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Abstract

We report a stepwise self-assembly of hollow plasmonic vesicles containing strings of gold
nanoparticles (NPs) in vesicular membranes. The formation of chain vesicles can be controlled by
tuning the density of polymer ligands on the surface of gold NPs. The strong absorption of chain
vesicles in the near-infrared (NIR) range led to a much higher efficiency in photoacoustic (PA)
imaging than non-chain vesicles. The chain vesicles were further demonstrated for the
encapsulation of drugs and 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
control over the spatial arrangement of NPs within the assemblies enables us to tailor the physical
properties of the materials for better performance in biomedical applications.

Keywords
self-assembly; vesicles; photoacoustic imaging; block copolymer; gold nanoparticle string

Gold NPs (GNPs) have been extensively explored in nanomedicine, due to their unique size
and intrinsic optical properties such as localized surface plasmon resonance and
photothermal effect (i.e., the conversion of absorbed light to heat).[}] A GNP-based platform
uniquely combines imaging (e.g., photothermal, photoacoustic (PA), and surface enhanced
Raman scattering (SERS) imaging[?! and therapy in one system for cancer theranostics.[22 3l
The organization of GNPs into defined nanostructures (e.g., clusters, chains, and vesicles)
can further improve the performance of GNPs in nanomedicine.[4] For instance, one
dimensional (1D) chains of GNPs show several orders of magnitude enhancement in the
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electromagnetic field between NP gaps, thus giving rise to significantly improved SERS
signal.[2¢ 5] Moreover, the ability to tune the absorption of GNP chains enables their
applications in photothermal cancer imaging and therapy using near-infrared (NIR) light
source which has deep penetration in tissues.[®!

Recently, 3D vesicular assemblies of GNPs have been demonstrated as a new platform for
effective cancer theranostics [2P: 2f. 6b. 71 The system not only serves as contrast agents for
bioimaging, but also allows efficient loading of both hydrophobic and hydrophilic
drugs.[20. 72, 7b, 8] Tg 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 visible to NIR window is
exponentially decayed with the ratio of interparticle distance to NP diameter.[78] Although
larger GNPs may give rise to stronger NIR absorption, small GNPs are usually more
favorable with respect to their clearance from animal body.[#e] However, when the size of
GNPs is small (<~15 nm), it becomes a challenge to tune the absorption of vesicular
assemblies of GNPs to the NIR range.

Here we report the stepwise hierarchical self-assembly of block copolymer (BCP) tethered
GNPs (BCP-GNPs) into hollow vesicles composed of GNP strings in the membrane (Figure
1). The assembly involves two critical steps: the organization of individual NPs into 1D
strings and further wrapping of the strings into hollow vesicles (Figure 1b). The formation of
chain vesicles rather than vesicles with uniform distribution of NPs in the membrane
(referred to as non-chain vesicles) (Figure 1¢) was achieved by tuning the grafting density
(6) of BCPs on the surfaces of GNPs. In this way, GNP strings with strong plasmonic
coupling were obtained and used as buliding blocks for self-assembly of vesicles with strong
absorption in the NIR window. We demonstrated the utilization of the hybrid vesicles as PA
imaging probes and drug delivery vehicles. Compared with non-chain vesicles, the chain
vesicles showed about eight-fold enhancement in the PA signal of in vivo imaging, while
perserving their ability for the encapsulation and light triggered-release of therapeutic agents
(Figure 1d).

Hexadecyltrimethylammonium bromide (CTAB) covered GNPs (13.0 + 1.0 nm in diameter)
were modified with thiol-terminated polystyrene-b-polyethylene oxide (PS-b-PEO) through
an interfacial ligand exchange method we recently developed.[78] The PS-b-PEO with a PS
block of 31.6 K and a PEO block of 2 K was used throughout the work.[®] The §was
controlled in the range of 0.03 to 0.08 chain/nm? by varying the weight ratio of BCPs to
GNPs during surface modification. The 5was estimated by thermal gravimetric analysis
(TGA) (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 vesicle or non-chain vesicle was controlled by varying the & of
polymers on the GNP surfaces. At low & (~0.03 chain/nm?), the assembly process produced
chain vesicles with a monolayer of GNP strings in the vesicular membranes (Figure 2a—c).
When GNPs grafted with a higher & (= 0.05 chain/nm2) of BCPs were used, non-chain
vesicles were formed and GNPs were relatively uniformly distributed in the vesicular
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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, measured from dynamic light scattering (DLS) (Figure S2). This
value was slightly smaller than that from TEM analysis, 673 £ 233 nm. This was possibly
due to the collapse and flattening of vesicles under vacuum conditions. The GNP strings and
networks can be clearly observed in vesicular membranes. TEM images further confirmed
that the vesicles were hollow and made from a monolayer of GNP strings (Figure 2¢ and
Figure S3a, S4b). The average separation distance between GNP strings within the chain
vesicles was 12.3 + 2.2 nm. The average number of GNPs in strings was about 6.2 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 other cases, the GNPs were even fused together
(inset of Figure 2c). The fusion of adjacent GNPs can be explained by a cold welding
mechanism, where gold atoms can diffuse by means of surface diffusion.[*0] Moreover, the
attractive hydrophobic interaction and van der Waals interaction 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 of 9.0 £ 1.5 nm between GNPs in non-chain vesicles. The small
interparticle distance within each string in chain vesicles leads to strong NIR absorption
caused by the strong coupling between adjacent GNPs.[72 111 Compared to non-chain
vesicles made from the same sized GNPs, chain vesicles have two distinct peaks located at
545 nm and 780 nm, while the non-chain vesicles only have one absorption peak between
590 nm to 620 nm (Figure 2f).

We systematically investigated the formation mechanism of chain vesicles using UV-vis
spectroscopy and TEM imaging. Water was added stepwise (at an interval of 1 vol.%) into a
solution of BCP-GNPs in THF to trigger the self-assembly. At 5 vol.% water, both TEM
image and UV-vis spectra reveal that most BCP-GNPs remained as individual NPs (Figure
3a,b). With the increase of water content to ~10 vol.%, 1D strings of GNPs were formed, as
indicated by TEM images and the appearance of a new peak at 607 nm in UV-vis (Figure
3a,c). At 20 vol.% and 100 vol.% water content, all the 1D strings rolled into chain vesicles
(Figure 3d). This process was accompanied with the further red-shift of plasmon peak. This
result suggests a novel two-step hierarchical self-assembly process: the formation of NP
strings from individual NPs and subsequent assembly of NP strings into vesicles.

The competition in the formation of chain or non-chain vesicles can be explained as follows:
At low polymer &, as a result of the strong van der Waals force between a pair of very
closely associated GNPs, the segments of BCP chains are squeezed out of the gap between
NP pairs, leading to a higher polymer density around the center than both 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 van der Waals attraction at both poles induce the formation
of 1D GNP strings at the early stage of chain vesicle formation (Figure 3e). This is
consistent with the fact that the separation distance between strings (~12 nm) in chain
vesicles is larger than that between GNP pairs in each string (~0.8 nm). Unlike most of 1D
colloidal assemblies reported previously,[5¢ 50 131 the electrostatic repulsion is not the
dominant repulsive force in the process of string formation, largely due to the low dielectric
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constant (12.59) of the mixed solvent (10% of water in THF).[24] This is envidenced by our
controlled experiment: the formation of chain vesicles was not prone to the presence of
electrolytes (0-500 mM NacCl). Upon further addition of water, the instability of GNP
strings leads to their association into enclosed vesicles in order to minimize the interfacial
tension (Figure S5). In contrast, at high &, the GNPs are separated fairly far in the NP pairs,
which dramatically weaken the van der Waals attractions between GNPs. The steric
repulsions are mainly balanced by attractive hydrophobic interactions. To maximize
hydrophaobic interactions, individual NPs approach from the sides of clusters to form 2D thin
films and eventually non-chain vesicles (Figures S5 and S7).

The linear organization of GNPs in chain vesicles result in a strong NIR absorption of the
assemblies, due to the strong coupling between GNPs in the strings, which is preferred for in
vivo biomedical applications. GNPs absorb light and emit an acoustic wave that can be
detected by a ultrasonic detector, thus enabling the visualization of biological tissues, that is,
the so-called photoacoustic (PA) imaging.[!5] PA imaging is an emerging biomedical
modality with deep imaging depth and high spatial resolution.[16] The chain vesicles and
non-chain vesicles were demonstrated for PA imaging in vivo. Two types of vesicles
containing the same amount of gold materials (50 ug) were subcutaneously injected into the
flank of nude mice. The injected area was irradiated with a pulsed NIR laser (780 nm with
power density of 60 mW/cm?) for equal amount of time. The chain vesicle group showed
8.0-fold enhancement in the PA signal, compared to the control group without the injection
of PA contrast agents (Figure 4a,b). In contrast, the non-chain vesicle group showed only
1.1 times enhancement of PA signal (Figure 4c,d). The inner cavity of the hybrid vesicles
can load hydrophilic drugs, which makes the vesicles an ideal platform for drug delivery.[2f]
We demonstrated that GNP vesicles can be used as drug delivery vehicles and the release of
payloads can be remotely triggered by NIR light. Rhodamine 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?) at a time interval of 10 min. The fluorescence emission at 560 nm
in the solution was measured to monitor the release of RhB and it almost linearly increased
with irradiation time (Figure S11). Without laser irradiation, the fluorescence intensity in the
solution only slightly increased for about 13% of the laser irradiation group. An examination
of vesicles before and after light illumination by SEM shows that NIR light induced the
collapse of the integrity of the chain vesicles (Figure S12). In addition, our vesicles are
stable under physiological conditions and the adjusted physical conditions (i.e. ionic strength
and pH) (Figure S13). These results demonstrate the potential of chain vesicles in
bioimaging 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 PA imaging contrast agents. The
chain vesicles were assembled from BCP-GNPs through a new stepwise hierarchical self-
assembly mechnism, in which the competition between attractive and repulsive forces is
govened by the & of polymer ligands on GNPs. The strong NIR absorption of the chain
vesicles arising from the strong plasmon coupling between GNPs within 1D strings results
in higher efficiency of chain vesicles in PA imaging than non-chain vesicles. This study not
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only demonstrates that the properties of hybrid vesicles can be improved by engeering the
arrangement of the NPs within the assemblies, but also provides us the fundamental
understanding of stepwise self-assembly of colloidal NPs for the fabracation of more
complex nanostructures.
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Figure 1.
(a—c) Schematic illustration of the self-assembly of BCP-GNPs into chain vesicles and non-

chain vesicles and (d) the enhanced PA imaging with chain vesicles.
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Figure 2.
(a—c) Representative SEM (a,b) and TEM (c) images of chain-vesicles made from BCP-

GNPs comprising 13 nm GNPs as cores. The inset in (c) shows some GNPs in the strings
within chain vesicles are fused together. (d,e) Representative SEM images of non-chain
vesicles made from BCP-GNPs comprising 13 nm GNP cores. (f) The UV-vis spectra of
individual GNPs (red), non-chain vesicles (green and black), and chain vesicle (blue). The
chain vesicles and two non-chain vesicles were prepared by using BCP-GNPs with & of
0.03, 0.05, and0.08 chain/nm?, 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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Figure3.
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 mixture. Scale bars: 20 nm in (b) and (c), 100 nm in (d). (e, f) Schematic
illustration of the formation mechanism of chain vesicles (e) and non-chain vesicles (f).
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Figure4.
Invivo 2D PA imaging of mouse tissue before and after the injection of chain vesicles (a, b)

and none chain vesicle (c, d).
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