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Advances in Janus Nanoparticles

Javier Reguera, Hyewon Kim, and Francesco Stellacci*

Abstract: The design and synthesis of Janus nanoparticles has attracted great scientific interest in recent
years. Novel optical, electronic, magnetic, and superficial properties emerge from their dimensions and unique
morphology at the nanoscale. Additional properties emerge from the binary spatial distribution of functionalities
on a single anisotropic nanoparticle, like amphiphilicity or new catalytic effects. As a result, Janus nanopatrticles
are highly versatile nanomaterials with great potential in different scientific and technological fields. In this paper,
some of the advances in inorganic-inorganic and inorganic—organic Janus nanopatrticles are highlighted. First, the
main strategies followed to synthesize Janus nanoparticles are described. Second, some of the properties and
applications of Janus nanoparticles are described in four different fields: interfaces and emulsions, biomedicine,
catalysis, and molecular colloids and suprastructures.
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1. Introduction

Janus particles are the simplest case
of patchy or non-centrosymmetric par-
ticles. They are named after the Roman
god Janus, who is typically represented
by a double-faced head. In the same way,
Janus particles have two faces with differ-
ent chemical or physical properties. The
large scientific effort of the last years in the
creation of new synthetic methods has not
only generated important contributions in
a wide set of different applications such as
e-ink displays,[!l catalysis,?! anti-reflective
coatings,’! or emulsifying agents,[*! but
has also improved fundamental knowledge
about the assembly properties of anisotro-
pic colloids and their use as surfactant par-
ticles.5-1

Several recent reviews have done an
excellent job summarizing and organiz-
ing the synthesis methods and properties
of the Janus particles. Walther and Miiller
published a systematic review on general
Janus particles;191 Rodriguez-Fernandez
and Marzan edited a review on metallic
particles;[!] and Elaissari and coworkers
wrote a review with a special focus on bio-
medical applications.'2l The aim of this
paper is not to summarize all the work that
has been done on Janus particles, but to fo-
cus on the nanometer-scale Janus nanopar-
ticles (JNPs) that are formed by inorganic—
inorganic or organic—inorganic materials.
Some of the different strategies to synthe-
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size them, their potential applicability, and
important aspects that need to be addressed
in the near future will be discussed.

New properties arise in materials when
the dimensions are much smaller than the
macroscopic materials (bulk properties)
and bigger than the molecules or atoms
(molecular properties). By consensus
they are defined as particles with dimen-
sions between 1 and 100 nm. JNPs are
particles with two different sides that are
also in this size range. Therefore these
two parts can each possess different na-
noscale properties. Among them there
are optical properties, like the surface
plasmon resonance of metallic NPs, size-
dependent fluorescence of semiconductor
quantum dots, electronic properties like
those involved in surface-enhanced Raman
spectroscopy (SERS),13.141 or the super-
paramagnetism of magnetic NPs.[15.16]
Particular mention is due to the high sur-
face-to-volume ratio, yielding enhanced
catalytic properties and strong interaction
with biological samples, and those inher-
ent to their asymmetry, such as the ability
to stabilize interfaces or the self-assembly
process on organized suprastructures. All
of these exceptional qualities make JNPs
excellent candidates for high value present
and future applications.

Different methods to synthesize JNPs
exist nowadays and are summarized below.
Their development has involved a con-
siderable challenge during the last years
mainly due to the difficulties of extend-
ing colloidal Janus particles procedures to
the nanometer regime. More work is still
necessary in the characterization of NPs
to unambiguously determine the existence
and structure of JNPs, to quantify their
Janus character (degree of anisotropy and
polydispersity) and their yield (fraction of
NPs that are Janus after a synthetic pro-

cedure). Among the techniques to identify
JNPs, microscopy methods such as elec-
tron microscopy and scanning probe mi-
croscopy, and macroscopic methods such
as 2D NOESY NMR, contact angle, etc.
are the most common. Microscopy meth-
ods can give very accurate information
about the morphology but they are not
useful to quantify when there is a poly-
disperse population of morphologies (NPs
that are Janus vs. NPs that are not, or dif-
ferent relative sizes of the patches). On
the other hand, macroscopic techniques
such as contact angle or 2D NMR measure
properties attributed to JNPs but they of-
ten cannot distinguish between JNPs and
other kind of non-symmetric patchy NPs.
There is a clear need for an improvement
in the identification and quantification of
JNPs in particular and patchy NPs in gen-
eral, that should be solved with the com-
bination of several techniques or with the
use of new ones. Harkness et al. for ex-
ample proposed one of the few examples
where the degree of Janus character can be
macroscopically quantified.l!'”? They made
use of ion mobility-mass spectrometry
matrix-assisted laser desorption/ionization
(IM-MS MALDI) to analyze Au-thiolate
complexes that protect mixed-ligand Au
NPs. They statistically quantify the degree
of phase separation base of the statistical
composition of the complexes.

In the next section, the different strat-
egies to obtain JNPs will be classified in
four different approaches: methods that use
masks to modify only one part of the NPs,
methods based on controlled nucleation
at NP surfaces, methods based on phase
separation of multicomponent symmetric
NPs, and methods based on self-assembled
processes. Section three will be dedicated
to the properties and applications of JNPs
in different fields, ranging from biomedi-
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cal applications to molecular colloids. The
last section will summarize and discuss
some of the perspectives and challenges in
the field.

2. Synthesis Approaches

2.1 Surface Modification of
Partially Masked Particles

The local modification of one side of
nanoparticles by the masking of the other
side is the most studied method for synthe-
sizing JNPs. It is usually done in two steps:
first, isotropic NPs are placed at an inter-
face, then a new ligand molecule, a new
core material or a physical modification is
introduced in a way that selectively func-
tionalizes the exposed surface and results
in JNPs.

2.1.1 Using Flat Surfaces as Masking
Interfaces

Many flat interfaces have been used to
make JNPs. Some authors use solid tem-
plates as a mask of one hemisphere of iso-
tropic NPs and modified the exposed sur-
face creating JNPs. Others use a liquid—air
or a liquid-liquid interface and selectively
functionalize NPs in one liquid phase to
make JNPs.

The methods that use solid substrates
as masks can be applied to a large vari-
ety of NPs. For instance, Shumaker-Parry
and co-workers synthesized two different
JNPs using amine-terminated glass slides
and coupled them into dimers!!8! (Fig. 1).
The citrate-stabilized gold NPs of 41 nm
were immobilized on amine-terminated
glass slides and then immersed in an etha-
nolic solution of 11-mercapto-1-undecanol
(MUOH) to replace the upper half of the li-
gands on the NPs. Then, the MUOH func-
tionalized NPs were sonicated in ethanol
containing either 16-mercaptoundecanoic
acid or mercaptoethyl amine. The acid-
terminated JNPs and the amine-terminated
JNPs reacted to form dimers, showing
their Janus character. They also synthe-
sized them with different sizes, and made
hetero-dimers. In a different work they
used the similarly developed JNPs to re-
act with the side groups of linear polymers
and achieved 1D assembly of JNPs. This
was confirmed by transmission electron
microscopy (TEM), and a red-shift in the
plasmon resonance. 19

Liquid—air interfaces can also be uti-
lized to obtain JNPs. Chen and co-work-
ers placed 1-hexanethiol (HT) coated
gold NPs at the air—water interface of a
Langmuir trough and made a compressed
monolayer.?0] Then, they added 3-mer-
captopropane-1,2-diol (MPD) in water to
exchange HT to MPD. They confirmed the
Janus structure by measuring contact angle
of films by the Langmuir-Blodgett meth-
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Fig. 1. a) Synthesis of two different Janus NPs using amine-functionalized glass slides. b) (c) The
formation of dimers of two different Janus NPs. Reprinted with permission from ref. [18]. Copy-

right 2007 American Chemical Society.

od. The film made by up-stroke deposi-
tion showed a similar contact angle to that
of HT-coated NP films, whereas the film
made by down-stroke deposition showed
a similar contact angle to that of MPD-
coated NP films. As a control, the same
HT NPs were exposed to a place-exchange
reaction in solution. These NPs showed the
contact angle between two values of all-
MPD coated NPs film and all-HT coated
NPs film. In a further investigation, the
same group studied the biphasic structure
by 2D NOESY NMR.2!1 They showed that
the cross-peaks present in bulk-exchanged
NPs disappeared for the INPs prepared at
the interface. One of the main disadvan-
tages of the liquid—air modification is the
limitation to hydrophobic—hydrophilic li-
gand pairs with the hydrophilic ligand be-
ing water-soluble.

Although this method was success-
ful in the synthesis of JNPs with various
sizes and different kinds of materials and
functionalities, care has to be taken regard-
ing the stability of the Janus morphology
when they are out of the equilibrium situ-
ation in which they were formed. In addi-
tion, the main drawback of this method is
the low-yield inherent to the limited size of
the template. The yield is even lower when

dealing with small JNPs, as the quantities
obtained scale with the radius of the parti-
cles. To overcome this problem, alternative
templates have been proposed.

2.1.2 Using Alternative Mask
Templates

One alternative approach to overcome
the low yield of the masking methods is
the use of small lamellae that remain in
solution and increase the amount of avail-
able surface. Li and co-workers used thiol-
functionalized polyethylene oxide (HS-
PEO) single crystals in order to immobi-
lize gold NPs in solution (Fig. 2a—f).[22]
After the NPs were immobilized, the
solvent-exposed ammonium groups were
exchanged to thiol-functionalized ATRP
initiator. Then, poly(methyl methacry-
late) (PMMA) or poly(tert-butyl acrylate)
(PtBA) was synthesized from the gold
surface, and JNPs were obtained by dis-
solving the single crystal substrates. The
presence of both PEO and either PMMA
or PtBA was confirmed by gas permeation
chromatography after iodine decomposi-
tion of the Au core. After hydrolyzing the
acrylate group of PtBA, PEO/PAA-covered
gold NPs were obtained, and platinum (Pt)
NPs were grown in situ on the PAA region.
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Fig. 2. a—f) Synthesis
of Janus NPs using
a single crystal of
HS-PEO. g-i) Pt
NPs grown in PAA
region confirming the
formation of Janus
structure using this
template method.
Reprinted with per-
mission from ref.

[22]. Copyright 2008
American Chemical
Society.
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TEM images of Pt-decorated gold NPs
were taken to prove that the initial gold NPs
had biphasic structure of PEO/PtBA on
the surface (Fig. 2g—i). They demonstrated
that PEO/PMMA JNPs self-assemble into
worm-like clusters in the mildly selective
solvent (dioxane). The control sample of
PEO/PMMA mixed ligand-covered NPs
without Janus structure did not form such
a cluster, which was also confirmed by a
shift of the plasmon peak. This method can
be applied to other single crystalline poly-
mers, and a wide range of polymers can be
synthesized from the surface using ATRP.

Hatton and co-workers used silica
beads as a temporary support in order to
synthesize Fe O, JNPs.[2324 They used
PAA-coated Fe,O, NPs to be attracted
on the cationically charged silica beads.
After Fe,O, NPs were immobilized on
the silica beads, PAA reacted with various
amine-terminated polymers, resulting in
magnetic JNPs. Many amine-terminated
polymers could be attached on the PAA-
coated Fe,O, NPs producing Janus struc-
tures. They used PSSNa (pH-responsive)
and PNIPAAm (temperature-responsive)
for amine-terminated polymers to cre-
ate stimuli-responsive magnetic NPs that
the magnetic JNPs associate or dissociate
depending on the applied external stimuli
(Fig. 3).1241

JNP syntheses using emulsions have
also been studied.*! Gu et al. used NPs
such as Au, Fe304, and FePt, which were
dissolved in organic solvent and then add-
ed to aqueous solution containing silver
nitrate. The solvent mixture formed an oil-
in-water emulsion by ultrasonication, and
one silver NP was grown onto the single
precursor particles leading to dumbbell/
snowman type of JNPs. The reaction oc-
curs rapidly and the kinetics were easily
controlled in order to make various snow-
man-like morphologies that were observed
by TEM.

Recently, Andala et al. synthesized
hydrophobic/hydrophilic JNPs.[261 They
used the place-exchange reaction at a tolu-
ene—water interface. First, dodecylamine
(DDA)-coated gold NPs were dissolved in
the toluene phase of a toluene—water sys-
tem. A toluene solution of 11-mercaptoun-
decanoic acid (MUA) and 1-dodecanethiol
(DDT) was then added and shaken vigor-
ously for 30 min, after which the JNPs of
DDT/MUA were formed at the interface.
Interestingly the same result was obtained
with a two-step ligand addition (Fig. 4).
The amphiphilicity of the NPs was ob-
served by contact angle measurement of a
monolayer of NPs on hydrophilic and hy-
drophobic surfaces. The authors describe
this process as thermodynamically driven
in which the amphiphilicity of the NPs
decreases the energetic configuration of
the system when the NPs are at the inter-
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Fig. 3. a) Synthesis of magnetic Janus NPs using negatively charged SiO, particles. b) Schematic
representation of stimuli-reponsive (pH and temperature) magnetic Janus NPs synthesized de-
scribed in a). Reprinted with permission from refs [23] and [24]. Copyright 2012 American Chemi-

cal Society.

face in the emulsion of the two solvents.
This method can be generally applied to
other NPs, and the authors showed, as an
example, the amphiphilicity of iron oxide
magnetic JNPs.

2.2 Phase Separation of Inorganic
Materials

JNPs can be obtained starting with
symmetric NPs made of two different inor-
ganic materials such as alloys or core-shell
NPs that are then forced into phase sepa-
ration through a chemical reaction of one
of its components. Silica—Agl JNPs have
been synthesized in this way. The process
started with the synthesis of symmetric
core shell Ag-SiO,. Once synthesized,
they were treated with I, that was able to

penetrate on the shell through the poros-
ity of the SiO, and react with the Ag. The
Agl migrated to the exterior of the particle
forming a snowman-like NP.27! In another
example, magnetic-quantum dot JNPs of
FePt—CdS were synthesized with a meta-
stable core-shell NPs in which the CdS was
in an amorphous state. A thermal treatment
made the CdS crystallize and subsequently
phase-separate into a JNP.[28]

2.3 Processes Based on Controlled
Surface Nucleation

This strategy is well known to produce
non-spherical inorganic—inorganic JNPs
with rod-like, dumbbell-like or snowman-
like shapes. The strategy consists in using
homogenous NPs in which their surface
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Fig. 4. The synthesis
of hydrophobic/hy-
drophilic Janus NPs
at the toluene—water
interface, using self-
assembly of two li-
gands. Reprinted with
permission from ref.
[26]. Copyright 2012
American Chemical
Society.

2

—

&




814

CHIMIA 2013, 67, Nr. 11

PoLymeRs, CoLLOIDS, AND INTERFACES

acts as a seed for the growth of a second
NP of a different material. This seed and
growth method has undergone extensive
development and can be used nowadays
with higher control on very different com-
binations of inorganic materials. Some of
these combinations include semiconduc-
tor-metal JNPs, for instance Au NPs grown
at the edge of CdS or CdS/CdSe nanorods
(Fig. 5):1291 a mixture of thermal- and light-
induced growth was used to achieve selec-
tive deposition of gold on one edge of the
rod instead of the nanorod lateral side. Au
NPs have also been grown on CdSe NPs
and nanorods,[?% and finally Co NPs have
been grown on top of CdSe nano-rods.[3!]
For metal-metal JNPs, different combi-
nations like Pd—Au,32I Co—AubB33! or Ni-
Aul3 have been produced. Metal-metal
oxide JNPs have been synthesized with
Co-TiO,13! or Au-Fe,0,.5¢! In the latter
case, Sun and coworkers used the decom-
position of Fe(CO), in the presence of
gold NPs of different sizes with subse-
quent surface nucleation and growth.30]
Alternatively, they performed a direct in-
jection of HAuCI, into the Fe(CO); sur-
factant mixture, producing a two-step pro-
cess of gold NP formation followed by a
growth of Fe O, with the decomposition of
Fe(CO)..

2.4 Self-assembly of Ligands at the
Surface of an Inorganic Core

The spontaneous phase separation of
organic molecules is a highly versatile way
to obtain JNPs with different functional-
ities. The use of block-copolymers and the
selectivity of the different blocks for dif-
ferent solvents leading to a posterior cross-
linking can be used to form different kinds
of JNPs. We refer the reader to Miiller’s
review for this subset of JNPs.[10] The other
important group of self-assembled JNPs is
formed by an inorganic core and a shell
composed of more than one ligand mol-
ecule. This method allows scalability, and
a wide variety of combinations of ligands
with different surface functionalities while
keeping the optical, electric or magnetic
properties of the inorganic core.

Schenning and co-workers have syn-
thesized gold NPs covered with two dif-
ferent ligands with disulfides, one being
hydrophobic, and the other one hydro-
philic.[37-381 They showed that in certain li-
gand combinations, the NPs self-assemble
into disc form in water. The thickness of
the disc was verified as ~8—8.5 nm, which
corresponded to the bilayer of gold NPs.
However, the phase separation of two li-
gands seemed incomplete, based on the
contact angle measurement of the gold
NPs films.

The synthesis of gold NPs with differ-
ent binding groups has been used to create
Janus Au NPs.39 Vilain et al. synthesized

Fig. 5. Au growth on CdS nanorods, HR TEM bright field and HAADF-STEM dark field images.
Reprinted with permission from ref. [29]. Copyright 2009 American Chemical Society.

Au NPs coated with diphenylphosphinine,
and then performed a place-exchange reac-
tion with various thiol ligands such as mer-
captoundecanoic acid (MUA), dodecane-
thiol (DDT), and mercaptobenzene (MB).
In order to verify the biphasic structure,
UV adsorption was measured before (all-
diphenylphosphinine covered NPs) and
after the place-exchange reaction (combi-
nation of a thiol and diphenylphosphinine).
Since the two ligands have different elec-
tronic interactions with the gold core, the
electron repartition occurs on the NP shell
when they are completely segregated. The
experiments showed a blue-shift of UV
adsorption, after ligand exchange, which
indicated that the thiol and diphenylphos-
phinine were phase-separated. Also, they
investigated DDT-exchanged NPs using
FT-IR, and found homogeneous DDT
domains. Finally, MUA-exchanged NPs
showed different self-assembly behavior
depending on the water content in THF/
water mixtures. Bilayer structures were
found when the ratio between THF/water
was 1/1 indicating the biphasic structure
of ligands on the NPs. This is a promising
method to create JNPs, but the possible li-
gand combinations may be limited.

Harkness er al. have used IM-MS
MALDI to quantify the phase-separation
character of different Au NPs covered with
various ligand mixtures. The clusters liber-
ated from the NPs, that were composed of
four Au atoms and four ligands, were ana-
lyzed and compared with the expected bi-
nomial distribution. The results show sev-
eral degrees of phase separation where the
mixtures of Tiopronin (Tio) and mercap-
toundecyltetraethylene glycol (MUTEG)
were the ones showing higher degree of
phase separation.[!7]

Our group has synthesized JNPs with
various combinations of different thio-
lated ligands. The Janus morphology is
obtained by the right balance of enthalpy

and entropy of mixing. Enthalpically, two
ligands tend to phase separate and mini-
mize the number of interfaces between
two ligands. However, entropically there
is a tendency of the ligands to mix. When
two ligands with different size are close
together, conformational entropy of the
extra length of the longer molecule plays
an important role and gives rise to phase-
separation in narrow domains (Fig. 6a).[40!
On the other hand, it has been theoretically
predicted that when the size of the gold
core becomes smaller,[4!! the interfacial
entropy contribution becomes less and less
relevant since the available space and mo-
bility of the long ligands is already high.
Under this condition, the final morphology
is primarily determined by the enthalpy
of separation; hence, for small particles,
two ligands phase-separate into two bulk
phases, resulting in JNPs (Fig. 6b). Our
group has synthesized gold NPs with sev-
eral sizes and various combinations of li-
gands. Different characterization methods
have demonstrated a complete phase sepa-
ration in Janus morphology for small NP
sizes.[2431 2D NOESY NMR confirmed
the formation of JNPs for small NPs sizes
with ligands 1,1°,4’,1”-terphenyl-4-thiol
(TPT) and 1-tetradecanethiol (TDT).[42]
The phase separation was identified by
the absence of cross peaks in the NOESY
spectrum. 2D NOESY NMR was also
used, together with the variation of chemi-
cal shifts in 1D "H NMR at different ligand
ratios and STM, to determine the Janus
character of diphenyl-4-thiol (DPT) and
1-dodecanethiol (DDT).[#3 In addition,
the formation of Janus morphology was
analyzed after chemical linkage by means
of different methods such as TEM and
analytical ultracentrifugation (AUC).[42I
Janus NPs were identified when the diam-
eter of the metal cores was smaller than
1.5 nm. Mixed morphologies of Janus and
striped NPs are predicted to exist when
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the gold core size is between 1.5-3 nm.
However, it should be noted that this range
is not absolute and it will critically depend
on the nature of the ligand mixture used.
For example, for MUA, 1-octanethiol
(OT) JNPs were found for sizes around 3
nm, and also Janus morphology has been
found in bigger NPs when they are coated
with a 1-mercaptoundecanol (MUOH) and
1-mercaptobutanol (MBOH) mixture. This
indicates that other phase separation mech-
anisms may also be involved.[44

3. Properties and Applications

There are multiple fields where JNPs
have already been successfully used and
several others in which JNPs are expect-
ed to cause a fundamental improvement.
The wide variety of applications of these
NPs is mainly due to the large number of
combinations of materials and shapes that
comprise the JNP zoo. Here we show a few
of these applications in fields where JNPs
have contributed to create a considerable
advance:

3.1 Stabilization of Interfaces
Higher absorption at interfaces is may-
be one of the more straightforward prop-
erties of amphiphilic JNPs. They combine
the Pickering effect (NPs adsorbed at lig-
uid-liquid interfaces) with the surfactant-
like behavior of JNPs. Binks et al.[*31 show
theoretically that JNPs are adsorbed more
strongly at interfaces than homogenous
NPs. Fig. 7 shows for example the desorp-
tion energy of 10 nm JNPs at several de-
grees of contact angle difference between
the two parts of JNPs. The adsorption en-
ergy increases several times and makes
them more stable at average contact angles
different from 90°. This result has also

been experimentally proved with Fe O,
Au JNPs compared with the respective ho-
mogenous NPs using pendant drop contact
angle measurements on water/hexane (Fig.
8).[41

As the adsorption energy strongly de-
pends on the size of the particles, the Janus
character can enable small NPs to go to in-
terfaces and be used to stabilize emulsions.
In addition it has been shown that JNPs are
more effective to inhibit the coalescence of
the dispersed phase on the Pickering emul-
sions, which increases their long applica-
bility range.!*¢ The use of JNPs instead of
big particles could then form emulsions of
smaller droplet size and with less porosity.
Additionally, the two faces of the JNPs situ-
ated at the different liquid interfaces can be
used for various purposes taking advantage
of their different optical, electric or mag-
netic properties. Crossley et al. used JNPs
of iron oxide with attached nanotubes to
stabilize a water-in-oil emulsion that, with
the addition of palladium NPs, was able to
catalyze biofuel reactions.!#”I The products
of the reaction were able to migrate from
one phase to the other through the poros-
ity of the interphase (Fig. 9).[7:48] Together
with adsorption at liquid-liquid interfaces,
JNPs can also be used to adhere at liquid—
solid interfaces or solid—solid interfaces
such as the boundaries of block-copolymer
domains. 9]

3.2 Bioapplications

Although several applications of JNPs
have appeared in the last year in the bio-
medical field, nanobiomedicine is still
one of the fields where JNPs will clearly
play a fundamental role in the near future.
The dimensions of JNPs with controllable,
separated functionalities are on the order
of biomolecule dimensions, making them
excellent candidates for interactions with
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Fig. 7. Variation of particle desorption energy
with area-weighted average contact angle for
particles of radius 10 nm and R = 90°. The oil-
water tension was set to 36 mN m-". In order of
increasing desorption energies, the curves re-
fer to A8 of 0 (the homogeneous particle case),
20, 40, 60, and 90°. Reprinted with permission
from ref. [45]. Copyright 2011 American Che-
mical Society.

Fig. 8. Interfacial tension vs time. Water was
used as the drop phase, and n-hexane was
used as the ambient phase in which the na-
noparticles were diluted. (NP: homogeneous
nanoparticles, JP: Janus particles). The gold
moieties were modified using dodecanethiol
(DDT) or octadecanethiol (ODT).) Reprinted
with permission from ref. [4]. Copyright 2006
American Chemical Society.
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Fig. 6. Schematic drawing illustrating the
conformational entropy for ligands on NPs.
Schematic self-assembly morphology and pre-
dicted mechanisms. For relatively larger radii of
curvature (a) the presence of shorter ligands al-
lows longer ones to have a larger free volume;
and hence, gain conformational entropy. One
can divide the cone that shows a free volume
of a long ligand in two parts: one whose angle
is determined by the packing of the molecules
and the other due to this interfacial free volu-
me. (b) As the radius of curvature decreases,
the first cone becomes the dominant, and ma-
kes the second one irrelevant. Reprinted with
permission from ref. [42]. Copyright 2012 John
Wiley and Sons.

different molecules and systems of the
body. Additionally they can combine dif-
ferent functionalities such as targeted drug
delivery systems, biomolecular biosensing
or molecular imaging, all of them of ex-
treme importance in the biomedical field.

JNPs can be used to transport mole-
cules with different biofunctionalities. For
example protein cages coupled with strep-
tavidin have been engineered as JNPs by
partially masked modification. These JNPs
combine the transport capabilities of the
protein cages (nanoplatforms composed
of monomeric protein subunits that have
been engineered to transport and encapsu-
late therapeutic agents) with a streptavidin
molecule that acts as an anchoring point
for many biotinylated molecules such as
those that bind to cellular receptors or
monoclonal antibodies that target micro-
bial pathogens.[50]

Application of JNPs allows, in an easy
manner, the use of one side dedicated to
target-specific receptors while the other
is dedicated to sensing events. Wu et al.
have synthesized nanocoral JNPs (Fig. 10)
of polystyrene (PS) and Au, where the PS
part is functionalized with target recogni-
tion molecules while the Au part is dedicat-
ed to SERS detection.l3!l More generally,
the enhancement of physical properties of
inorganic NPs can be used for all kinds of
sensing events that use optical, magnetic or
electronic properties. Dumbbell-like NPs
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of FePt-Au having polyethylene glycol-
based ligands on their surfaces have been
used as probes for magnetic resonance im-
aging (MRI) of tumor cell targets.[52!

Moreover, JNPs can be used as anti-
microbial agents that replace conventional
antibiotics by the antibacterial effect of Ag.
Zhang et al. have created Janus nanorods
(JNRs) composed of a magnetic head and
asilicarod functionalized with Ag NPs and
positively charged quaternary amines (Fig.
11).531 The JNRs were able to attach to E.
colibacteria, and they were afterwards col-
lected using magnetic fields. At the same
time the Ag NPs inhibited the growing of
bacteria colonies.

Apart from typical biomedicine appli-
cations such as biosensing or drug delivery
systems, the use of JNPs can be easily ex-
tended to very diverse biomaterial appli-
cations changing the way medicine is ap-
plied, from surface-modified scaffolds to
beta amyloid formations in brain diseases
and to virus detection. Certainly the field
of nanobiomedicine is still developing and
its improvement will depend on the forma-
tion of new nanostructures with spatially
controlled functionalities and where the
new JNPs will play an important and nec-
essary role.

3.3 Catalysis

Inorganic NPs of metals and metal ox-
ides have shown catalytic properties in a
vast number of reactions that make use of
the high surface to volume ratio of the NPs.
This catalytic activity can nevertheless
be enhanced with the right combination
of materials on JNPs. Au-TiO, JNPs are
a good example of this combined effect.
Au-TiO, dimer NPs have shown photocat-
alytic activity in the oxidative conversion
of methanol into formaldehyde.[3354 The
enhanced photocatalytic activity compared
to simple TiO, NPs was due to the charge
separation of photogenerated electrons and
holes at the Au-TiO, interface helped by
the close proximity of the gold NP. Au—
TiO, particles have shown also photocata-
lytic properties for H, generation from an
isopropanol aqueous solution under visible
light that highly enhanced the catalytic ac-
tivity with respect to the corresponding
homogenous NPs (Fig. 12).151 With a dif-
ferent combination of materials, Wang et
al. used Au-Fe,O, and Pt-Fe,O, INPs for
the oxidation of CO.[50]

In a different kind of application, nano-
motors and nanojets can also make use of
the asymmetric catalytic properties of the
JNPs. Mallouk and coworkers have shown
how Pt—Au JNRs can move, driven by the
catalytic effect on the decomposition of
H,0,.57 The movement of the nanorods
can be directed with the use of an exter-
nal field, for example with the inclusion of
magnetic patches.[>8!

T
o gt
ghas

Fig. 9. Schematic il-
lustration of the reac-
tions taking place at
the water/oil interface
in the solid-stabilized
emulsions. Depen-
ding on the reaction
temperature, the
prevailing reactions
are hydrogenation,
hydrogenolysis, or
decarbonylation, and
depending on the
relative solubilities,
the products remain
in the aqueous phase
or migrate to the oil
phase. Reprinted with
permission from ref.
[47]. Copyright 2010
AAAS.
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Fig. 10. a) Schematic illustration of nanocorals as multifunctional Janus nanoprobes for targeting
and sensing; b) and c) nanocorals attached to BT474 cell surfaces with HER-2/anti-HER-2 bind-
ing. Reproduced with permission from ref. [51]. Copyright 2010 John Wiley and Sons.

3.4 Higher-order Structures

Likewise, reducing the dimensions of
the material to the nanometer regime to
produce nano-objects has brought quite
unique properties, the arrangement of the
produced nano-objects in higher order
suprastructures can bring new properties
arising by the collaborative effect of the
nano-objects. These properties have been
explored for spherical colloids, where due
to the high symmetry, only closed packed
structures can form (fcc and hcp lattices).
Glotzer et al. have reviewed the different
anisotropic NPs produced nowadays, and
discussed how an increase in anisotropy
can lead to a large number of new supra-
structures whose function is still to be ex-
plored.59!

Apart from new supracrystals with dif-
ferent lattices groups or JNPs perpendicu-
larly organized at interfaces, the assembly
of few JNPs in solution can give rise to in-
teresting structures and molecular colloids.
Granick and co-workers have explored,
theoretically and with the use of bicom-
partmental Janus colloids, the assembly of
structures of JNPs from small clusters to
triple helices with at most six neighbor par-
ticles.!%01 Pozzo and coworkers have shown
the formation of small clusters structures
from 2 to 5 NPs formed with a mixture of
PEG and butanethiol. They attributed those
structures to Janus formation due to the
phase separation of the ligands.l6!) Li and
coworkers synthesized Au JNPs covered
with PEO and PMMA through a masked
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Fig. 11. a) Schematic illustration of a typical procedure for the in situ synthesis of AQNPs@
Fe,0,~SiO, JNRs and their sterilization and separation process. b) and c) TEM images of AgNPs@
Fe,04-Si0, JNRs with different lengths. Reprinted with permission from ref. [53]. Copyright 2010
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Fig. 12. a) H, gene-
rated under visible
H light irradiation from
a halogen lamp using
Janus and core-shell
Au 50 nm TiO, nano-
structures, as well as
amorphous TiO, and
bare gold nanoparti-
cles (50 nm). b) Pro-
posed photocatalytic
process for efficient
hydrogen generation
using the Janus Au-
TiO, nanostructures,
based on excitation
of the LSPR under
visible-light irradia-
tion. Reproduced with
permission from ref.
[65]. Copyright 2010
John Wiley and Sons.
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process.l62631 The self-assembly of these
PEO-PMMA JNPs in clusters was driven
by the exposition of the JNPs to different
solvents and by exploiting the difference of
solvophobicity of the two different poly-
mers.

4. Summary and Outlook

Different key aspects of JNPs have
been described here. The increasing set of
diverse strategies to synthesize JNPs al-
lows one to choose the most suitable ac-
cording to the demands of an application
in terms of materials, amount needed, NP
sizes, and functionalities. The develop-

ment of new strategies is still an active field
of research and new methods are appear-
ing everyday to produce JNPs with novel
functionalities and better control of their
architecture. Four different main groups of
synthesis strategies have been described
here, together with their advantages and
disadvantages. The surface modification
of partially-masked particle methods are
excellent for the control of the amount of
area functionalized and particle-to-particle
reproducibility. The drawback of these
methods is the generally low yield due to
the limits of surface area, especially for
smaller NPs, as the obtained quantities
scale with the radius of the NPs. Different
solutions have been proposed to overcome

these difficulties, like the use of emulsions
or small lamellae that allow the reactions to
be undertaken in bulk solution. The meth-
ods based on controlled surface nucleation
and the phase separation of inorganic mate-
rials can produce larger amounts, but with
less control of the INPs polydispersity than
the mask-based methods. They have been
shown to be very useful synthetic meth-
ods for inorganic—inorganic NPs, espe-
cially for hybrid metal-metal oxide NPs.
Finally, self-assembled processes have a
huge potential due to the high yield of the
bulk synthesis together with the big vari-
ety of functionalities that organic synthe-
sis can provide. The challenge in this last
case is either to find the right molecules,
from the existing ones, that self-assemble
in a phase-separated manner, or to find the
design rules through the macromolecular
chemistry that will give rise to Janus sys-
tems.

Special care has to be taken when sam-
ples are prepared in conditions that are not
in equilibrium, as they could evolve in the
medium of the corresponding application.
For example, in the case of metallic NPs
covered with thiolate ligands, it has been
proven that these ligands can be easily
replaced when they are surrounded by an
excess of other thiolate ligands.[%4 In ad-
dition, these ligands have been shown to
move laterally on the metallic flat surfac-
esl%5l and on NPs, although the time scale
of this movement still remains controver-
sial and is probably strongly dependent on
the packing of the organic layer and on the
defects in the underlying gold surface.[¢0]
In any case, the non-equilibrium situation
has to be addressed in the near future to
improve the quality of the JNPs in different
applications. Three possible solutions can
be used to address this problem. The first
one would be to establish the time scale in
which the JNPs would reach equilibrium
(the kinetics of mixing) and to reduce the
applicability of the JNPs to that time scale.
The second would be to immobilize the li-
gands once they are in the Janus configura-
tion. Song et al. performed a cross-linking
of one of the ligands through diacetylene
homocoupling after a partially-masked
synthesis method, that inhibits the possible
diffusion of the ligands.[%7 The third possi-
bility is to find configurations that are truly
in equilibrium through the election of the
right ligand molecules, NPs sizes, and the
media in which they are used.

There are numerous applications of
JNPs and they are increasing as the yield
and control of synthetic methods improves.
The spatial control of properties such as
amphiphilicity makes them excellent can-
didates for interface-related applications
such as the stabilization of emulsions
through porous membranes. The biomedi-
cal field is expected to be one where more
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new applications will be developed as the
field of nanobiotechnology is experienc-
ing a technological revolution itself. In
the field of catalysis we have learnt during
these past years that we can amplify the
catalytic activity not only with the sum of
the properties of two materials that are in
the same NP but also through new effects
born through the synergy of the two parts.
Au-TiO, JNPs are probably the first ex-
ample of this process but surely new com-
binations of metal-metal oxide JNPs will
show new combined catalytic activities.
Finally, manipulation of hierarchic struc-
tures formed by the self-assembly of self-
assembled structures at different length
scales is also fundamental and anisotropic
nano-objects such as JNPs are playing an
important role in the manipulation of mat-
ter through bottom-up approaches. Big ad-
vances have been achieved recently in the
formation of molecular colloids of JNPs.
The improvements in the comprehension
of these new structures will give rise to
new physicochemical properties and cer-
tainly will lead to new interesting applica-
tions.

On the whole, new revolutionary ap-
plications are emerging through the use
of asymmetric NPs, especially Janus par-
ticles. Several methods currently exist to
produce JNPs, but much work is required
to create new methods that are able to pro-
duce high quantities in a precise and re-
producible manner, compatible with the
diverse array of materials and functional-
ities that chemistry and material science
has to offer. Also, binary NP characteriza-
tion must be improved for the unambigu-
ous identification of Janus NPs and to give
information about their polydispersity and
their quality.
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