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Abstract: Janus nanoparticles (JNPs) offer unique features,
including the precisely controlled distribution of compositions,
surface charges, dipole moments, modular and combined
functionalities, which enable excellent applications that are
unavailable to their symmetrical counterparts. Assemblies of
NPs exhibit coupled optical, electronic and magnetic proper-
ties that are different from single NPs. Herein, we report a new
class of double-layered plasmonic—magnetic vesicle assembled
from Janus amphiphilic Au-Fe;O, NPs grafted with polymer
brushes of different hydrophilicity on Au and Fe;O, surfaces
separately. Like liposomes, the vesicle shell is composed of two
layers of Au-Fe;O, NPs in opposite direction, and the
orientation of Au or Fe;O, in the shell can be well controlled
by exploiting the amphiphilic property of the two types of
polymers.

anus nanoparticles (JNPs) are a special class of anisotropic
NPs exhibiting biphasic geometry of core compositions or
distinct surface modifications, as presented by de Gennes in
his Nobel lecture in 1991.) JNPs with diverse potential
applications in surface property control, self-assembly, optical
and electronic devices, have gained increasing interests in the
field of chemistry, physics, materials science, and biology.”
Recently, a variety of JNPs have been developed including
organic NPs (such as block copolymer micelles, dendrimers,
and nanofibers), inorganic NPs (such as dumbbell-, acorn-, or
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raspberry-like clusters), and hybrid NPs with bicompartment-
grafted small molecules, polymer brushes or surfactants.
More interestingly, Janus metal or inorganic NPs exhibit
unique features, such as functional compositions, modular
functionalities, precisely controlled distribution of surface
grafted molecules, hydrophilicity and hydrophobicity, dipole
moments, which offer diverse applications that are not
available to their symmetrical counterparts.*>*

Most recently, there has been a growing interest in the
construction of nanometer-sized assemblies of inorganic NPs
because of their unique and enhanced optical and electronic
properties that originate from the interaction or coupling of
individual NPs.*™! As de Gennes pointed out, the Janus
feature often leads surfactant-like structures for JNPs,
exhibiting intriguing assembly behaviors and properties.-?!
According to computer simulation results, JNPs can form
complex structures unavailable to homo NPs.®! Although
a series of JNPs have been prepared or functionalized, their
assembly behavior and mechanism have rarely been inves-
tigated.”! Even the experimental works on the self-assembly
of small JNPs (<20 nm in diameters) are scarcely reported.
So far, research on the self-assembly of JNPs are mainly
focused on mono-component NPs of biphasic geometry with
distinct surface functionalities, such as JNPs with bicompart-
ment small molecules or DNAs on two sides.”! Limited
reports are available on the preparation of JNPs with both
biphasic core compositions and Janus distribution of surface
coatings, and investigation of their self-assembly properties.

Herein, we report a new model of “bundled amphiphilic
block copolymer brushes” for the self-assembly of Janus Au-
Fe;O, NPs, coated with Janus amphiphilic distribution of
hydrophilic and hydrophobic polymer brushes on Au and
Fe;0, surface, respectively (in Figure 1a,b). Janus Au-Fe;O,
NPs, containing amphiphilic distribution of hydrophilic and
hydrophobic polymer grafts, were prepared by exploiting the
different surface binding abilities of Au and Fe;O, to thiolated
and phosphonated groups, resulting in so-called Janus amphi-
philic particles. As an exemplary system, we used amphiphilic
Janus Au-Fe;O, NPs, whose self-assembly allows exact
control on positioning and direction of JNPs. We considered
the JNPs as amphiphiles, resembling “A-B” diblock copoly-
mer “bundled brushes”, and used the assembling ability of
block copolymers to organize in a kinetically and thermody-
namically controlled nanostructures due to the Janus segre-
gation of the constituent amphiphilic blocks. Interestingly,
two kinds of double-layered plasmonic—magnetic vesicles,
with Au or Fe;0, localized dominantly on the outer or interior
surface of the vesicular shell, were formed by changing the
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Figure 1. Schematic illustration of the Janus Au-Fe;O, NPs grafted with
hydrophilic polyethylene glycol (PEG) on Au and hydrophobic polystyr-
ene (PS) on Fe;O, (a), with PS on Au and PEG on Fe;O, (b), and with
binary mixed PEG and PS (c), and the hierarchical self-assembly of the
resulting three kinds of Janus amphiphilic nanoparticles into double-
layered plasmonic—-magnetic vesicle 1 (d) and 2 (e) and mono-layered
vesicle 3 (f) in aqueous media.

amphiphilic property of the polymer bushes on the Au or
Fe;O, surface (Figure 1d,e). In the double-layered vesicles
(DL-Ve), the Au and Fe;O, not only imparted their intriguing
physical properties to the assembly but also led to enhanced
physical properties (SERS, optical, photoacoustic and mag-
netic activities) compared with those in discrete units. We
attribute this to the interaction and coupling of the individual
JNPs. More importantly, the vesicles with enhanced optical
and magnetic properties were served as dual functional
probes for in vivo dual photoacoustic and magnetic resonance
(MR) imaging with high resolution and accuracy.

The Janus bifunctional composite 6.5-6.0 nm Au-Fe;O,
NPs, containing Au and Fe;O, NPs, respectively, were firstly
synthesized by a microwave heating approach (Figures 2 and
S1, see the Supporting Information for the synthetic proce-
dure).”? The plasmon absorption peak of Au NP at ~533 nm
in the Janus Au-Fe;O, NPs showed a 16 nm red-shift
compared with the Au NP prior to coating Fe;O, NP at
517 nm. The red-shift was caused by the charge variation of
the Au while conjugating with Fe;O,, confirming the success-
ful preparation of the JNPs.'"” The lattice fringes of Au have
a spacing of 0.240 nm which corresponds to the (111)
interplanar distance of face centered cubic (fcc) Au; the
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Figure 2. a) TEM images of the Janus Au-Fe;O, NP. b) UV/Vis spectra
of Au NP and Janus Au-Fe;O, NP in chloroform.
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distance between two adjacent planes in Fe;O, is 0.484 nm,
resulting from a group of (111) planes in the inverse spinel
structured Fe;O,. The (111) interplanar distance in Fe;O, is
almost twice of that in Au with a very small lattice mismatch
(<1%), indicating that the Fe;O, NPs are epitaxially over-
grown on Au NPs due to their lattice matching.'*""! The
presence of Au and Fe;O, surfaces facilitates the modification
of different chemical functionalities."? Au and Fe;O, show
good conjugating ability specifically with thiolated and
phosphonated molecules, respectively. Thus, thiolated poly-
ethylene glycol (PEG-SH) and polystyrene (PS-SH), and
phosphonated PEG (PEG-P) and PS (PS-P), were synthe-
sized, where PEG (MW =2kDa) and PS (MW =26 kDa)
(Figure S2) are hydrophilic and hydrophobic polymers,
respectively (Schemes S1, S2, and the Supporting Information
for the synthesis procedures). Two types of amphiphilic Janus
Au-Fe;O, NPs, coated with bicompartment polymer brushes
with opposite amphiphilic property on Au and Fe;O, surface
were synthesized using ligand exchange method, respectively,
as depicted in Figure 1a,b. Specifically, the type 1 Janus NPs,
with PEG coating on Au and PS coating on Fe;0, (Au@PEG-
Fe;0,@PS) were prepared by adding a mixture of PEG-SH
and PS-P to Au-Fe;O, NPs (Figure 1a). The type 2 Janus NPs,
with PS grafting on Au and PEG on Fe;O, (Au@PS-
Fe;0,@PEG), were prepared by adding a mixture of PEG-P
and PS-SH to JNPs (Figure 1¢). The '"H NMR results (Fig-
ure S3) and high weight fraction of the polymer brushes
coated on Janus NPs (over 35%) (Figure S4) confirmed the
successful preparation of the amphiphilic NPg. This strategy
demonstrates a particularly effective procedure for chemi-
cally coating amphiphilic distinct polymers on Au and Fe;O,
surfaces, to give tunable structural parameters (graft density,
molecular weight, etc.) and well-controlled physicochemical
properties.

Since the amphiphilic polymer brushes densely covered
the surface of the JNPs, the obtained Au@PEG-Fe;0,@PS or
Au@PS-Fe;0,@PEG looked like a “bundle” of conventional
amphiphilic diblock copolymers. We expected that the
amphiphilic JNPs would show excellent self-assembly prop-
erty in aqueous solution, thus leading to directed self-
assembly of the NPs of diverse morphologies. The self-
assembly process was initiated by adding a mixture of
tetrahydrofuran and water to a solution of amphiphilic JNPs
in a mixed organic solvent of DMF and THF. The assembled
nanostructures were purified by centrifugation to remove the
free JNPs. We first investigated the self-assembly property of
type 1 Au@PEG-Fe;0,@PS, where Au@PEG and Fe;O,@PS
serve as the hydrophilic and hydrophobic blocks, respectively.
Figure 3a and S5, S6 illustrates the Transmission Electron
Microscopy (TEM) images of the resultant vesicles, revealing
a hollow structure with different contrast between the shell
and interior. More interestingly, we found that the vesicular
shell was composed of two layers of Au-Fe;O, NPs with Au
extended dominantly to the outside of the shell and Fe;O,
localized mostly face to face inside the shell, named double-
layered vesicle 1 (DL-Ve 1) (Figure 1d and Figure 3a). From
element mapping images of DL-Ve-1, Au elements were
localized outside of DL-Ve 1 shell (Figure 3b).We measured
the shell thickness of the disrupted vesicle, caused by the high
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Figure 3. TEM, SEM images, and TEM-element mapping images of the
DL-Ve 1 (a, b), DL-Ve 2 (c, d), and ML-Ve 3(e, f).

vacuum pressure while obtaining SEM images, as ~28 nm
(Figure 3a), comparable with the total size of two JNPs.
Furthermore, the type2 Au@PS-Fe;O,@PEG NPs (Fig-
ure 1b) also formed uniform double-layered vesicle using
the same method (Figures 3¢, S6), named double-layered
vesicle 2 (DL-Ve 2). As displayed in Figure 3¢, Fe elements
were placed outside of DL-Ve 2 shell, confirming the Fe;O,
NPs were localized mostly outside the vesicular shell, which is
opposite to the DL-Ve 1. In TEM images, the DL-Ve 2
exhibited a lower contrast compared with DL-Ve 1, due to the
surface of DL-Ve 2 was coated with Fe;O, NP with low
electron density. For DL-Ve-2, Fe;O,@PEG served as the
hydrophilic part, assisting the vesicle to disperse in water. The
average size of the DL-Vel and 2 is approximately 110 and
115 nm, respectively (Figure S7).

The amphiphilic Janus distribution of the polymer brushes
on the Au-Fe;O, NP surface determines the unique double-
layered nanostructure of the vesicles as well as the position of
the Au and Fe;O, in the vesicular shell. As an example, we
find that the Au@PS-Fe;O,@PEG NPs formed dimers to
short chains (Figure S8) with Au face to face with increasing
initial concentration of the JNP during self-assembly. The
driving force for the orientation of the JNP is the hydro-
phobic-hydrophobic interaction of the attached PS on Au
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surface when add water into the organic solution of JNP. To
further verify the assumptions, we prepared Au-Fe;O, NPs
coated with mixed PEG and PS on both Au and Fe;O,
surfaces (type 3: Au-Fe;O,@PEG/PS) as a control sample
(Figure 1e). It was self-assembled into mono-layered vesicles,
mono-layered vesicle 3 (ML-Ve 3), whereas Au and Fe;O,
were randomly paralleled inside the vesicular shell, as shown
in Figure 1f, Figure 3e and Figure S6, S9. From element
mapping image, Au and Fe elements were mixed together in
the ML-Ve 3 shell (Figure 3 f). Furthermore, when the MW of
PS was decreased to 15kDa (Figure S2), the obtained
Au@PEG-Fe;0,@PS (Figure S10) or Au@PS-Fe;0,@PEG
formed micelles, not vesicles (Figure S11). The Au and
Fe;O, were located at the outer interface of the micelles
formed by the first and second NPs, respectively, since both of
them coated with PEG as hydrophilic part. We ascribed this to
the reduced volume of the hydrophobic part due to using PS
of lower MW, micelles are a more stable morphology to
minimize the overall free energy of the system.!'’!

The surface plasmon resonance (SPR) of gold nano-
crystals is extremely sensitive to interparticle distances." In
comparison with the SPR band of Au-Fe;O, NP in the visible
region, the SPR band for both DL-Ve 1 and 2 was broadened
and red-shifted to the near-infrared (NIR) region, owing to
interparticle plasmonic coupling between the Au NPs in the
vesicular shell. The DL-Ve 2 exhibited a greater red shift than
that of the DL-Ve 1, because the Au NPs were directed face-
to-face and had shorter interparticle distance in the DL-Ve 2.
For the single vesicle, scattering spectra obtained using the
dark-field imaging microscopy (Figure S12), revealed greater
red shift for the DL-Ve 2 than that of DL-Ve 1, which is
consistent with the absorption spectra of the samples in
aqueous solution.

Surface-enhanced Raman scattering (SERS) of the
Raman dye attached on gold nanocrystal surface can be
enhanced by the interparticle plasmonic coupling between
gold nanocrystals upon clustering.'**) We introduced thio-
lated Rhodamine (RhB-SH, Scheme S3) on the Au surface
through Au-S bond to test the Raman scattering enhancement
of the double-layered vesicle. The SERS enhancement factor
of the DL-Ve 2 is 2.5 x 107, which is higher than that of the
DL-Ve 1 (3.8x10°) and ML-Ve 3 (5.8 x10°). We attributed
the better SERS activity of the A DL-Ve 2 compared to the
activities of the other two vesicles (Figure 3b) to the more
closely spaced two layers of Au NPs in the vesicular shell.

Owing to their strong photoacoustic (PA) property, gold
nanocrystal assemblies that have a high optical absorption
coefficient have been used as optical agents in the biomedical
imaging field.""! Figure 4c shows the PA images of the
double-layered and mono-layered vesicles at the same optical
density (OD) value at 750 nm when illuminated with 750 nm
laser. The PA amplitude of DL-Ve 2 was 2.2 and 5 times
higher than the PA amplitudes of DL-Ve 1 and ML-Ve 3,
respectively, at the same ODggs (Figure 4d), which is consis-
tent with the results of SPR red-shift and SERS enhancement.

Magnetic resonance imaging (MRI) is a powerful, non-
invasive widely applied in clinical diagnostics."”! To improve
resolution and quality of MR image, special endeavor has
been made to improve the T, contrast efficiency (r,).'""
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Figure 4. a) UV/Vis spectra, b) SERS spectra, c) photoacoustic (PA)
images, d) PA amplitude, e) T,-weighted MR images and f) corre-
sponding r, values of the DL-Ve 1 and 2, and ML-Ve 3 and Janus NPs.

Among them, introducing assemblies of magnetic nanopar-
ticles is probably the most effective yet intriguing approach
for enhancing the r,, which increases with decreasing inter-
particle distance.!”] In our experiment, we found that the DL-
Ve exhibited greatly enhanced r, activity compared with that
of single JNPs (Figure 4e,f). The r, values of the DL-Ve
1(405+124mm's™) and DL-Ve 2 (295+7.2mm 's™') are
about 7 and 5 times greater than that of single JNP (56 +
42 mm 's™"), due to the strong magnetic dipole interaction of
the Fe;O, NPs in the vesicular shell. We attribute the better 7,
activity of the DL-Ve 1 compared to that of DL-Ve 2 and ML-
Ve 3 (193+6.6mM 's™") to two layers of Fe;O, positioned
face-to-face with shorter interparticle distance in the vesicle
shell of DL-Ve 1.

Since the vesicles showed strong optical absorption in the
NIR region and enhanced magnetic properties, and are stable
under physiological conditions (Figure S13) and safe for
bioapplication (Figure S14), we employed the DL-Ve 2 as
dual PA and MRI agents in order to determine the
accumulation of vesicles in the tumor region after injecting
the vesicle (200 pL, 500 ug Au-Fe;O,mL™') in PBS intra-
venously. The continuous enhancement of the PA signals
(Figure 5a) and intensities (Figure S15) over time in the
tumor region confirmed the accumulation and distribution of
the vesicle in the tumor. Using high resolution 3D PA images
(Figure S16) of the tumor, we obtained extensive information
about the tumor, such as position, size and morphology.
Consistent with the PA imaging findings, as shown in the 7)-
weighted MR images (Figure 5b) and 7, contrast intensity
(Figure S17), we observed an obvious darkening effect at the
tumor site after the vesicles were administered, which is
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Figure 5. In vivo a) photoacoustic images and b) T,-weighted MR
images of tumor before and after injection of the double-layered
vesicle 2, the yellow circles indicate the tumor sites.

a beneficial consequence of the high r, value of the vesicle.
The dual PA and MR imaging with the double-layered
vesicles are able to provide rich information of tumor and also
guide the cancer therapy, such as photothermal and photo-
dynamic treatment, showing advantages than singe gold
nanorod and iron oxide nanoparticle (Figure S18). Taken
together with the SERS activity and high tumor accumulation
efficiency (Figure S19) of the double-layered vesicles, the
results demonstrated the great potential of the vesicles,
formed by the self-assembly of JNPs, as multifunctional
contrast agents and probes for future biomedical applica-
tions."!

In summary, we prepared two kinds of amphiphilic Janus
Au@PS-Fe;0,@PEG and Au@PEG-Fe;O0,@PS NPs using
a highly efficient, easy procedure. Due to the amphiphilic
Janus distribution of the polymer grafts on the Janus Au-
Fe;O, surface, double-layered plasmonic—-magnetic vesicles
were formed mimicking the nature of classical amphiphilic
“bundled block polymers”. The positions of the Au and Fe;O,
in the vesicular shell could easily be reversed by changing the
amphiphilic property of the polymer brushes coated on their
surface. Benefitting from the interparticle plasmonic coupling
of the Au NPs and magnetic diploe interaction of the Fe;O,
localized in the doubled vesicular shell, the vesicles exhibited
greatly enhanced optical and magnetic properties. They
demonstrated the potential to be used as a dual optical and
MR imaging agent in vivo. Given current advances in the
synthesis of functional copolymers and inorganic nanoparti-
cles, the proposed strategy may open up a new avenue for the
controlled preparation of novel Janus colloidal building
blocks with adjustable surface coating for the fabrication of
new functional materials and devices.
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