made is
important for exploring their novel applications. Our objective for this section is to introduce
Janus particle fabrication and synthetic strategies that may be easily adopted by analytical
scientists who wish to incorporate Janus particles into their research. Comprehensive

. . . . 4 4548
reviews of the synthesis of Janus particles are available elsewhere.

A straightforward method for fabricating Janus particles is to modify the partially exposed
surfaces of uniform particles that are immobilized at an interface (Fig. 2:71).49 In this method,
the first step is to form a closely packed monolayer of particles on a flat substrate. This can
be achieved by solvent evaporation, 0-5 spin coating,54' 55 |Langmuir-Blodgett film
transfer,”® 57 convective assembly, *® 58 and drop casting.*® Metal vapor is then applied
directionally and sequentially to the particle monolayer. Because of the close packing of
particles, only their top hemispheres are coated with metal films, generating Janus particles
with thin metal caps. The thickness of the metal cap is controlled by the deposition time and
can range from a few to hundreds of nanometers. This fabrication method is generally
applicable for a variety of particle materials, such as silica and polymer, as long as the
particles can form a monolayer on a surface. Janus particles generated by this method
typically display different surface chemistries on their two hemispheres, and therefore
molecules can be selectively conjugated onto one side.™* 34 59 If chemically homogeneous
Janus particles are desired, the metal side can be further coated with the same materials that
the particles are composed of. This method, however, is limited to particles larger than a few
hundred of nanometers, because smaller particles tend to be “bridged” by the metal coating.
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Besides metal vapor deposition, other fabrication techniques also make use of the partial
modification of an immobilized particle monolayer. An example is microcontact printing
(Fig. 2b). In this method, a polydimethylsiloxane (PDMS) elastomer stamp is “inked” with
molecules and then pressed against a monolayer of particles to transfer the “ink” to the
particles. The “ink” molecules may directly react with the particle surfaces or non-
specifically adsorb onto the particles.>>. 36.60-°3 The mild conditions of this fabrication
method allow proteins to be transferred between surfaces. Many factors, such as stamping
pressure and time, rigidity of the PDMS stamp, and even room humidity, affect the transfer
efficiency. This PDMS stamping procedure can also be repeated to “sandwich” a particle
monolayer in between two PDMS stamps to generate multi-patch particles. - 61,6457 o
major advantage of this fabrication method is that it requires no expensive specialized
equipment. The microcontact printing method allows the size of the patch created on the
Janus particles to be varied by varying the applied pressure and the rigidity of the stamp.
This is advantageous in comparison to the vapor deposition method, which almost
exclusively generates half-and-half Janus particles. However, the patch size may also vary
somewhat from particle to particle within a batch. Another simple Janus particle fabrication
strategy that does not require specialized equipment is the emulsion method reported by
Hong et al. (Fig. 2¢). 6810 By pinning small particles at the interface between wax droplets
and water, the exposed surface of the small particles is available for further modification.
Due to the large surface/volume ratio offered by the wax droplets, large quantities of Janus
particles can be made using this approach.

Janus particles have also been made using microfluidic devices. "8 Janus droplets
containing two or more organic phases are generated in a co-flowing aqueous stream and
then solidified by curing with heat or ultraviolet light (Fig. 2d). The organic phases can
contain fluorophores, nanoparticles, or molecules with specific functional groups. The
versatility of the microfluidic method makes it feasible to control the number of
compartments in a single Janus particle and the composition of each compartment. Biphasic
electrohydrodynamic co-jetting is another method for fabricating Janus particles (Fig.
2e).41' 77-81 11 this method, a jet of electrically charged solution is directed toward a
substrate by a strong electrical field applied between the solution and a counter-electrode.
When two polymer solutions are flowing in parallel under this high electrical field, their
interfacial tension gives rise to micrometer-sized droplets. The two separate polymer
solutions in each droplet become the two compartments of the Janus particles.

The methods described above are mostly suitable for preparing Janus particles that are a few
hundred nanometers or larger. For synthesizing Janus nanoparticles that are < 500 nm, a
widely used approach involves inducing phase separation of polymers or polymer-
nanoparticle composites. Block copolymers that contain different chemical segments are
known to self-assemble into nanoscale structures, such as spheres, cylinders and
vesicle:~:.82‘84 \oets et al. demonstrated that the self-assembly and phase separation of two
diblock copolymers lead to the formation of Janus disks and ellipsoids that are ~ 20 nm in
size.2> 86 Manners and coworkers showed the formation of Janus rods from the phase
separation of two polyferrocenylsilane-containing diblock copolymers.87 Multiple studies
have also shown that the Janus and patchy nanostructures can be created from the self-
assembly of a single type of triblock terpolymer.88‘94 The Janus structures formed from
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polymer self-assembly often require subsequent fixation of the separated domains via
methods such as annealing or chemical crosslinking. Immiscible polymers can also phase
separate inside emulsion droplets, in which they can be polymerized to generate the separate
compartments of a Janus nanoparticle.g‘r"99 For example, polymerization of styrene
(monomer for polystyrene (PS)) and tetraethyl orthosilicate (TEQS, reagent for silica
nucleation) was shown to induce phase separation inside nano-sized emulsion droplets and
finally lead to the formation of PS-silica snowman-like Janus particles that are ~ 100 nm in
size.100 The phase separation of polymers or polymers with nanoparticles can also be
induced by solvent evaporation in emulsion droplets or external field, 10+ Using the
similar emulsion approach, magnetic Janus nanoparticles were synthesized by adding
magnetic nanoparticles in the emulsion droplets.log‘112 Chen and coworkers created gold/
silica Janus nanoparticles by taking advantage of the phase segregation of two ligands,
poly(acrylic acid) and 4-mercaptophenylacetic acid (MPAA), on the surface of gold
nanoparticles.” ™ Silica only nucleates and grows on the MPAA-covered side of gold
nanoparticles, leading to the formation of Janus nanoparticles that appear like a gold
nanoparticle partially embedded in a silica “bowl”. For a comprehensive list of methods of
synthesizing nano-sized Janus particles, we refer the readers to a few previous

reviews, 4 5 45-8, 114

3. Janus particles as imaging probes

3.1 For measuring rotational dynamics in biological environment

Optically distinctive nanoparticles has long been used as imaging probes for measuring
translational dynamics of biological particulates, such as endosomes, viruses, and drug
delivery particles. Tracking the movements of a particle of interest reveals the interactions it
experiences along its journey, thereby providing clues to the underlying mechanisms of
biological transport processes. By following the path a gene delivery carrier takes when it
travels across the cytoplasm to the nucleus, one can pinpoint the rate-limiting steps in gene
delivery and rationally improve the design of the vector.115 Tracking the trajectory and
movements of an individual virus can reveal cell entry pathways that might be impossible to
distinguish with ensemble-average measurements.™*° However, when a uniform nanoparticle
is used as an imaging probe, its optical isotropy provides no information about its rotational
dynamics. Yet, rotational dynamics seem to be an important manifestation of many cellular
mechanisms. Molecular motors rotate as they “walk”™ along microtubules or actin
filaments.m—119 F1-ATP synthase, the protein responsible for synthesizing adenosine tri-
phosphate (ATP) in cells, rotates one of its subunits in order to couple the catalysis of ATP
synthesis or hydrolysis with proton transport.lzov 121 The challenge of measuring the
rotational dynamics of particulates in living cells is that biological particles, such as
endosomes, are optically isotropic. Therefore, techniques have been developed in recent
years to use optically anisotropic particles as imaging probes. A summary of these rotational
imaging methods can be found in a recent review from our group.122 One strategy involves
using Janus particles.

The idea of using Janus particles as rotational probes was originally reported by Kopelman
and coworkers. By coating thin films of metal onto one hemisphere of fluorescent beads via
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the metal vapor deposition method, they created Janus particles that are fluorescent on one
hemisphere and opaque on the other. These Janus particles were named modulated optical
nanoprobes (MOONs).123 Just as only one hemisphere of the moon is lit by the sun, only
one hemisphere of a MOON is fluorescent. MOONS under a fluorescence microscope thus
present the same aspects as the moon does in the sky. As these particles rotate from the “new
moon” phase (when the metal cap faces the detector and the fluorescent hemisphere is
completely occluded) to the “full moon” phase (when the entire fluorescent hemisphere
faces the detector), their fluorescence intensity changes monotonically with the out-of-plane
rotational angle. Due to this dependence of fluorescence intensity on particle orientation,
MOON:Ss vary in overall brightness as they undergo Brownian rotation. Kopelman and
coworkers used this rotationally induced intensity fluctuation of 4.4-um Janus particles to
measure intracellular viscosity.123 Specifically, the autocorrelation function of intensity
fluctuation is given by G™ (# = ¢ 77, where v is the autocorrelation decay time. Because the
rotation of a sphere in a one-dimensional system is dependent on dynamic viscosity (7)), T is
proportional to m as described by the equation 7= 3 Vn/kg 7, in which Vis the volume of the
particle probe. The intensity fluctuations of the optically anisotropic MOONS thus provide a
means of measuring the local viscosity inside living cells.

Following the report from the Kopelman group, Granick and coworkers reported an image
processing algorithm for measuring two of the three rotational angles of Janus particles from
their fluorescence or phase contrast images.lm, 125 The Janus particles were also half-coated
with metal, similar to the MOONSs. The method relies on the high-resolution imaging of both
the aspect and intensity of those Janus particles (Fig. 3a). First, the in-plane rotation angle is
indicated by the orientation angle of the bright region of the particle profile. Their algorithm
identifies the centroids of the bright region and the entire Janus particle. Orientation of a
vector that connects the centroid of the bright region to the center of the particle indicates
the in-plane angle of the Janus particle (Fig. 3b). A second angle needed to describe the
angular orientation of the particle is the out-of-plane angle (6), the angle at which the
fluorescent hemisphere presents to the viewer. The fluorescent intensity /of a Janus particle
exhibits an approximately cosinusoidal relationship to this angle, as specified by the
equation: /= Ax (1 + cos0), in which A is a constant that can be obtained from images of
Janus particles of easily determined orientation, such as half-moon orientation.
Measurements of /, then, provide an easy means of determining the out-of-plane rotational
angle 6. Note that fully specifying the rotational orientation of a Janus particle would also
require the measurement of a third angle, specified by an axis passing through the centers of
the two hemispheres. Since a half-coated Janus particle is isotropic about this axis, this third
orientation angle cannot be measured by this technique, a limitation that is of minimal
significance for many applications. The Granick group applied this single-particle tracking
method to study the dynamics of colloids in glassy sta’[es.124‘126 We anticipate that this
technique is generally applicable to biological systems, even though the background due to
light scattering and reflection within cells may negatively impact the accuracy of the
measurement. The tracking precision is also expected to decrease for smaller Janus particles
as this method heavily relies on resolving the aspect of the Janus particles.

Our group recently developed a different type of optical asymmetric Janus particles for
. . . . - . 67 . .
measuring rotational dynamics of particles internalized by cells.” By using the sandwich
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microcontact printing method, we created Janus particles that display patches of two
different dyes of distinctive fluorescence on opposite poles (Fig. 2b). The in-plane
orientation of single Janus particles was determined by the orientation of the vector that
connects the centroids of the two patches on the same particle (Fig. 3c). The advantage of
this method is that the single-particle rotational tracking algorithm was based on existing
algorithms for tracking the translational movements of particles with only slight
modification. We investigated the rotational dynamics of particles as they were internalized
by macrophage cells, a type of immune cells that is specialized for engulfing bacteria and
foreign particles. We showed that particle rotation was heterogeneous during cell entry.
Rapid directional rotation was mixed with slow random rotation. This heterogeneous
rotation was speculated to be the result of transient torques exerted due to uneven cell
membrane protrusion around particles.

Another strategy that can create optical asymmetry for otherwise isotropic particles is to
attach a single nanoparticle onto a larger bead. Kukura éef a/. reported a study in which they
attached a quantum dot onto a viral capsid.127 A viral particle labeled in this way is
effectively a Janus particle that has two different hemispheres. They visualized single viruses
and the surface-tethered quantum dots by using interferometric scattering detection and
fluorescence detection, respectively. As a virus particle rotates, its orientation with respect to
the attached quantum dot and its distance from the quantum dot changes accordingly. This
allows calculation of the rotational orientation of the virus particle. To demonstrate the
capabilities of this technique, Kukura et a/. measured the dynamics of the viral Janus
particles moving on a planar lipid bilayer decorated with receptors.127 They showed that the
virus particles exhibit sliding (translational motion without rotation) and tumbling motion
(rotation without translational motion) as they “search” for and bind to receptors on the lipid
bilayer. The drawback of this method is that the attachment of a single quantum dot on each
viral capsid was not controlled. The use of scattering detection of the virus particles may
also limit the application of this method in highly scattering systems, such as in living cells.

Existing studies, except for the one by Kukura et al,, all have been focused on the rotation of
microsized Janus particles. The large size of particles offers advantages such as improved
precision in measurements, but it undoubtedly limits the biological processes that can be
probed.

3.2 Janus particles for cellular imaging

Magnetically and optically active nanoparticles all offer unique advantages for cell labeling
and /n vivoimaging. For example, quantum dots (QDs) offer excellent photostability, high
quantum yield, and a broad range of selection of colors for imaging.128 Magnetic
nanoparticles are a powerful contrast agent for magnetic resonance imaging (MRI) and also
enable the separation and concentration of cells by remote control using magnetic
fields.lzg‘131 Combining the different functions into a single type of particle holds great
promise for multimodal bioimaging. The combining of functions can be realized using Janus
particles. Among the many types of Janus particles developed for dual-imaging, magnetic
quantum dots (MQD) are the most widely investigated. Ying et al. developed dumbbell-like,
magnetic quantum dots (MQDs) for bioimaging.132 To make the MQDs, CdSe nanospheres
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(4-5 nm) were grown on Fe,O3 cores (8—-10 nm) and then the entire composite particles
were coated with a layer of SiO,. Oleyl-terminated poly(ethylene glycol) was conjugated
onto the surface of SiO, to render the nanoparticles water soluble and to reduce non-specific
adsorption of proteins. The MQD system was biocompatible, superparamagnetic, and
fluorescence-tunable. Lee et al. developed a similar type of Janus nanoparticles by linking a
platinum (Pt)-conjugated CdSe QD with a guanine-conjugated iron oxide magnetic
nanoparticle via Pt-guanine complexation.133 The optical properties of quantum dots enable
real-time cell imaging, whereas the magnetic property of the iron oxide nanoparticles
enables MRI imaging. In addition to dual imaging functions, Sun and coworkers further
incorporated cell-targeting capacity into the Janus particles.134 Their study was focused on
dumbbell-shaped Au-Fe30,4 nanoparticles (3-8 nm for Au and 18-25 nm for Fe30,) (Fig.
4a). The Fe30, side was functionalized with the epidermal growth factor receptor (EGFR)
antibody, which targets A431 human epithelial carcinoma cells. The high reflectance of the
nanoparticles, due to the presence of the Au compartment, enables optical visualization of
cancer cells without fluorescence labeling. As a result, cell-specific labeling, and
simultaneous MRI and optical reflection imaging were achieved with a single type of Janus
nanoparticles.

Besides the MQD systems, Janus particles containing plasmonic nanoparticles or
compartments have also been developed as plasmonic probes. For instance, plasmonic
tadpole-like Janus nanoparticles were synthesized for near-infrared (NIR) phototherapy and
imaging in ceIIs.135 The head of each “tadpole” nanoparticle was a silica nanoparticle (=
165 nm) that was rendered hydrophobic and half-coated with Au, while the “tail” portion
was composed of hydrophilic polystyrene (90, 200 and 400 nm in length). The gold coating
on the tip of the “tadpoles” enabled the NIR imaging and the amphiphilic nature of the
particles enhanced the cellular internalization. As a result of both factors, these nano-sized
Janus “tadpoles” were shown to require less radiation intensity for the NIR imaging and
phototherapy when compared to Au-capped SiO5 nanospheres. Tremel and coworkers
developed matchstick-shaped Au/ZnO/SiO, Janus nanorods for enabling multimodal dark-
field, two-photon and fluorescence imaging.136 The rods had an average length of 60 nm and
a diameter of 10 nm. It consists of a gold nanosphere as the head and a ZnO rod covered
with a silica shell as the tail. The gold nanoparticle enables darkfield light scattering
imaging, the photoluminescence of ZnO enhances two-photon imaging at 832 nm, and the
silica shell was doped with dye molecules for fluorescence imaging. Although the Au head
was left unmodified in the study, it can be further functionalized with cell-targeting ligands,
which will make the nanorods suitable for in vitro tumor-targeting multimode imaging.

Janus particles containing magnetically responsive compartments allow remote control of
biological systems, in addition to imaging. Xu et a/. reported a study in which the magnetic
response of CdSe/Fe3z04 Janus particles was exploited for magnetic actuation in living
cells.137 In this study, the Janus particles were internalized by cells and pulled to aggregate
on one side of the cell under a weak magnetic field. Such spatial manipulation will be very
useful for precisely controlling protein gradients inside living cells. With a similar concept,
Gao et al. developed Janus polymer nanospheres (100-300 nm) for fluorescent imaging and
magnetolytic therapy.30 One hemisphere of each Janus nanosphere contained aggregated
superparamagnetic iron oxide nanoparticles (5 nm for y-Fe,O3 and 15 nm for Fe30y),
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whereas the other hemisphere consisted of fluorescently-labelled polymers. In addition to
enabling fluorescence imaging, these Janus nanoparticles were also twisted under a spinning
magnetic field to generate mechanical forces that were sufficient to damage the cell
membrane and induce cell death. Magnetic manipulation of cells using a similar approach
has also been realized with other types of Janus particles. Kilinc et al. synthesized Fe-Au
nanorods for combined cell targeting, magnetic hyperthermia, and imaging. 38 1 their
particle design, the Au block targets cancer cells, whereas the magnetic response of the Fe
block generates mechanical perturbation to cells and also enables magnetic imaging. Other
materials, such as MnO, have also been used in the place of iron oxides to develop magnetic
Janus particles. Schick et al. reported the synthesis of dumbbell-like Au/MnO/SiO,
nanoparticles that consisted of an Au nanoparticle (2-8 nm) on one side and a MnO
nanoparticle (10-30 nm) coated a fluorescent silica shell on the other (Fig. 4b).139 The
nanoparticles are superparamagnetic, fluorescent and two-photon active at 970 nm.
Meanwhile, both the gold nanoparticle and the SiO, coating are available for biomolecular
conjugation for additional functions such as cell-specific targeting.

4. Janus particles as biological sensors

In addition to combining imaging and targeting functions, the two-faced feature of Janus
particles has also been employed for biosensing. Here, we roughly divide existing studies
into two categories. One category involves using the surface anisotropy of Janus particles to
spatially decouple different sensing functions that would otherwise interfere with each other.
The other category harnesses the self-propelled behavior of Janus particles to develop
actively moving biosensors.

4.1 Biosensing enabled by the spatial segregation of Janus particles

Considerable effort has been devoted to developing homogeneous nanoparticles for use as
sensors for detecting biomolecules. Gold nanoparticles, in particular, are widely used as
sensors for label-free detection using techniques such as surface-enhanced Raman
spectroscopy (SERS).MO‘143 However, it is often desirable to modify the surface chemistry
or functionality of nanoparticles for use as sensors. For example, nanoparticle sensors for
detecting secreted proteins around cancer cells often require the surface attachment of cell-
specific targeting ligands to ensure that they bind to the desired cell types. However,
attaching molecules and large proteins onto nanoparticle surfaces can interfere with sensing
functions of the particles. Janus particles offer a solution to this limitation by providing a
surface that decouples the two functions.

Wu et al. reported the first study that simultaneously employed Janus particles for targeting
and SERS sensing of tumor cells, even though they did not use the term “Janus” in their
study (Fig. 5a).32 Their Janus nanoparticle sensors (100 ~ 800 nm in diameter) had a
roughened gold coating on one side and polystyrene on the other. After coating a thin layer
of gold on the polystyrene nanoparticles, they created coral-like structures on the gold cap
by using oxygen plasma etching. The highly “wrinkled” gold shell played two roles. The
large surface area allowed for high capacity analyte collection and the rough surface
structures served as SERS hotspots for surface enhanced Raman spectroscopy (SERS). The
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SERS signal increased with the thickness of the gold layer up to 63 nm. By selectively
functionalizing the exposed polystyrene surface with anti-HER-2 antibodies, the Janus
nanoparticles were shown to selectively attach to the breast cancer cells. The combination of
cell-targeting ligands on the polystyrene hemisphere and high SERS signal from roughened
gold surface could potentially be used to map the distribution of biomolecules at the cell
surface. Using a similar strategy, Hsieh et al. later incorporated four functions into a single
Janus particle: targeting, SERS and fluorescence imaging, and drug delivery.144 Their Janus
particles had a fluorescently labeled polystyrene hemisphere that was conjugated with anti-
CDA44 antibodies, and a gold hemisphere that was functionalized with a disulfide linker
(biotin-SS-NHS-sulfo) that can be cleaved in the cytoplasm for drug delivery.

Janus particles have also been made to combine sensing and barcoding functions to enable
multiplex bioanalysis. Keating and coworkers developed striped multi-block microrods as a
new barcoding device for multiplexed immunoassays. 145, 146 The microrods consisted of
segments of metals (Pt, Pd, Ni, Co, Ag, Cu, and Au), and were made by sequential
electrochemical deposition of metal ions into cylindrical pores in anodisc alumina
membranes. The metals do not interfere with the normal fluorescence detection of
immunoassays. More importantly, the sequence and length of different metal segments were
easily distinguishable in reflectance optical microscopy. Different combinations of metal
blocks serve as unique barcodes. The Doyle group has also developed polymeric Janus
particles for simultaneous biosensing and barcoding applications (Fig. 5b).147‘151 The Janus
particles, made using continuous-flow photolithography, have separate detection and
barcoding compartments. The sensing compartment was functionalized with probe
molecules via surface conjugation. The barcoding region displayed arrays of dots, the
combination of which served as the barcodes and can be easily varied in the lithography
process.

One challenge in designing biosensors is how to effectively separate nanoparticle sensors
from analytes. In some recent studies, magnetic Janus particles have been used to combine
separation/concentration functions with biosensing. Mirkin and coworkers developed
triblock Au-Ni-Au nanorods for the detection and separation of protein mixtures. 2 153 The
Au segments were functionalized with nitrostreptavidin for capturing biotinylated proteins.
The Ni block served as a docking site for polyhistidine-tagged proteins, and its magnetic
response allowed the nanorods to be separated using a magnetic field. Lu et al. recently
reported a strategy that uses Janus particles for colorimetric detection of glucose.154 Such
detection typically involves two steps: The conversion of glucose by glucose oxidase into
gluconic acid and H,0,, and then the reaction of H,O, with probe molecules to generate
products of distinct colors. In this study by Lu et al., these two steps were achieved within a
single Janus particle (Fig. 5¢). Glucose oxidase was conjugated onto the silica side of -
Fe,03/SiO, Janus nanoparticles (20-120 nm in diameter) for the glucose conversion, and
the Fe,O3 side catalyzes the oxidation of tetramethylbenzidine (TMB) by H,0, into a blue
product. In addition, the magnetic response of the Fe,O3 hemisphere enables easy separation
and recycling of the nanoparticles.
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4.2 Janus micro- and nano-motors as self-propelled sensors

Various metals catalyze electrochemical reactions that generate gases, such as the
decomposition of H,0, catalyzed by platinum. When such metals are incorporated into one
or more building blocks of a Janus particle, the particle becomes a chemically powered
motor that exhibits autonomous propulsion when submerged in the appropriate chemical
fuel. Wang and coworkers have developed a variety of biosensing techniques based on such
self-propelled Janus motors. "> They developed nucleic acid detection assays based on
the propulsion of silver nanoparticles. Their detection assay consisted of a capture sequence
that was conjugated onto a gold electrode and a silver nanoparticle-tagged detector sequence
that will partially hybridize with the captured target DNA (Fig. 6a). 158 They observed that
when silver nanoparticles were dissolved in H,O, the gold-platinum nanomotor speeds up
dramatically due to the generation of silver ions. Therefore, the nanomotors accelerated only
when the silver nanoparticle tags were captured on the gold electrode after DNA
hybridization. The acceleration of the nanomotors increased with the concentration of DNA,
so the distance travelled provided a means to quantitatively measure nucleic acid
concentration. The Wang group has also developed micromotors made of other materials for
capturing chemical wastes that would otherwise be challenging or dangerous to remove. In
one example, the main body of the micromotor consisted of zirconia-functionalized
graphene sheets, whose microstructures provide a large surface area.™ Platinum was coated
onto one end of each micromotor to enable the chemically powered propulsion. As
micromotors rapidly move in solutions containing HoO5 as fuel, their large surface area
captures non-specifically adsorbed chemicals. The capture selectivity was controlled, to
some extent, by varying the surface chemistry of the micromotors. Moreover, Janus
micromaotors were also used as micro-stir bars, as demonstrated by Morales-Narvaez et al.
(Fig. 6b). The self-propulsion of the Janus particles induce fluid mixing, which was shown
to enhance the transport of target molecules and the overall detection efficiency of
microarray-based immunoassays.160

5. A practical tip: Using Janus balance for controlling cellular entry

In many bioanalytical applications, especially cellular imaging, nanoparticles are required to
function inside cells. A challenge has been to control the efficiency with which nanoparticles
penetrate the cell membrane. We recently demonstrated that the surface area of the cell-
targeting side of bifunctional Janus particles can be used to control their cell
internalization.36 In our study, Janus particles displaying one patch of cell-binding ligands
were made using the microcontact printing method (Fig. 7a). By changing the rigidity of the
PDMS stamp and the stamping pressure, the size of the ligand patch was varied from no
coverage to more than hemispheric coverage. The internalization efficiency of particles by
macrophage cells was found to depend on the size of the ligand patch. Larger ligand patches
lead to increased probability of cell entry (Fig. 7b). We further investigated the underlying
mechanisms.34 Our results showed that a partially functionalized surface changes the cell
membrane protrusion around Janus particles and thereby the overall likelihood of the cell
entry. Those studies were not focused on the development of new analytical tools, but they
established that the Janus geometry itself can be used as a new parameter to control the cell
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internalization of particles. This can potentially be helpful for designing bi-functional Janus
particles for bioanalytical applications.

6. Concluding remarks

Here we discussed studies that explore the promise of Janus particles as a new tool for
imaging and sensing in biological systems. Janus particles are unique in that they consist of
multiple building blocks that differ in surface makeup or material properties. The surface
anisotropy of these particles spatially decouples analytical functions that would otherwise be
difficult to combine within single particles. The structural asymmetry of Janus particles that
contain compartments with different optical, magnetic, or electrical properties enables
imaging of rotational dynamics, multimodal targeting/imaging/sensing, and manipulation of
living cells with external stimuli. An exciting new direction is the development of self-
propelled Janus motors as active sensors.

Studies of Janus particles have been heavily focused on synthetic approaches, and their self-
assembly into larger structures. By comparison, relatively little has been done to explore
their bioanalytical potential. The studies summarized in this review offer only a glimpse of
the vast opportunities offered by this unique particulate system. The objective of this review
is to introduce Janus particles to the analytical science community, from which many novel
applications of these particles can be expected to emerge. Many challenges currently hinder
the adoption of the Janus particle system across disciplines. A main challenge remains the
lack of easy-to-follow strategies for generating nano-sized Janus particles. The few methods
summarized in this review may be easily adopted by scientists of other disciplines, but are
more suitable for particles larger than a few hundred nanometers. Preparation of smaller
Janus nanoparticles typically requires complex synthetic chemistries, and has low yields,
which is problematic for applications that require large quantities of nanoparticles. Since
new methods for creating Janus particles are rapidly emerging, we expect this challenge will
be overcome in the near future.

Another challenge that hinders the development of Janus particles for analytical science
applications is the lack of fundamental understanding of how Janus particles interact with
biological systems. The surface anisotropy of Janus particles offers opportunities to combine
unique features, but also introduces more complex interactions than for uniform particles. As
suggested by our recent studies, Janus particles that have both sensing and targeting
compartments may not enter cells in a similar manner as uniform particles that have only
sensing or only targeting functionality (Fig. 7).34' 36 Therefore, our understanding of the
interactions between Janus particles and biological systems and our ability to predict
biological responses to multi-functional Janus particles will be critical for the rational design
of Janus particles as new bioanalytical tools.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Schematic illustration of the two-faced Roman god Janus (middle) and Janus particles of

different morphologies and shapes.
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Figure2.
(a) Top: Schematic illustration showing fabrication of half-coated Janus particles by vapor

deposition of gold on silica particles and subsequent surface functionalization. Bottom:
Fluorescence images showing proteins conjugated with different fluorescent labels on two
hemispheres of the Janus particles. Reprinted with permission from ref. 14 Copyright 2012
American Chemical Society. (b) Top: Schematic illustration of the “sandwich” micro-
contact printing method. Bottom: Overlaid epifluorescence images of 3 um triblock Janus
particle that were “printed” with two protein patches of distinctive fluorescence. Reprinted
with permission from ref. 67 Copyright 2015 Royal Society of Chemistry. (c) The general
process of Janus particles made via the emulsion templating method and scanning electron
microscopy (SEM) and fluorescent images of the particles in the process. Reprinted with
permission from ref. 68 Copyright 2006 American Chemical Society. (d) Top: Schematic
illustration of the microfluidic fabrication of Janus particles. Bottom: Brightfield and
fluorescence images of the Janus particles. Reprinted with permission from ref. 71
Copyright 2006 American Chemical Society. (e) Top: Experimental setup of the
electrohydrodynamic co-jetting technique for synthesizing biphasic Janus particles. Bottom:
Overlaid fluorescence images of the generated Janus spheres and cylinders. Reprinted with
permission from ref. 77 Copyright 2005 Nature Publishing Group and ref. 8 Copyright
2009 Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 3.
Janus particles as imaging probes for measuring rotational dynamics. (a) The 2-D projected

imaging of a fluorescent 2-um Janus particle gives the moon-like appearance, from crescent
to full moon, as demonstrated in the fluorescence images at three different orientations.
Images are color coded based on the fluorescence intensity. Reprinted with permission from
ref. 124 Copyright 2006 American Chemical Society. (b) Single-particle tracking (left) of
the in-plane rotational angle of a Janus particle that was half-coated with metal (right).
Reprinted with permission from ref. 125 Copyright 2008 American Chemical Society. (c)
Top: Single-particle tracking of the in-plane rotational angle (&) of a Janus particle that was
coated with two patches of proteins of different fluorescence. Bottom: A representative plot
showing angle @as a function of time during the cellular internalization of a Janus particle.
Reprinted with permission from ref. 67 Copyright 2015 Royal Society of Chemistry.
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(a ) EGFRA-PEG-NH

Figure 4.
Janus nanoparticles for dual bioimaging in cells. (a) Top: Schematic illustration of surface

functionalization of the Au-Fe,O3 Janus nanoparticles. Bottom: TEM and MRI images of
the nanoparticles, and reflectance image showing cells labeled with the nanoparticles.
Reprinted with permission from ref. 134 Copyright 2008 Wiley-VCH Verlag GmbH & Co.
KGaA. (b) From left to right: TEM image showing an Au-MnO Janus nanoparticle,
schematic illustration of the functionalization of the Janus nanoparticle, and confocal laser
scanning microscopy image of Hela cells stained with the fluorescently labeled Au-MnO
Janus nanoparticles. Reprinted with permission from ref. 139 Copyright 2014 American
Chemical Society.
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Figure5.
Janus particles as biosensors. (a) Multifunctional Au/Polystyrene Janus nanoparticles for

cell-targeting and SERS sensing. Insets show scanning electron microscopy (SEM) images
of the fabricated Janus nanoparticle probes. Reprinted with permission from ref. 32
Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA. (b) Fabrication of barcoded Janus
microparticles using the microfluidic method and their features for encoding and analyte
detection. Reprinted with permission from ref. 147 Copyright 2007 the American
Association for the Advancement of Science. (c) The gluocose-oxidase-coated Janus -
Fe,03-SiO, Janus nanoparticle for colorimetric detection of H,O, and glucose. Reprinted
from ref. 154 Copyright 2015 American Chemical Society.
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Figure®6.
Janus nano-/micro-motors as self-propelled biosensors. (a) DNA detection based on silver

ion enhanced self-propulsion of Au-Pt nanomotors. Optical images superimposed with
straight-line track lines show the distance travelled by the Ni-coated Au-Pt nanomotors in
H»0, fuel after DNA hybridization. Reprinted with permission from ref. 158 Copyright
2010 Nature Publishing Group. (b) Schematic illustration showing the effect of the self-
propulsion of Janus micromotors in inducing fluid mixing in microarray—based
immunosensing systems. Reprinted with permission from ref. 118 Copyright 2014 Wiley-
VCH Verlag GmbH & Co. KGaA.
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Figure 7.
The surface coverage (known as Janus balance) of cell-targeting ligands on Janus particles

can be used to control the cellular entry efficiency of the particles. (a) Fabrication of the
patchy Janus particles using microcontact printing method and quantification of the ligand
patch size using the arc angle 0. (b) The cellular internalization efficiency (% internalization)
of 1.6-um Janus particles (red solid triangles) increases with larger ligand patch size. For
comparison, the % internalization of 1.6-um Janus particles is lower than that of particles
uniformly coated with the same number of ligands. Reprinted from ref 36 Copyright 2015
American Chemical Society.
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