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Abstract: The stepwise self-assembly of hollow plasmonic
vesicles with vesicular membranes containing strings of gold
nanoparticles (NPs) is reported. The formation of chain
vesicles can be controlled by tuning the density of the polymer
ligands on the surface of the gold NPs. The strong absorption
of the chain vesicles in the near-infrared (NIR) region leads to
a much higher efficiency in photoacoustic (PA) imaging than
for non-chain vesicles. The chain vesicles were further
employed for the encapsulation of drugs and the NIR light
triggered release of payloads. This work not only offers a new
platform for controlling the hierarchical self-assembly of NPs,
but also demonstrates that the physical properties of the
materials can be tailored by controlling the spatial arrangement
of NPs within assemblies to achieve a better performance in
biomedical applications.

Gold nanoparticles (GNPs) have been extensively explored
in nanomedicine owing to their unique size and intrinsic
optical properties, such as localized surface plasmon reso-
nance and photothermal effects (i.e., the conversion of
absorbed light into heat).[1] A GNP-based platform uniquely
combines imaging (e.g., photothermal, photoacoustic (PA), or
surface enhanced Raman scattering (SERS) imaging)[2] and
therapy in one system for cancer theranostics.[2a, 3] The
organization of GNPs into defined nanostructures (e.g.,
clusters, chains, or vesicles) can further improve the perfor-
mance of GNPs in nanomedicine.[4] For instance, one-dimen-
sional (1D) chains of GNPs enhance the electromagnetic field
between NP gaps by several orders of magnitude, thus giving
rise to significantly improved SERS signals.[5] Moreover, the

ability to tune the absorption of GNP chains enables their
application in photothermal cancer imaging and therapy using
near-infrared (NIR) light, which benefits from deep tissue
penetration.[6]

Recently, 3D vesicular assemblies of GNPs have been
used as a new platform for effective cancer theranostics.[2b, 6b, 7]

The system not only serves as a contrast agent for bioimaging,
but can also be efficiently loaded with both hydrophobic and
hydrophilic drugs.[2b, 7a,b,8] To achieve optimal imaging and
therapeutic outcomes, the interparticle spacing within these
hybrid vesicles has to be carefully tuned to maximize their
absorption in the NIR range. The red shift of the plasmon
peak from the visible to the NIR window depends exponen-
tially on the ratio of the interparticle distance and the NP
diameter.[7a] Although larger GNPs may give rise to stronger
NIR absorption, small GNPs are usually more favorable with
respect to their clearance from animal bodies.[4e] However,
when the GNPs are small (< 15 nm), it becomes a challenge to
tune the absorption of vesicular GNP assemblies to lie in the
NIR range.

Herein, we report the stepwise hierarchical self-assembly
of block copolymer (BCP) tethered GNPs (BCP-GNPs) into
hollow vesicles with membranes composed of GNP strings
(Figure 1). The assembly involves two critical steps: the
organization of individual NPs into 1D strings and the folding
up of the strings into hollow vesicles (Figure 1b). The
formation of chain vesicles rather than vesicles with uniform
NP distributions in the membrane (referred to as non-chain
vesicles; Figure 1 c) was achieved by tuning the grafting

Figure 1. a–c) Self-assembly of BCP-GNPs into chain vesicles and non-
chain vesicles. d) Enhanced PA imaging with chain vesicles.
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density (d) of the BCPs on the surface of the GNPs. In this
way, GNP strings with strong plasmonic coupling were
obtained and used as building blocks for the self-assembly
of vesicles with strong absorption in the NIR window. We
then demonstrated the utilization of the hybrid vesicles as PA
imaging probes and drug-delivery vehicles. In in vivo imaging,
the PA signal of the chain vesicles was enhanced by a factor of
eight compared with that of the non-chain vesicles, while
preserving their ability for the encapsulation and light-
triggered release of therapeutic agents (Figure 1d).

GNPs (13.0� 1.0 nm in diameter) covered with hexade-
cyltrimethylammonium bromide (CTAB) were modified with
thiol-terminated polystyrene-b-poly(ethylene oxide) (PS-b-
PEO) through an interfacial ligand exchange process that we
recently developed.[7a] The PS-b-PEO system with a PS block
of 31.6 K and a PEO block of 2 K was used throughout.[9] The
d value was controlled to be in the range of 0.03 to 0.08 chains
per nm2 by varying the BCP/GNP weight ratio during surface
modification. The d value was estimated by thermal gravi-
metric analysis (TGA; see the Supporting Information,
Figure S1 and Table S1). The BCP-GNPs were dispersed in
tetrahydrofuran (THF), and the assembly of BCP-GNPs was
triggered by the solvent exchange method (i.e., the dialysis of
the solution against water).[7a, 8]

The formation of chain vesicles or non-chain vesicles was
controlled by varying the d value of the polymers on the GNP
surface. At low d (ca. 0.03 chains/nm2), the assembly process
led to chain vesicles with a monolayer of GNP strings in the
vesicular membranes (Figure 2a–c). When GNPs grafted with
BCPs with a higher d value (� 0.05 chain/nm2) were used,
non-chain vesicles were formed, and the GNPs were rela-
tively uniformly distributed in the vesicular membranes
(Figure 2d,e). The chain vesicle has an inner cavity that is
separated from the environment through a thin membrane of
GNP strings. The average diameter of the chain vesicles was
520� 170 nm, as determined by dynamic light scattering
(DLS; Figure S2). This value was slightly smaller than that
determined by TEM analysis (673� 233 nm). This discrep-
ancy might be due to the collapse and flattening of vesicles
under vacuum conditions. The GNP strings and networks can
be clearly observed in the vesicular membranes. TEM images
further confirmed that the vesicles were hollow and made
from a monolayer of GNP strings (Figure 2c and Figures S3 a,
S4 b). The average separation distance between GNP strings
within the chain vesicles was 12.3� 2.2 nm. The average
number of GNPs in the strings was about 6.2 GNPs per string.
A close inspection of the chain vesicles indicates that the
GNPs were in close contact with each other along the string;
in some cases, the GNPs were even fused together (Figure 2c,
inset). The fusion of adjacent GNPs can be explained by
a cold welding mechanism where gold atoms can diffuse by
means of surface diffusion.[10] Moreover, attractive hydro-
phobic and van der Waals interactions may also facilitate the
fusion of adjacent GNPs.

The average interparticle distance between GNPs within
each string is 0.8� 0.1 nm, which is much smaller than that
between GNPs in non-chain vesicles (9.0� 1.5 nm). The small
interparticle distance within each string leads to strong NIR
absorption of the chain vesicles caused by the strong coupling

between adjacent GNPs.[7a,11] Whereas non-chain vesicles
made from GNPs with the same size display only one
absorption peak between 590 nm and 620 nm, the chain
vesicles show two distinct peaks at 545 nm and 780 nm
(Figure 2 f).

We systematically investigated the formation mechanism
of the chain vesicles by UV/Vis spectroscopy and TEM
imaging. Water was added (1 vol% each) into a solution of
BCP-GNPs in THF in a stepwise fashion to trigger the self-
assembly. At a water concentration of 5 vol %, both TEM
imaging and UV/Vis spectroscopy revealed that most BCP-
GNPs were present as individual NPs (Figure 3a, b). Upon an
increase in the water content to approximately 10 vol %, 1D
strings of GNPs formed, as indicated by the TEM images and
the appearance of a new peak at 607 nm in the UV/Vis
spectrum (Figure 3 a,c). Above 20 vol % water content, all of
the 1D strings rolled into chain vesicles (Figure 3d). This
process was accompanied by a further red shift of the plasmon
peak. This result suggests a novel two-step hierarchical self-
assembly process for the formation of NP strings from
individual NPs and the subsequent assembly of NP strings
into vesicles.

Figure 2. a–c) Representative SEM (a,b) and TEM (c) images of chain
vesicles made from BCP-GNPs with 13 nm GNPs as the cores. The
inset in (c) shows that several GNPs within the strings of chain
vesicles are fused together. d, e) Representative SEM images of non-
chain vesicles made from BCP-GNPs with 13 nm GNP cores. f) UV/Vis
spectra of individual GNPs (red), non-chain vesicles (green and black),
and chain vesicles (blue). The chain vesicles and two different non-
chain vesicles were prepared by using BCP-GNPs with d values of 0.03,
0.05, and 0.08 chains per nm2, respectively. Scale bars: 500 nm in (a)
and (d), 250 nm in (b) and (e), 200 nm in (c), and 5 nm in the inset of
(c).
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The competition in the formation of chain or non-chain
vesicles can be explained as follows: At low polymer d values,
as a result of the strong van der Waals forces between a pair of
very closely associated GNPs, the segments of the BCP chains
are squeezed out of the gaps between NP pairs, leading to
a higher polymer density around the center than at the two
poles of NP pairs (Figure 3e). This results in strong three-
body repulsive forces at the center of NP pairs.[12] The
repulsion at the center and attractive van der Waals inter-
actions at both poles induce the formation of 1D GNP strings
in the early stage of chain vesicle formation (Figure 3e). This
is consistent with the fact that the separation distance
between strings (ca. 12 nm) in chain vesicles is larger than
that between GNP pairs in each string (ca. 0.8 nm). Unlike for
most of the 1D colloidal assemblies reported previously,[5c,d,13]

the electrostatic repulsion is not the dominant repulsive force
in the process of string formation, which is largely due to the
low dielectric constant (12.59) of the mixed solvent (10 vol%
water in THF).[14] This was confirmed by a control experi-
ment: the formation of chain vesicles was not influenced by
the presence of electrolytes (0–500 mm NaCl). Upon further
addition of water, the instability of the GNP strings led to
their association into enclosed vesicles to minimize the

interfacial tension (Figure S5). In contrast, at high d values,
the GNPs are fairly far apart in the NP pairs, which
dramatically weakens the van der Waals attractions between
GNPs. The steric repulsion is mainly balanced by attractive
hydrophobic interactions. To maximize these interactions,
individual NPs approach the clusters from the sides to form
2D thin films and eventually non-chain vesicles (Figures S5
and S7).

The linear organization of GNPs into chain vesicles results
in strong NIR absorption of the assemblies, which is due to
the strong coupling between the GNPs in the strings and
a useful property for in vivo biomedical applications. GNPs
absorb light and emit an acoustic wave that can be detected by
an ultrasonic detector, thus enabling the visualization of
biological tissues by so-called photoacoustic (PA) imaging.[15]

PA imaging is an emerging biomedical imaging modality with
large imaging depth and high spatial resolution.[16] Both chain
and non-chain vesicles were used for PA imaging in vivo. Two
types of vesicles containing the same amount of gold material
(50 mg) were subcutaneously injected into the flank of nude
mice. The injected area was irradiated with a pulsed NIR laser
(780 nm with a power density of 60 mWcm¢2) for equal
periods of time. The chain vesicle group showed an eightfold
enhancement of the PA signal compared to the control group
that had not be injected with PA contrast agents (Fig-
ure 4a,b). In contrast, for the non-chain vesicle group, the PA
signal was only enhanced by a factor of 1.1 (Figure 4c, d). The
inner cavity of the hybrid vesicles can be loaded with
hydrophilic drugs, which makes the vesicles an ideal platform
for drug delivery. Next, we demonstrated that GNP vesicles
can be used as drug-delivery vehicles and that the release of
payloads can be remotely triggered by NIR light. Rhodami-
ne B (RhB) was encapsulated in the chain vesicles as a model
drug during the self-assembly of vesicles. After the removal of
free dye molecules, the RhB loaded chain vesicles were
exposed to NIR light (780 nm pulsed laser, 60 mW cm¢2) at
a time interval of 10 min. The fluorescence emission at

Figure 3. The mechanism and kinetics of the self-assembly of BCP-
GNPs with 13 nm cores. a) UV/Vis spectra of BCP-GNPs with 13 nm
cores at different water concentrations. b–d) Representative TEM
images of assemblies obtained at 5, 10, and 100 vol% of water in
water/THF mixtures. Scale bars: 20 nm in (b) and (c), 100 nm in (d).
e, f) Mechanisms of the formation of chain (e) and non-chain vesicles
(f).

Figure 4. In vivo 2D photoacoustic imaging of mouse tissue before
and after the injection of chain vesicles (a,b) or non-chain vesicles
(c,d).
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560 nm in solution was measured to monitor the release of
RhB; it almost linearly increased with irradiation time
(Figure S11). Without laser irradiation, the fluorescence
intensity of the solution only slightly increased by about
13% compared with that of the laser-irradiated group. A
SEM examination of the vesicles before and after irradiation
showed that NIR light induced a collapse of the integrity of
the chain vesicles (Figure S12). Furthermore, our vesicles are
stable under physiological conditions and conditions with
slightly lower pH values or higher ionic strengths. These
results demonstrate the potential of chain vesicles in bio-
imaging and drug delivery.

In summary, we have developed a new strategy for the
fabrication of GNP chain vesicles with strong NIR absorption
as drug-delivery vehicles and contrast agents for photo-
acoustic imaging. The chain vesicles were assembled from
BCP-GNPs through a new stepwise hierarchical self-assembly
process, in which the competition between attractive and
repulsive forces is governed by the d value of the polymer
ligands on the GNPs. The strong NIR absorption of the chain
vesicles, which arises from the strong plasmon coupling
between GNPs within the 1D strings, renders the chain
vesicles more efficient PA imaging agents than the non-chain
vesicles. This study has not only demonstrated that the
properties of hybrid vesicles can be improved by engineering
the arrangement of the NPs within the assemblies, but also
provides fundamental information on the stepwise self-
assembly of colloidal NPs for the fabrication of more complex
nanostructures.
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