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aggregation of AuNPs at tumorous sites. One of the possible 
stimuli is the acidic extracellular pH of solid tumors. A number 
of pH-sensitive AuNPs that can agglomerate at tumorous site 
have been reported for PTT of cancers.[9] Nevertheless, the 
sophisticated biological environment may pose unwanted par-
ticle aggregation. One way to bypass this hurdle is to utilize 
light as stimulus because some tumors can spatiotemporally 
be addressed by light.[10] As a matter of fact, in vitro studies 
on light-triggered self-assembly of AuNPs have been reported 
over the past decade based on isomerization or dimerization 
of light-responsive molecules such as chromophores,[11] spiro-
pyrans,[12] azobenzene,[13] etc. However, in vivo applications of 
the above-mentioned systems have not been reported before. In 
addition, the syntheses of the molecular switches involved are 
often complicated. It is therefore highly meaningful to develop 
new strategies for spatiotemporally manipulating the assembly 
of AuNPs in order to achieve aggregates of AuNPs for both PTT 
and PAI of tumors in vivo.

Herein, we report novel photolabile AuNPs which are cova-
lently cross-linkable with the aid of 405 nm laser irradiation, 
via a diazirine (DA) terminal group of PEG5000 (polyethylene 
glycol, Mn = 5000) ligands on the surface of AuNPs (20.5 nm). 
As schematically shown in Scheme 1, the particle surface 
diazirine group is first transformed into carbene upon laser 
excitation at 405 nm. Then, the resulting reactive carbene 
moieties will form covalent bonds with ligands of adjacent 
AuNPs through CC, CH, OH, and XH (X = heteroatom) 
insertions,[14] leading to the formation of covalently cross-
linked particle aggregates, while the AuNPs outside the laser 
beam will not be triggered. The reason to choose laser instead 
of conventional light source is that the laser beam can easily 
be focused to very tiny regions for precise and effective tumor 
treatment through PTT.

The photolabile AuNPs were prepared as follows. PEGylated 
AuNPs bearing surface NH2 groups (denoted as Au@
PEGNH2 below) were first prepared according to a previously 
described protocol,[15] and then conjugated with NHS-diazirine 
(succinimidyl 4,4-azipentanoate) to obtain diazirine-decorated 
AuNPs (denoted as dAuNPs below). Figure 1a shows repre-
sentative transmission electron microscopy (TEM) images 
of the resulting dAuNPs together with those obtained after 
exposure to 405 nm laser irradiation (1 W cm−2) for different 
periods of time. The average size of the as-prepared dAuNPs 
is of 20.5 ± 1.9 nm. Upon photoirradiation, the AuNPs did 
not change much in average size, but largely form particle 
aggregates and the agglomeration degree of dAuNPs becomes 
strongly dependent on the exposure time, suggesting that the 
interparticle cross-linking took place upon laser irradiation.

Plasmonic photothermal therapy (PTT) has drawn tremendous 
attention due to its spatiotemporal addressability, minimal 
invasiveness, and high therapeutic efficiency for cancer treat-
ment.[1] Gold nanoparticles (AuNPs) have largely been taken 
as promising photothermal therapeutic agents.[2] However, 
for spherical solid AuNPs, only those larger than 50 nm pre-
sent strong near-infrared (NIR) absorption that is essentially 
required for PTT as well as photoacoustic imaging (PAI). 
But smaller particles are typically more preferable for tumor 
theranostic applications owing to their longer blood residence 
time and shorter biological half-life contrasting to their larger 
counterparts.[3] In this context, spatiotemporally manipulating 
the aggregation of small AuNPs in vivo, for shifting the sur-
face plasmon resonance to NIR regions, may offer a solution 
to solve the above contradiction. Thus far, numerous tech-
niques have been developed for assembling AuNPs into novel 
functional materials. For example, the assembly of AuNPs can 
easily be realized in solution by mixing them with multithiol 
molecules such as dithiol alkane[4] and pentaerythritol tet-
rakis-3-mercaptopropionate.[5] Unfortunately, this approach is 
apparently not suitable for forming controllable aggregates of 
AuNPs in vivo. DNA-mediated assembly of AuNPs at desired 
locations has been reported for ex vivo diagnostics.[6] But it is 
technically challenging to apply this approach in vivo due to the 
costliness, susceptibility to nucleases in blood,[7] and induction 
of immune response.[8] Stimulus-responsive approaches have 
recently aroused increasing interests for locally inducing the 
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To better characterize the aggregating behavior of dAuNPs 
in solution, dynamic light scattering was carried out to monitor 
the variation of hydrodynamic size of the resulting aggregates 

formed. Figure 1b presents a series of snapshots of the hydro-
dynamic size profiles recorded at different time points during 
irradiation. The initial dAuNPs present a symmetric size profile 
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Scheme 1. Schematic illustration of light-triggered assembly of dAuNPs.

Figure 1. a) TEM images, b) hydrodynamic size profiles, and c) absorption spectra of dAuNPs before and after illuminated with 405 nm laser different 
periods of time (Inset of panel (c): photographs of aqueous solutions of dAuNPs before and after laser irradiation for 25 min).
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with the hydrodynamic size of around 49 nm. Upon irradiation, 
the hydrodynamic size of dAuNPs quickly increases with irra-
diation time and eventually reaches 346 nm after 25 min. In 
contrast, such laser irradiation induced agglomeration was not 
observed from Au@PEG-NH2 (see Figure S1 in the Supporting 
Information), which strongly supports that the photoinduced 
cross-linking of dAuNPs took place via the surface diazirine 
groups.

Along with the morphological variations, as shown in 
Figure 1c, the surface plasmon resonance peak, initially 
locating at around 520 nm for the isolated AuNPs, gradually 
shifts to longer wavelength. In addition, after ≈15 min of con-
tinuous irradiation, a second absorption maximum appears as a 
shoulder at around 700 nm and gradually extends to NIR region 
of 700–900 nm against prolonged irradiation. In consequence, 
the color of the dAuNPs solution was changed from wine red 
to bluish gray, indicating a strong coupling among particles 
forming the aggregates. The strong surface plasmon reso-
nance appearing in NIR thus makes the dAuNPs potentially 
useful for PTT and PAI of tumors. It is deserved to mention 
that the aggregating behavior induced by laser irradiation could 
effectively be manipulated through the feeding ratio of DA to 
PEGNH2 ligand, denoted as [DA]/[PEGNH2], as shown in 
Figure S2 (Supporting Information). Alternatively, the size of 
the resulting aggregates could also be tuned by the concentra-
tion of dAuNPs under fixed feeding ratio of [DA]/[PEGNH2].

Based on the above optimizations, dAuNPs prepared with 
[DA]/[PEGNH2] feeding ratio of 3.6:1 were chosen for the fol-
lowing experiments for evaluating their PTT and PAI perfor-
mance in vitro. The PA signal of particle aggregates obtained 
upon laser irradiation for 25 min was recorded against the 
initial concentration of dAuNPs. As shown in Figure S3 (Sup-
porting Information), the PA signal was remarkably enhanced 
through the photoinduced aggregation over a large concentra-
tion range of dAuNPs. In addition, the PA signal goes linearly 
with the initial particle concentration, indicating that the light-
triggered assembly of dAuNPs can well be controlled. Moreover, 
the cross-linked AuNPs also presented greatly enhanced photo-
thermal effects contrasting to the noncross-linked ones under 
808 nm laser irradiation, as shown in Figure S4 (Supporting 
Information). For example, after the same dose of 808 nm laser 
irradiation (1 W cm−2, 5 min), the temperature of the aqueous 
solution containing cross-linked dAuNPs (150 µg mL−1) was 
raised to 57.1 °C, while the temperature of the solution con-
taining equal amounts of noncross-linked dAuNPs and pure 
water was only increased to 30.5 and 26 °C, respectively. Based 
on a previously reported method,[16] the optical-thermal conver-
sion efficiency (η%) was further estimated to be around 78.8% 
and 21.6% for the cross-linked dAuNPs and noncross-linked 
dAuNPs, respectively.

Toward in vivo applications, the cytotoxicity of dAuNPs was 
first assessed through widely used methy thiazolyl tetrazolium 
(MTT) assay. As shown in Figure S5 (Supporting Informa-
tion), dAuNPs exhibited negligible cytotoxicity to 4T1 cells in a 
concentration range of 12.5–200 µg mL−1 after incubated with 
the cells for 24 and 48 h, respectively. The overall cell viability 
remained above 80% and prolonged incubation time did not 
give rise to decreased cell viability. The following TEM studies 
revealed that dAuNPs after being incubated with 4T1 cells for 

24 h could still be cross-linked after being exposed to 405 nm 
laser light (1 W cm−2, 3 min), while those subjected to no 
photoirradiation did not show clear aggregation tendency even 
after being uptaken by 4T1 cells as shown in Figure S6 (Sup-
porting Information).

The photothermal ablation effect of Au particle aggregates 
on 4T1 cells was then characterized through live/dead staining. 
The results shown in Figure S7 (Supporting Information) 
clearly revealed that under safe power density threshold, effec-
tive cell thermal ablation could still be achieved with 808 nm 
irradiation if dAuNPs were precross-linked with 405 nm laser, 
otherwise no evident cytotoxicity was observed. Further quanti-
fied results were obtained through MTT and flow cytometry, as 
given in Figures S8 and S9 (Supporting Information), respec-
tively, for showing the remarkable photothermal ablation effect 
of the light-triggered assemblies of dAuNPs in vitro.

The above results firmly demonstrate that the enhanced 
PAI and PTT capabilities endowed by the light-triggered cross-
linking of dAuNPs make the cross-linkable particles promising 
for tumor theranostics, owing to the expected longer blood 
circulation time than particle aggregates which are prone to 
enhanced uptake by reticuloendothelial organs. To show the 
in vivo application potential, 100 µL of aqueous solution of 
dAuNPs (2 mg mL−1) was intravenously injected into the tail 
vein of living female nude mice bearing 4T1 tumors. At 24 h 
postinjection, the tumorous areas were exposed to 405 nm laser 
light (1 W cm−2) for 25 min followed by PA imaging. In com-
parison with control groups, the mice receiving dAuNPs fol-
lowed by cross-linking process exhibit remarkably increased 
PA signal at the tumor site, as shown in Figure 2a, suggesting 
that the above laser can effectively induce the cross-linking of 
dAuNPs in vivo.

In light of these exciting results, the photothermal thera-
peutic effect of the cross-linked AuNPs was further investigated 
in vivo. As shown in Figure 2b, the tumor local temperature 
was raised by 26.7 °C after 10 min of irradiation of 808 nm 
laser (0.75 W cm−2), while the local temperature of the con-
trol tumor was only raised by 8.6 °C upon the same dose of 
laser irradiation if no precross-linking procedure was applied. 
To further show the thermal ablation effect in vivo, tumor-
bearing BALB/c mice receiving physiological saline (denoted 
as control), or dAuNPs followed by 405 nm laser irradiation 
(denoted as dAuNPs+λ405 nm), or dAuNPs followed by 808 nm 
laser irradiation (denoted as dAuNPs+NIR) were set as control 
groups for showing the treatment efficacy of 808 nm irradia-
tion through AuNPs precross-linked in vivo. The PTT efficacy 
was evaluated by monitoring the average tumor size of different 
groups over a period of 20 d. As shown in Figure 3a, the tumor 
size increases in a rather similar way for dAuNPs+λ405 nm 
and physiological saline groups, while a rather weak inhibi-
tion of tumor growth is presented by dAuNPs+NIR group. In 
huge contrast, the tumors holding cross-linked dAuNPs were 
effectively reduced in size upon 808 nm irradiation (denoted 
as dAuNPs+λ405 nm+NIR) until three out of four tumors were 
completely eliminated, as shown in Figure S10 (Supporting 
Information). The survival rates of mice receiving different 
treatments are given in Figure 3b. In comparison with control 
groups, dAuNPs+λ405 nm+NIR group exhibits greatly improved 
survival rate, showing no single death over 20 d.
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To further evaluate the PTT efficacy, tissues of the tumorous 
sites were extracted on third post-treatment and subjected 
to hematoxylin and eosin (H&E) staining. As shown in 
Figure 4, no obvious malignant necrosis was observed in the 
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Figure 3. Variation of a) tumor volume and b) survival rate of mice 
receiving different treatments (n = 4).

Figure 4. Photographs of representative mice chosen from each group 
and captured on 20th day post-treatment for showing the therapeutic 
effects of different therapeutic combinations (left) and slices of tumor 
tissues extracted on third post-treatment and stained with hematoxylin 
and eosin (H&E).

Figure 2. a) PA images and quantified PA signal of the tumorous sites of mice receiving treatments with different combinations of λ405 nm laser irradia-
tion and intravenous delivery of dAuNPs (100 µL, 2 mg mL−1). b) Photothermal images of tumor-bearing mice for showing the in vivo cross-linking 
effect of dAuNPs on tumor local temperature against irradiation time of 808 nm laser.
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control groups of mice, while extensive karyopyknosis and 
necrosis can be observed from dAuNPs+λ405 nm+NIR group, 
which manifests the excellent PTT efficacy of the cross-linked 
dAuNPs. All these evidences strongly suggest that the light-
triggered assembly of dAuNPs may potentially serve as a plat-
form for effective cancer treatment through PTT apart from 
enhanced PA imaging. Although the penetration depth of 
405 nm laser remains limited (Figure S11, Supporting Infor-
mation), as a proof of concept study, the current strategy for 
spatiotemporally manipulating Au particles in vivo can hope-
fully be extended to other types of photolabile moieties trig-
gerable upon lights with wavelengths more suitable for clinical 
applications.

In summary, we have successfully developed a novel photo-
cross-linkable AuNP. As a gift of the strong coupling among 
AuNPs cross-linked in vivo, the surface plasmon resonance 
peak of 20.5 nm AuNPs can effectively be shifted to NIR region, 
which makes small AuNPs not only useful for enhanced photo-
acoustic imaging, but also for effective PTT of malignant 
tumors. We thus believe that the delicate light-addressable 
cross-linking concept demonstrated herein can potentially be 
extended into other material systems so as to achieve advanced 
functions, which are not initially possessed by the building 
blocks, for biomedical applications.

Experimental Section
Materials: All the chemical reagents were purchased from Sigma-

Aldrich and used as received. MTT cell proliferation cytotoxicity assay 
kit from Sigma, live/dead cell staining kit (calcein-AM-propidium iodide) 
from Invitrogen, apoptosis detection kit (Annexin V-PE/7-AAD) from BD 
were used as received.

Preparation of AuNPs: AuNPs were prepared by a classic sodium 
citrate reduction method according to the previously reported 
method.[15] In a typical synthesis, 100 mL of Milli-Q water containing 
≈0.006 wt% HAuCl4 was heated to boil for 5 min on a hot plate under 
vigorous stirring. Then, 3 mL of 1 wt% sodium citrate solution was 
rapidly introduced. The reaction mixture was continuously boiled for 
another 30 min until the solution changed into wine red and then the 
reaction was terminated by cooling the reaction system down to room 
temperature. The resulting AuNP solution was stored at 4 °C for further 
experiments.

Preparation of NH2-Funtionalized PEGylated AuNPs (Au@
PEGNH2): Into 100 mL aqueous solution of the as-prepared AuNPs, 
20 mg of methoxy-PEG5000SH and 20 mg of NH2PEG5000SH were 
introduced. The reaction mixture was then kept under stirring overnight 
to enable the particle surface PEGylation. The resulting PEGylated Au 
nanoparticles, denoted as Au@PEGNH2, were purified by repetitive 
ultrafiltration centrifugation (5000 rpm per 10 min) to remove the 
unreacted PEG, and then resuspended in Milli-Q water. The percentage 
of the feeding amount of NH2PEG5000SH eventually coating on 
the surface of AuNPs was estimated to be ≈82.2% by analyzing the 
ultrafiltrate with high performance liquid chromatography (HPLC) after 
ninhydrin reaction.

Preparation of dAuNPs: Into 1 mL aqueous solution of the 
as-PEGylated Au@PEGNH2 (2.48 mg mL−1) containing ≈16.4 mg of 
NH2PEG5000SH binding on particle surface, 1.8 µL of NHS-diazirine 
(1.48 g mL−1) and 3.3 µL triethylamine (0.73 g mL−1) were added. 
After stirring for 2–3 h at room temperature, the reaction mixture was 
subjected to ultrafiltration (5000 rpm per 10 min) for three times to 
afford the desired dAuNPs which were resuspended in Milli-Q water, 
and stored at 4 °C for further experiments.

Mice Tumor Model: Female BALB/c mice with body weights 
of 18–20 g purchased from ChangZhou Cavensla Experimental 
Animal Technology Co. Ltd were housed under standard conditions 
(25 ± 2 °C/60% ± 10% relative humidity) with 12 h light/dark cycle. The 
tumors were grafted by subcutaneous inoculation of 1 × 106 4T1 cells 
in about 50 µL phosphate buffered saline (PBS) into the back of each 
mouse. PAI and PTT studies were carried out when tumor size reached 
about 50 mm3. All animal experiment protocols were compliant with the 
Animal Ethics Committee of the Soochow University Laboratory Animal 
Center.

In Vivo Photoacoustic Imaging and PTT of Tumors: For in vivo PA 
imaging, the tumor-bearing nude mice were divided into four groups, 
and then subjected to different combinations of treatments, i.e., 
intravenous injection of dAuNPs and 405 nm irradiation. Typically, 
dAuNPs (100 µL, 2 mg mL−1) were intravenously injected into the tumor-
bearing mice. The tumor regions were then exposed to 405 nm laser 
(1 W cm−2) for 25 min 24 h postinjection. Subsequently, the mice were 
anesthetized with isoflurane, and placed into a water bath to maintain 
their body temperature at 37 °C for following tumor imaging.

For in vivo PTT experiments, the tumor-bearing BLAB/c mice were 
divided into four groups (n = 4) and then subjected with different 
combinations of treatments, i.e., intravenous injection of dAuNPs 
followed by 405 nm irradiation (denoted as dAuNPs+λ405 nm), 
intravenous injection of dAuNPs followed by 808 nm irradiation (denoted 
as dAuNPs+NIR), intravenous injection of dAuNPs followed by both 
405 and 808 nm irradiation (denoted as dAuNPs+λ405 nm+NIR), while 
mice receiving no treatment served as control. The power density 
of 808 nm laser for PTT was 0.75 W cm−2 and the exposure time 
was 10 min. The therapeutic effects could be clearly seen from the 
photographs of typical tumors extracted 20 d post-treatment. Tumor size 
was measured with a caliper and tumor volume was calculated with the 
following equation: V = ab2/2, where V is the volume of the tumor, and a 
and b are tumor length and tumor width, respectively. The tumor volume 
was continuously monitored till 20 d post-treatment. The tumor tissues 
were resected from the mice on 3 d post-treatment for evaluating the 
therapeutic efficacy of different treatments through pathological analysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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