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Abstract

Magneto-plasmonic Janus vesicles (JVs) integrated with gold nanoparticles (AuNPs) and magnetic 

NPs (MNPs) were prepared asymmetrically in the membrane for in vivo cancer imaging. The 

hybrid JVs were produced by coassembling a mixture of hydrophobic MNPs, free amphiphilic 

block copolymers (BCPs), and AuNPs tethered with amphiphilic BCPs. Depending on the size and 

content of NPs, the JVs acquired spherical or hemispherical shapes. Among them, hemispherical 

JVs containing 50 nm AuNPs and 15 nm MNPs showed a strong absorption in the near-infrared 

(NIR) window and enhanced the transverse relaxation (T2) contrast effect, as a result of the 

ordering and dense packing of AuNPs and MNPs in the membrane. The magneto-plasmonic JVs 

were used as drug delivery vehicles, from which the release of a payload can be triggered by NIR 

light and the release rate can be modulated by a magnetic field. Moreover, the JVs were applied as 

imaging agents for in vivo bimodal photoacoustic (PA) and magnetic resonance (MR) imaging of 

tumors by intravenous injection. With an external magnetic field, the accumulation of the JVs in 

tumors was significantly increased, leading to a signal enhancement of approximately 2–3 times in 

the PA and MR imaging, compared with control groups without a magnetic field.
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Graphical Abstract

Magneto-plasmonic Janus vesicles, with controlled shape and nanoparticle organization in the 

membrane, were prepared by coassembly of amphiphilic block copolymers ( ). The copolymers 

were subsequently tethered to gold ( ) and magnetic ( ) nanoparticles. The Janus vesicles 

allowed for magnetic field-enhanced bimodal photoacoustic and magnetic resonance imaging, as 

well as magnetic manipulation and near-infrared light triggered release of therapeutic agents.
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Inorganic nanoparticles (NPs) have shown promising applications in the treatment, 

diagnosis, and detection of many diseases because of their unique optical or magnetic 

properties.[1] For this purpose, single NPs are often functionalized with organic or polymeric 

ligands, to improve their stability, biocompatibility, and targeted delivery of therapeutic 

agents.[2] While single NPs are attractive, NP assemblies can exhibit new or advanced 

properties that are different from that of their individual counterparts, thus facilitating use in 

biomedical applications.[1f,3] A typical example is vesicular structures containing both NPs 

and polymers in the membrane. For example, vesicular assemblies of AuNPs can be used for 

effective encapsulation of therapeutic agents, near-infrared (NIR) light-triggered release of a 

payload, and multimodality imaging of cancers.[4] Embedding of MNPs in polymeric 

vesicular membranes increases the stability and biocompatibility of MNPs in a physiological 

environment. Moreover, the presence of many MNPs within individual assemblies increases 

their responsiveness to an external magnetic field and transverse relaxivity (r2).[2b,5] Strong 

magnetic responsiveness promotes accumulation of NPs in tumors on application of a 

magnetic field, thus overcoming the limitation of tumor heterogeneity on passive tumor 

accumulation of NPs.[6] We hypothesize that integration of both AuNPs and MNPs in 

vesicles with controlled NP organization will further increase the functionalities of hybrid 

vesicles and hence broaden their potential biomedical applications.[4d,7]

Herein, we report the design of hybrid Janus-like vesicles (JVs) with controlled distribution 

of both AuNPs and MNPs in the vesicular membrane for effective bimodal imaging of 
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cancers. The magneto-plasmonic JVs were fabricated by coassembling a mixture of 

hydrophobic Fe3O4 MNPs, amphiphilic block copolymer (BCP) of polystyrene-b-

poly(acrylic acid) (PS-b-PAA), and AuNPs grafted with polystyrene-b-poly (ethylene oxide) 

(PS-b-PEO) on the surface (Figure 1a). Depending on the size and mass fraction of NPs in 

the mixture, the assembly process produced spherical JVs (Figure 1b) or hemispherical JVs 

(Figure 1c). The hemispherical JVs containing 50 nm AuNPs and 15 nm MNPs exhibit a 

higher transverse relaxivity (r2) value than individual MNPs and spherical JVs because of 

magnetic interactions between the MNPs within individual assemblies. Moreover, they show 

a strong absorption in the NIR range because of the plasmonic coupling between 

neighboring AuNPs densely packed within one half of the vesicular membrane. We 

demonstrated that model drugs can be encapsulated in the JVs and the release of the payload 

can be triggered by NIR laser irradiation. Furthermore, with an external magnetic field, the 

JVs can be enriched in the tumor upon intravenous injection, leading to an approximately 

two to three times enhancement in signal for PA and MR imaging of cancers, compared with 

that of control groups without an external magnetic field.

Two different sized hydrophobic Fe3O4 MNPs (25 nm and 15 nm), stabilized by oleic acid, 

are described herein.[8] BCP-tethered AuNPs were made by attaching thiol terminated 

PS490-b-PEO45 onto the surfaces of NPs of different sizes (20 nm, 30 nm, and 50 nm; 

Supporting Information, Figure S1). BCPs of PS107-b-PAA4 without thiol groups were used 

as free BCPs. The self-assembly of a ternary mixture was triggered by a solvent exchange 

method (see the Supporting Information for experimental details).[9] Depending on the size 

and mass fraction of NP building blocks, the assembly process produced spherical and 

hemispherical JVs with two distinct halves, and homogenous vesicles (HVs) with uniform 

distributions of two types of NPs (Figure 2; Supporting Information, Figures S2 and S3). All 

JVs consist of a hollow cavity and a membrane composed of BCP-tethered AuNPs, MNPs, 

and free BCPs, as indicated by the higher contrast at the edges and the wrinkle surface—

which are two characteristics typical of vesicles—of the assemblies displayed in the TEM 

images (Figure 2a,b; Supporting Information, Figure S2b).[10] The average diameter of the 

JVs was 570.8 ± 93.2 nm, characterized by dynamic light scattering (Supporting 

Information, Figure S4). Within the vesicular membranes of JVs, the BCP-tethered AuNPs 

were segregated and densely packed in one half of the vesicular membrane, while the 

hydrophobic MNPs could be clearly observed in the polymeric domains in another half of 

the vesicles. Close inspection revealed the presence of some MNPs between BCP-tethered 

AuNPs (Supporting Information, Figure S2a). High-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM; Supporting Information, Figure S5) and 

energy dispersive X-ray spectroscopy (EDS) showed that Fe was distributed on the entire 

vesicular membrane and Au was only observed in one half of both vesicles (Figure 2c,d). 

Hemispherical JVs had a bowl-like vesicular body containing a mixture of BCP-tethered 

AuNPs and MNPs, covered by a flat polymeric membrane containing MNPs only (Figure 

2b). In HVs, BCP-tethered AuNPs and MNPs were distributed in the entire polymeric 

membrane of the HVs (Supporting Information, Figure S3).

We systematically investigated the effect of the size of BCP-tethered AuNPs (or AuNP 

cores), and mass fraction of MNPs in the mixed building blocks, on the assembly 

morphology (described in the Supporting Information). The results are summarized in a 
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phase-like diagram (Figure 2e). A transition from a spherical to hemispherical vesicle shape 

was observed when the mass fraction of MNPs in the mixed building blocks increased. We 

presume that the structural transition is a result of phase separation between BCP-tethered 

AuNPs and free PS-b-PAA, and the increase in packing parameter of PS-b-PAA upon 

addition of MNPs.[9,11]

The organization of both NPs in the vesicular membranes influences the optical and 

magnetic properties of hybrid vesicles. For the 50 nm AuNP system, the hemispherical JVs 

showed an increased shift in the 543 nm absorption of individual NPs to a broad peak in the 

range of 600 to 700 nm (Figure 3a), which was slightly more than that for spherical JVs. The 

red-shift in the plasmon peak is proportional to e(−d/D) (interparticle distance (d), NP 

diameter (D)).[4d,12] Thus, the larger red-shift for hemispherical JVs compared to spherical 

JVs can be attributed to the denser packing of AuNPs in the vesicular membrane.

We compared the r2 of spherical and hemispherical JVs containing 50 nm AuNPs and 15 nm 

MNPs with that of single MNPs.[13] The r2 of hemispherical JVs was measured from 

transverse relaxation (T2)-weighted MR images (Figure 3b inset) and was calculated to be 

239.6 s−1mM−1. The value was substantially higher than that for spherical JVs (114.5 

s−1mM−1) and single MNPs (47.8 s−1mM−1; Figure 3b). The drastic increase in r2 value can 

be attributed to the increased number of MNPs in individual hemispherical JVs compared 

with spherical JVs. A similar trend in r2 increase with increasing Fe concentration was also 

observed with 20 nm AuNPs (Supporting Information, Figure S10).

The magnetic manipulation of JVs can enrich the materials at a target location and hence 

drastically enhance the localized photothermal (PT) heating. As a demonstration, we 

compared the increase of localized temperature before and after applying a magnetic field at 

one spot of the JV solution in a capillary tube when the solution was irradiated with a laser 

(655 nm, 0.35 Wcm−2). The localized temperature of the vesicle solution increased in 4.5 

min, from 24 to 40°C before magnetic concentration, and to 70°C after magnetic 

concentration (Figure 3c). The faster temperature increase for the group with an applied 

magnetic field was ascribed to more rapid heating as a result of the higher concentration of 

locally enriched Au materials and relatively slow heat dissipation to surrounding water.

To demonstrate the potential use of JVs in remote-controlled release of payloads, we 

encapsulated a model drug, fluorescein isothiocyanate (FITC), in the JVs during the 

assembly process. The localized PT heating melted the AuNPs and broke the integrity of the 

vesicles, leading to the release of payload (Supporting Information, Figure S14). Figure 3d 

shows that the fluorescence intensity at 520 nm increased almost linearly as a function of 

irradiation time and reached a plateau in 45 min (Supporting Information, Figure S15). 

When an external magnetic field was applied to concentrate the vesicles, the release rate of 

FITC from the vesicles drastically increased under the same laser irradiation (Figure 3d). By 

controlling the light source, a more sustained release over a longer period was achieved.

With encouraging in vitro results in hand, we evaluated the use of magneto-plasmonic JVs 

as contrast agents for in vivo bimodal PA and MR imaging. Hemispherical JVs containing 

50 nm AuNPs and 15 nm MNPs were chosen because of their stronger plasmonic coupling 
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(Supporting Information, Figures S16 and S17) and administrated intravenously into 

athymic nude mice bearing U87MG tumors on the hind leg. In the experimental group, a 

magnet was attached to the hind leg of tumor-bearing mice that were intravenously injected 

with hemispherical JVs (the total amount of AuNPs and MNPs of injected JVs was 160.0 μg 

and 20.0 μg, respectively), while the control group was identical to the experimental group, 

but without application of a magnetic field. The tumors were imaged by PA and MR 

techniques before and 2 h after injection of the JVs. In the presence of a magnet, a 

significant darkening (49.3% from the baseline) of the tumor was observed when compared 

to the T2-weight contrast images of tumors obtained before and 2 h after injection of JVs 

(Figure 4a,b). By contrast, in the absence of a magnet, only 18.6% darkening from the 

baseline was observed (Supporting Information, Figure S18). For PA imaging, the tumors 

were exposed to a pulsed 700 nm NIR laser, at the same value of optical density. With the 

assistance of an external magnetic field, the PA signals in tumors were 4.3 times greater than 

that before injecting JVs (Figure 4c,d; Supporting Information, Figure S19). However, 

without application of a magnetic field, a PA signal enhancement of only 1.9 times was 

observed before and after injection of JVs (Figure 4e,f; Supporting Information, Figure 

S19).

In summary, we successfully prepared Janus-like magneto-plasmonic hybrid vesicles with 

spherical and hemispherical shapes by coassembly of multiple types of building blocks. The 

hemispherical JVs have a strong NIR absorption and a higher r2 than their spherical 

counterparts. The JVs encapsulate therapeutic compounds and the release rate of the payload 

can be remotely controlled by NIR light and an external magnetic field. Effective enrichment 

of intravenously injected JVs with an external magnetic field could drastically enhance PA 

and MR imaging signals in tumors. Considering the relatively large dimensions of our 

hybrid JVs, we are in the process of reducing their overall size to further improve 

pharmacokinetics and tumor-targeting ability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Self-assembly of a ternary mixture of MNPs, and free BCPs of PS-β-PAA and PS-β-PEO-

tethered AuNPs into hybrid JVs with different morphologies: b) spherical JVs and c) 

hemispherical JVs. d) Hemispherical JVs exhibit a higher transverse relaxivity (r2) than 

spherical JVs and e) stronger NIR absorption. f) External magnetic field-enhanced MR and 

PA imaging of a tumor after intravenous injection of hemispherical JVs.
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Figure 2. 
SEM and TEM (inset) images of magneto-plasmonic JVs with a) spherical and b) 

hemispherical shapes. The mass fraction of MNPs (25 nm) used in self-assembly was 5.8 wt

% (a) and 11.0 wt% (b). EDS mapping of Fe (green) and Au (red) of the c) spherical and d) 

hemispherical JVs. Scale bars: 500 nm (a,b), 200 nm (c), and 300 nm (d). e) Phase-like 

diagram of the formation of hybrid vesicles with different morphologies attained by 

variation of the core size of BCP-tethered AuNPs and mass fraction of MNPs. Key: 

spherical HVs (□), spherical JVs (○), and hemispherical JVs (△).
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Figure 3. 
a) UV/Vis absorption spectra of 20 nm AuNP (——), 50 nm AuNPs ( ), spherical JVs 

with 50 nm AuNPs ( ), hemispherical JVs with 50 nm AuNPs ( ) and hemispherical 

JVs with 20 nm AuNPs ( ). b) Plots of r2 value of single 15 nm MNPs (□), spherical 

JVs ( ) and hemispherical JVs ( ) composed of 50 nm AuNPs and 15 nm MNPs. The 

initial mass fractions of MNPs used in the assembly process were: 2.5 wt% for spherical JVs 

and 11.0 wt % for hemispherical JVs. The corresponding T2-weighted images in the inset 

are: single MNPs, spherical JVs, and hemispherical JVs (from top to bottom). 

Concentrations of Fe are: 0, 0.031, 0.063, and 0.125 mM (from left to right). c) 

Photothermal heating induced a localized increase in the temperature of water (□), and JVs 

before ( ) and after ( ) concentration by a magnetic field. d) The FITC release profile 

from JVs before ( ) and after ( ) concentration by a magnetic field upon laser irradiation 

and from JVs without laser irradiation (□).
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Figure 4. 
a,b) In vivo MR images of athymic nude mice bearing U87MG tumors on the hind leg and 

corresponding tumor area (insets) before (a) and after (b) intravenous injection of 

hemispherical JVs containing 50 nm AuNPs and 15 nm MNPs, when a magnet is applied to 

the tumor. Red arrows indicate a dark area in the tumor before and after the injection. c–f) In 

vivo 2D ultrasonic, PA, and merged images (left to right) of tumor tissues before (c,e) and 

after (d,f) intravenous injection of the hemispherical JVs with (c,d) and without (e,f) a 

magnet attached to the leg bearing tumors.
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