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Abstract

Hierarchical assembling of gold nanoparticles (GNPs) allows one to engineer the localized surface

plasmon resonance (LSPR) peaks to the near-infrared (NIR) region for enhanced photothermal

Therapy (PTT). Herein we report a novel theranostic platform based on biodegradable plasmonic

gold nanovesicles for photoacoustic (PA) Imaging and PTT. The disulfide bond (S-S) termed

PEG-b-PCL block copolymer graft allows dense packing of GNPs during the assembly process

and induces ultra-strong plasmonic coupling effect between adjacent GNPs. The strong NIR

absorption induced by plasmon coupling and very high photothermal conversion efficiency (η= 37

%) enable simultaneous thermal/PA imaging and enhanced PTT efficacy with improved clearance

of the dissociated particles after the completion of PTT. These vesicle-architectures assembling of

various nanocrystals with tailored optical, magnetic, and electronic properties opens new

possibilities for constructing multifunctional biodegradable platforms for biomedical applications,

particularly in cancer theranotics.
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Photothermal therapy (PTT), due to its specific spatial/temporal selectivity and minimal

invasiveness, has been increasingly recognized in cancer treatment.[1] Various inorganic/

organic nanomaterials have been used as photothermal conversion agents (PTCAs).[2]

However, most of these agents have not yet achieved clinical application, most likely due to

their poor pharmacokinetics and potential long-term toxicity.[3] An ideal PTCA is expected

to have the following features: i) Strong absorbance in the near-infrared (NIR) region, which

has minimal absorbance for skin, tissues, and hemoglobin.[2f, 3] ii) High photothermal

conversion efficiency and good thermal conductivity, via fast absorption of optical energy,
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instant conversion into heat, and rapid transmission to the surrounding tissues/cells. iii)

Good biocompatibility and biodegradability,[2b, 3] with little to no toxicity and easy

clearance from the body. iv) Convenient and real-time visualization of in vivo PTCA

delivery, distribution and monitoring of treatment efficacy.[4]

Plasmonic PTCAs, particularly gold-based nanostructures that can absorb and transfer

optical energy into heat by the Landau damping effect with high efficiency, have received

great interest in PTT.[5] Early clinical studies with Auroshell (polyethylene glycol 500

coated gold nanoshells (GNSs) sized in 150 nm) have shown some promise in cancer PTT

treatment but the large nanoparticles tend to have slow excretion from the body.[6] For gold

nanorods (GNRs), the toxicity derived from the cetyltrimethylammonium bromide (CTAB)

surfactant during the synthesis severely limits their biomedical applications.[1b, 5c] For gold

nanoparticles (GNPs), their absorptions are not optimal for PTT,[5b, 7] with the localized

surface plasmon resonance (LSPR) peaks at 520 nm for 10 nm GNPs and 580 nm for 100

nm GNPs. Hierarchical assembling of GNPs allows one to engineer the LSPR peaks to the

NIR region for enhanced PTT with improved clearance after the dissociation of assemblies.

Recently, we have demonstrated that vesicular/clustered GV assemblies composed of

poly(ethyl oxide)-b-polystyrene (PEG-b-PS) tethered GNPs have LSPR absorbance in the

range of 650~800 nm due to plasmon coupling between adjacent GNPs.[8] However, the

PEG-b-PS polymer based assemblies are nonbiodegradable and bear suboptimal

photothermal conversion efficiency. It is thus highly desirable to further develop novel

biodegradable polymer/GNPs assemblies with high photothermal conversion efficiency for

PTT, leading to the breakdown of vesicles into smaller discrete GNPs after the completion

of PTT, followed by rapid clearance of the dissociated particles.

Here we report a novel design of biodegradable gold nanovesicles (BGVs) composed of

poly(ethylene glycol)-b-poly(ε-caprolactone) (PEG-b-PCL) tethered GNPs with ultra-strong

plasmonic coupling effect for photoacoustic (PA) imaging and PTT (Scheme 1 and S1). The

disulfide bond (S-S) termed PEG-b-PCL polymer was grafted onto the surface of GNPs, and

then guided the formation of BGVs in THF/water system by a dialysis method. This PEG-b-

PCL polymer graft can reduce the distance (d) between adjacent GNPs during the assembly

process, which induces ultra-strong plasmonic coupling effect. The formation of abundant

inter-nanoparticle junctions can tune the LSPR peak of the original GNPs from visible to

NIR region. The BGVs with strong absorbance in the NIR region show excellent PA

response and enhanced photothermal conversion efficiency upon laser irradiation.

GNPs with a diameter of 26.2 ± 1.45 nm were prepared by using citrate to reduce

chloroauric acid in aqueous phase. Plasmonic BGVs were prepared by assembling GNPs

tethered with S-S-termed amphiphilic block copolymer (BCP), PEO45-b-PCL270 (Mn = 24.4

Kg/mol, PDI = 1.22), followed by the dialysis of a tetrahydrofuran (THF) solution of

concentrated GNPs in water. The self-assembly of PEG-b-PS tethered GNPs into GVs was

prepared according to our previous report.[9] The self-assembly process is governed by the

balance of attractive forces, namely hydrophilic/hydrophobic interactions of amphiphilic

BCPs. The representative SEM and TEM images in Figure 1a-c showed the well-defined

vesicular assemblies of GNPs. The BGVs are composed of a single layer of seamlessly

packed GNPs in the vesicular membranes. The hollow interior of the assemblies was clearly
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confirmed by the morphology of broken BGVs (The inset of Figure 1a). As shown in Figure
1c, due to the presence of rigid benzene rings in the polystyrene part of PEG-b-PS, the

GNPs are more separated from each other in the GVs, than in the BGVs with more flexible

PEG-b-PCL tether.

To better undersrand how the BGVs are formed, we varied the concentrations of the THF

solution of GNPs (12.5, 37.5, 50, 100, 150 and 250 µg/mL) during the dialysis in water. As

shown in Figure S3, the BGVs were produced when the GNP concentration is more than 50

µg/mL. At lower GNP concentrations (<50 µg/mL), gold clusters are formed instead. When

the GNP concentration was over 100 µg/mL, almost all the GNPs were assembled into

BGVs. The size of BGVs is dependent on the concentration of GNPs (Figure S4). At GNP

concentration of 100 and 150 µg/mL, the BGVs exhibited a relatively narrow size

distribution of 192.6 ± 11.8 and 207.3 ± 15.7 nm, respectively. When the GNP concentration

reached 250 µg/mL, huge sub-micron sized BGVs were formed. Assembly of GNPs leads to

short interparticle distance, thus a red-shift in extinction spectra due to strong plasmonic

coupling effect between adjacent GNPs.[10] This process is accompanied with a color

change of the solution from red to dark blue (Figure S5). For the GVs composed of PEG-b-

PS tethered GNPs, the LSPR peak shifte from 518 to 630 nm (Figure 1d and S5). For the

BGVs composed of PEG-b-PCL tethered GNPs, the LSPR peaks are broadened and the

major peak moves to 808 (BGV1), 902 (BGV2) and 1008 (BGV3) nm by increasing the

GNP concentration.

The strong NIR absorbance of BGV1 around 800 nm motivated us to investigate their

potential in PTT of cancer with an 808 nm laser. Different gold nanomaterials were

dispersed in water, and then irradiated with suitable laser (Figure 2a). No obvious

temperature change was observed in the control group of pure water. Upon laser

illumination for 5 min (laser power: 1 W/cm2), GNPs, GNRs, GVs, and BGVs raised the

temperature by 8.0, 24.0, 23.6, and 40.7 °C, respectively. The photothermal effect of BGVs

could increase monotonically with particle concentration and radiant energy (Figure S6).

Next, we measured the photothermal conversion efficiency (η) of BGVs. The η value was

calculated according to the energy balance on the system as follows[2c, 2h, 4c, 11]:

(1)

(2)

where h is the heat transfer coefficient, S is the surface area of the container, ∆Tmax is the

temperature change of the BGV solution at the maximum steady-state temperature, I is the

laser power, A808 is the absorbance of BGVs at 808 nm, and Qs is the heat associated with

the light absorbance of the solvent. τs is the sa1mple system time constant, mD and CD are

the mass (0.2 g) and heat capacity (4.2 J/g) of deionized water used as the solvent.

According to Equations 1 and 2, the η value of BGVs was determined to be 37% (Figure
S7). The η value of BGVs is markedly higher than GVs (18%), GNRs (22%) and GNSs
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(13%)[11] (Figure 2b), suggesting high efficiency of BGVs to convert the 808 nm laser

energy into heat due to the presence of ultra-strong plasmonic coupling effect.

We further investigated the biodegradability of BGVs by treating them at different

conditions. We found that the assembled BGVs gradually collapsed by increasing the

temperature of BGVs solution (Figure 2c). When the system temperature was over 70 °C,

majority of BGVs were dissociated after 10 min since the melting point of PCL is about

60°C.[12] As shown in Figure S8, we found that small holes appeared on the membranes of

BGVs at 1-week time. Afterwards, defects between adjacent GNPs became more evident

and major fragments falling off the vesicles were seen in 4 weeks. Finally, all of BGVs are

completely collapsed at 8 week. Based on those results, we predict the in vivo dissociation of

BGVs will be shorter, due to the complex body conditions including abundant enzymes.

These results suggest that the BGVs can be gradually degraded into discrete GNPs by both

temperature-dependent and time-dependent manners.

NIR laser-triggered cell killing effect of BGVs was assessed by a standard (3-[4,5-

dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) (MTT) assay[13] (Figure S9a). Cell

viability was normalized to the control group without any treatment. Without laser

irradiation, BGVs exhibited negligible toxicity to MDA-MB-435 cells. Upon laser

irradiation, BGVs induced a concentration and laser dose-dependent cytotoxicity to MDA-

MB-435 cells. The cell viability of irradiated groups gradually decreased with the increase

of BGV concentration. With the extension of the treatment to 10 min, almost all cells were

killed at all tested concentrations. To further identify the cell viability, the cells were co-

stained by Calcein AM and ethidium homodimer-1 to differentiate live (green) and dead

(red) cells (Figure S9b-d), respectively. In the control group, all the cells displayed green

fluorescence, which suggests that laser irradiation alone is not able to kill tumor cells. In the

BGV group, all cells were killed, as indicated by the intense homogeneous red fluorescence.

Meanwhile, we found that all cells within laser spot were killed, while cells without

irradiation (outside the region of laser spot) displayed green fluorescence. This result

indicates that PTT treatment using BGVs is highly selective and localized.

Encouraged by the in vitro PTT effect of BGVs, we then investigated the feasibility of using

BGVs for in vivo PT/PA imaging and PTT in a MDA-MB-435 tumor xenograft model.

When the tumors reached about 60 mm3, the mice were treated with intratumoral injection

of 50 µL of BGVs (400 µg/mL). Thermal imaging was employed to monitor the efficacy of

treatment in vivo using an infrared thermal camera (Figure 3a-b). Under both 0.5 and 1

W/cm2 808 nm laser irradiation, the local tumor temperature was rapidly increased over 18

°C within 5 min, which was high enough to kill tumor cells in vivo. No significant

temperature rising was observed in other body parts of the mice (Figure S10). With

intratumoral administration of the same amount of GNRs followed by 1 W/cm2 808 nm

laser irradiation, the local temperature change was about 10 °C within 5 min. With

intratumoral administration of the same amount of GVs and 2 W/cm2 671 nm laser

irradiation, the local temperature change was about 8 °C within 5 min.

PA imaging was employed to evaluate the PA property of BGVs, and guide the intratumoral

injection (Video S1). With the increase of BGV concentration, the PA signal intensity was
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linearly correlated with the BGV concentration (R2 = 0.994), described by the following

typical equation: Y = 0.16+46.50X. (Figure 3c). Compared with GNRs (Figure S11),

BGVs showed much stronger PA signal at the same OD @808 nm value. Intense PA signals

were observed in the tumor region injected with BGVs (Figure 3d and Figure S12). As

shown in Figure 3e, the average tumor PA intensity of BGVs was ~10-fold stronger than

that before BGV injection, and ~1-fold stronger than that of GV injection.

Finally, the BGVs-induced PTT effect in vivo was studied. Considering the size of BGVs

over 200 nm, they are efficient in activating the human complement system and are hence

cleared rapidly from the blood circulation and predominantly taken up by the

reticuloendothelial system (RES) including the liver (Kupffer cells) and the spleen (marginal

zone and red pulp) macrophages.[14] Therefore, the preferred route of BGV administration is

intratumoral injection, which is the most efficient way for delivery of PTCA in PTT.[15] As

shown in Figure 4a, seven groups of MDA-MB-435 tumor-bearing mice with 5–7 mice per

group were used in our experiment. For the treatment groups (n = 7/group), mice were

intratumorally injected with 50 µL of BGVs (400 µg/mL) and then irradiated by the 808 nm

laser at power densities of 0.5 or 1 W/cm2 for 5 min. Other control groups of mice (5 mice/

group) included untreated mice, mice with BGV administration but no laser, mice with laser

irradiation only, mice with GNR administration and 808 nm laser irradiation (0.5 W/cm2),

and mice with GV administration and 671 nm laser irradiation (2 W/cm2). GNR, GV and

BGV administration/irradiation groups showed remarkable delay in tumor growth or tumor

regression compared with the control groups after two weeks (GNR vs. Ctl, P < 0.001; GV

vs. Ctl, P < 0.001; BGV vs. Ctl, P < 0.0001). In the BGVs + laser groups (both 0.5 and 1

W/cm2), all the tumors were effectively ablated, leaving black scars at their original sites

without showing reoccurrence (Figure 4a and b). In contrast, the tumors in the control

groups showed similar growth speed (Figure 4a). It is worth noting that the BGV group

with low dose of laser irradiation (0.5 W/cm2 for 5 min) exhibited significantly higher

therapeutic efficacy as compared with GNR/laser and GV/laser groups on day 14 (BGV vs.

GV, P < 0.0001; BGV vs. GNR, P < 0.0001 ). While mice in the control groups showed

average life spans of 14~20 days since treatment started, mice in the BGV treated groups

were tumor-free and survived over 30 days without a single death or tumor reoccurrence,

mice in the GNR/laser group showed only slight delay of tumor growth and all the animals

at day 24 had to be sacrificed due to the extensive tumor burden (Figure 4c). Hematoxylin

and eosin (H&E) staining of tumor slices was also carried out for tumors collected

immediately after laser irradiation (Figure 4e). We found significant cancer cell damage in

the tumor of the BGV/laser group, but not in the other three control groups. We also

investigated the biodisribution of BGVs after intratumoral injection. Figure 4d showed that

BGVs would leak into circulation and prominently accumulate in the RES including the

liver and spleen on day 2. BGVs were cleared from the RES on day 8. For BGVs only

group, the BGVs always stay in the tumor tissues (Data not shown). These results indicate

that BGVs have excellent theranostic capability for PT/PA imaging and PTT of tumor with

reasonable clearance most likely due to the dissociation of assemblies after laser irradiation

and under the physiological condition over time.
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In summary, we have developed a novel theranostic platform based on biodegradable

plasmonic gold vesicles for cancer imaging and treatment. The disulfide bond-termed PEG-

b-PCL BCP graft allows dense packing of GNPs with specific interparticle orientations

during the assembly process and induces ultra-strong plasmonic coupling effect between

adjacent GNPs. The strong NIR absorption induced by plasmon coupling enables

thermal/PA imaging and PTT with high efficacy. The BGVs we developed have the

following features: i) high photothermal conversion efficiency (η= 37 %); ii) dissociation

into discrete gold nanoparticles at elevated temperatures; iii) simultaneous thermal/PA

imaging and enhanced PTT efficacy; iv) improved clearance of the dissociated particles

after the completion of PTT. In addition, the multifunctional BGVs have high solubility and

stability in aqueous media, good biocompatibility, thus facilitating their biomedical

applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Self-assembly of biodegradable gold vesicles (BGVs) composed of poly(ethylene glycol)-b-

poly(ε-caprolactone) (PEG-b-PCL) tethered GNPs via dot-line-plane-vesicle mode during

the dialysis process. BGVs with ultra-strong plasmonic coupling effect are superior

photoacoustic (PA) imaging and photothermal therapy (PTT) agents with improved

clearance after the dissociation of assemblies. PA signal and PTT efficiency of BGVs are

increased with the decrease of d (distance between adjacent GNPs).
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Figure 1.
Plasmonic BGVs self-assembled from GNPs (26.2 ± 1.45 nm). (a) SEM (Inset: 3-D electron

density mapping of a broken BGV) and (b) TEM images (Inset: individual BGV). (c) SEM

images of GV, BGV1, BGV2, and BGV3. (d) UV-vis-NIR spectra of GNPs, PEG-b-PS

tethered gold vesicles (GVs), and block co-polymer (BCP)-tethered biodegradable gold

vesicles produced by dialysis of 100, 150, and 250 100 µg/mL THF solution of GNPs. The

LSPR peaks of BGVs can be tuned by varying the GNP concentration.
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Figure 2.
(a) Temperature elevation of the aqueous solutions of GNPs, GNRs, GVs and BGVs

exposed to laser (1 W/cm2) as a function of irradiation time. GNPs (same Au concentration

with BGVs, λex= 808 nm). GNRs (OD@808 nm=1, λex= 808 nm). GVs (OD@671 nm=1,

λex= 671 nm).BGVs (OD@808 nm=1, λex= 808 nm). The irradiation lasted for 5 min, and

then the laser was turned off. Pure water was used as a negative control. (b) Photothermal

conversion efficiencies of BGVs, GVs, GNRs and GNSs. (c) TEM images of BGVs after

being treated at different temperatures for 10 min.
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Figure 3.
(a) Thermal images of MDA-MB-435 tumor-bearing mice exposed to 808 nm laser for 5

min at post-injection of PBS or BGVs. (b) Heating curves of tumors upon laser irradiation as

a function of irradiation time. (c) PA signals of BGVs and GNRs as a function of optical

density. (d) In vivo 2D and 3D ultrasonic (US) and photoacoustic (PA) images of tumor

tissues at pre-injection and post-injection of BGVs. Arrows indicate the location of BGVs.

(e) PA intensities of tumor tissues with intratumoral administration of the same amount of

GVs or BGVs.
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Figure 4.
(a) Tumor growth curves of different groups of MDA-MB-435 tumor-bearing mice after

treatment. Tumor volumes were normalized to their initial sizes. Error bars represent the

standard deviations of 5-7 mice per group. Asterisk indicates P < 0.01. (b) The photographs

of MDA-MB-435 tumor-bearing mice at different days after BGV treatment. (c) Survival

curves of tumor-bearing mice after various treatments. BGVs injected mice after PTT

treatment showed 100% survival over 30 days. (d) Pharmacokinetics of BGVs after

intratumoral injection of 50 µL of BGVs (400 µg/mL). Inductively coupled plasma mass

spectrometry (ICP-MS) analysis of Au in different organs at 1, 2 and 8 days post-injection

(n = 3/group). (e) H&E staining of tumor sections collected from different groups of mice

after laser irradiation.
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