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Aim: We aimed to characterize the tumor-targeting and radiosensitization properties of the photo-
responsive gold nanoparticles (AuNPs) decorated photolabile diazirine group and folic acid for improved
radiotherapy and computed tomography imaging of tumors. Methods: Folic acid and photolabile di-
azirine group were covalently conjugated on the surface of AuNPs to afford the desired photo-responsive
dAuNP-FA (AuNPs capped with poly(ethylene) glycol ligands bearing photolabile diazirine group and folic
acid). The probes were intravenously injected into tumor-bearing mice followed by photocrosslinking
upon 405 nm laser irradiation for radiotherapy and computed tomography imaging of tumors in vivo.
Results: Light-triggered crosslinking of AuNPs in vivo remarkably enhanced the accumulation and reten-
tion of AuNPs within tumors. Conclusion: We have successfully developed a novel photo-responsive Au
particle-based tumor theranostic probe showing remarkably improved tumor targeting ability and ra-
diosensitization effect.
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Radiation therapy (RT), alongside surgery and chemotherapy, has become one of the most effective measures for
cancer treatment with up to 50% of cancer patients receiving RT in clinics [1]. Nevertheless, RT still suffers from
low efficacy in killing the hypoxic tumor cells and inevitable damage to the surrounding healthy tissues [2]. To solve
these problems, versatile radiosensitizers are being developed for increasing the efficacy of cancer radiotherapy by
amplifying the radiation damages to the tumor cells [3,4].

Recently, there has been a considerable increase of interest in using nanoparticles as sensitizers especially metallic
nanomaterials (gold [5–9] and platinum [10]), quantum dots [11], superparamagnetic iron oxide [12] and nanomaterials
containing rare earth elements (e.g., gadolinium [13] and cerium [14], bismuth etc. [15–22]). Among them, gold
nanoparticles (AuNPs) are widely accepted as promising radiosensitizers due to the high atomic number and strong
x-ray absorption coefficient. Upon x-ray irradiation, AuNPs can essentially produce a lot of electrons and radicals
to damage the cellular components, such as DNA [8,23,24]. Additionally, AuNPs have excellent biocompatibility,
stability and inertness when interacting with biological tissues [25–28]. In terms of cytotoxicity, AuNPs actually have
very low toxicity [29] because most of them can be swallowed up by scavenger cells and be quickly cleared out from
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body through feces and urine metabolic pathways [30,31]. Besides, the tumor-targeting capability of AuNPs can be
realized by the surface modification [32,33]. Thus, those unique properties render AuNPs very suitable for cancer
theranostics.

The radiosensitizing effects of AuNPs are associated with different parameters such as particle size [34], shape [35],
surface modification [27,36], local concentration [37], cell types and radiation dose. Regarding the particle size, particles
<50 nm are more preferable owing to their large surface area, long blood circulation time, deep penetration depth
through tissues and short biological half-life contrasting to their large counterparts [38]. However, the shortcoming
is that they easily overflow back into the blood stream, giving rise to low tumor accumulation and high liver
uptake [39,40]. Therefore, spatiotemporally inducing the crosslinking of AuNPs in vivo may offer an approach for
taking the advantages of small particles and meanwhile overcoming their limitation in tumor accumulation and
retention, so as to improve the radiotherapeutic efficacy. We have previously demonstrated that AuNPs decorated
with photolabile diazirine (DA) moieties can be covalently crosslinked upon 405-nm laser irradiation, which leads
to remarkably enhanced tumor accumulation and retention of AuNPs in vivo [41]. In this work, we make use of this,
but beyond that and in difference the AuNPs were decorated with folic acid aiming for improving the tumor uptake
of nanoparticles. In addition, the photosensitization effect of the nanoparticles crosslinked in vivo was particularly
investigated. The overall strategy for enhancing the efficacy of RT and the contrast of computed tomography (CT)
imaging is schematically shown in Figure 1. In brief, AuNPs capped with poly(ethylene) glycol (PEG) ligands
bearing DA group and folic acid (dAuNP-FA) were designed. Once the nanoparticles are crosslinked within tumor
in vivo with the aid of laser irradiation, their backflow to the bloodstream is supposed to be suppressed owing to a
reduced exocytosis for enhancing their retention within tumors.

Materials & methods
Materials & instruments
All the chemical reagents were purchased from Sigma-Aldrich (MO, USA) and used as received without further
purification. Methyl thiazolyl tetrazolium (MTT) cell proliferation cytotoxicity assay kit from Sigma-Aldrich,
live/dead cell staining kit (calcein-AM-propidium iodide) from Invitrogen (CA, USA), apoptosis detection kit
(Annexin V-PE/7-AAD, BD, CA, USA) were used as received. 1H NMR spectra were recorded on a Bruker
AVANCE III 400 NMR spectrometer (Bruker, Fällanden, Switzerland) using CDCl3 as solvent and tetramethyl-
silane as internal reference. UV-Vis absorption spectra were taken on UV spectrometer (UV-3600, Shimadzu,
Kyoto, Japan). Dynamic light scattering measurements were carried out using a particle size analyzer (Nano ZS90,
Malvern Panalytical, Malvern, UK) at room temperature. Transmission electron microscopy (TEM) images were
taken on an electron microscope (Tecnai G2 Spirit, FEI, OR, USA). Continuous wave (CW) laser diode with
output wavelength at 405 nm was used for the crosslinking of dAuNPs-FA.

Light-triggered crosslinking of dAuNP-FA in vitro
The light-triggered crosslinking of dAuNP-FA nanoprobes was investigated with both TEM and dynamic light
scattering (DLS). Normally, the aqueous solution of dAuNP-FA (50 μl, 1 mg/ml) was excited by 405 nm laser
(1 W/cm2) for 25 min, and then the morphology of the resulting particle aggregates was observed with TEM
(Tecnai G-20, FEI) and the size distribution profile was determined at 25◦C using a Zetasizer (Nano ZS90, Malvern
Panalytical). The UV-Vis spectra were recorded with UV spectrometer (UV-3600, Shimadzu).

Cellular endocytosis & exocytosis of dAuNP-FA nanoprobes
The 4T1 cells were seeded into a 12-well plate with 5 × 104 cells per well for 24 h. After being washed with
phosphate-buffered saline (PBS), 4T1 cells were incubated with 500 μl of dAuNP-FA (50 μg/ml) for 24 h. Then
the culture media were removed and the cells were washed twice by PBS. After that, in 500 μl of fresh medium the
cells were continually incubated for 2, 6, 10, 24 and 48-h incubation, respectively. Finally, the cell culture media
and cells of each group were collected at the end of incubation, and treated with aqua regia (HCl/HNO3 = 1:3,
volume ratio). The Au content was determined by inductively coupled plasma atomic mass spectrometry (ICP–MS)
instrument (Element-2, Thermo Fisher Scientific, MA, USA).

In vitro radiosensitization effect of dAuNP-FA
For DNA double-strand breaks assay, 4T1 cells were seeded into 35-mm dishes by a density of 2 × 104 and
incubated for 24 h. The cells were divided into five groups, that is, control, λ405 nm, RT, dAuNP-FA+RT and
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Figure 1. Schematic illustration of light-triggered crosslinking of gold nanop articles for remarkably improved radiation therapy.
Schematic drawings for the preparation of AuNPs capped with PEG ligands bearing photolabile diazirine group and folic acid nanoprobes
and the light-triggered formation of gold nanoparticles aggregates (A) that are supposed to present enhanced radiosensitization effect
owing to prolonged tumor residence time and enhanced damage to DNA (B).
AuNP: Gold nanoparticle; hv: Light; PEG: Poly(ethylene) glycol.

dAuNP-FA+λ405 nm+RT. In all these groups, the cells that received no treatment were denoted as control; the
cells irradiated with 405-nm laser were denoted as λ405 nm and the cells irradiated with 4 Gy x-ray as RT; the cells
that received x-ray irradiation after incubated with dAuNP-FA for 24 h were denoted as dAuNP-FA+RT, while
the cells incubated with dAuNP-FA probes and then irradiated with 405-nm laser prior to the x-ray treatment
were denoted as dAuNP-FA+λ405 nm+RT group. The exposure time for 405-nm laser (1 W/cm2) was 3 min
and x-ray dose was 4 Gy. After treatment, the cells were fixed with 4% paraformaldehyde and permeabilized
with 1% Triton X-100 (Sigma-Aldrich) for 10 min. The fixed cells were then incubated with 200-μl rabbit
monoclonal antiphosphohistone γ-H2AX antibody (ab81299, Abcam, Cambridge, UK) overnight at 4◦C, followed
by incubation with the secondary antibody Cy3-labeled goat antirabbit IgG (H+L) for 1 h at 37◦C after being
washed. Finally, the cells were stained with Hoechst and then examined using an Olympus confocal microscope
(Olympus, Tokyo, Japan) for analyzing the red phospho-H2AX signals.

For clonogenic survival assays, 4T1 cells were incubated in six-well plates by different numbers (100, 200, 300,
600 and 1000 cells) and allowed to adhere for 48 h. The cells obtained were then divided into three groups, for
example – control, dAuNP-FA and dAuNP-FA+λ405 nm. In these groups, the cells received no treatment were
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denoted as control, the cells incubated with dAuNP-FA nanoprobes (50 μg/ml) were denoted as dAuNP-FA,
while the cells subjected to 405-nm laser irradiation were denoted as dAuNP-FA+λ405 nm. After incubation for
24 h, these cells were exposed to x-ray radiation of different doses, respectively, for example, 0, 2, 4, 6 and 8 Gy,
and then incubated after another 10 days. The final collected cells were washed with PBS, followed by fixation
with 100% methanol, and then stained with Giemsa dye for 10 min. The number of colonies was calculated
and the survival curves were plotted using a standard linear quadratic model. Triplicated data of each sample were
normalized. The sensitization enhancement ratio (SER) was calculated by the linear-quadratic model using Origin
Pro 9.0 based on the equation: y = exp(-(a*x+b*x2)), where y is survival fraction, x is dose of x-ray, 1/a is the mean
lethal dose (D0) and SER = D0(with radiosensitizer)/D0(without radiosensitizer).

CT imaging with the aid of dAuNP-FA in vivo
For in vivo CT imaging, 4T1 tumor-bearing mice were intravenously injected with 200μl of dAuNP-FA (5 mg/ml).
Then, the mice were irradiated with 405-nm laser (1W/cm2) at 3 h postinjection for 25 min. The CT value of the
tumor site was collected at different time points (e.g., 3, 5, 9, 24 and 48 h) for showing the imaging capacity of the
crosslinked dAuNP-FA with U-SPECT+/CT (MILabs, Utrecht, The Netherlands) scanner. The noncrosslinked
dAuNP-FA probes were taken as control.

Radiotherapy with the aid of dAuNP-FA in vivo
When the tumor volume reached approximately 100 mm3, the mice were randomly divided into five groups
(n = 6 per group) for various treatments, for example – control, λ405 nm, RT, dAuNP-FA+RT and dAuNP-
FA+λ405 nm+RT. The 4T1 tumor-bearing mice were injected with dAuNP-FA (10 mg/kg) through the tail vein.
Normally the tumors were exposed to 405-nm laser (1W/cm2) at 3 h postinjection for 25 min. Subsequently, the
mice were exposed to x-ray (4 Gy) twice at 6 and 48 h postinjection, respectively. The tumor growth was monitored
by tumor size and weight in the following days. The tumor size was determined by a caliper and calculated as
follows: V = a*b 2, where V (mm3) is the volume of the tumor, and a (mm) and b (mm) are tumor length and
tumor width, respectively. At designed time points, the tumor tissues were dissected and subjected to hematoxylin
and eosin (H&E) and immunofluorescence staining according to standard protocols. In addition, the major tissues
and organs were also extracted for evaluating the therapeutic efficacies of different treatment combinations.

Results
Synthesis & characterization of dAuNP-FA
The PEGylated AuNPs simultaneously bearing DA group and folic acid were prepared as follows. First, the PEGy-
lated AuNPs bearing surface -NH2 groups were prepared according to a method described in the literature (see [42]),
and then conjugated with succinimidyl 4,4-azipentanoate (NHS)-diazirine. After being collected via centrifuga-
tion, the diazirine-decorated AuNPs further reacted with folic acid in which the carboxyl group was first activated
by EDC (N1-((ethylimino)methylene)-N3,N3-dimethylpropane-1,3-diamine)/NHS (N-Hydroxysuccinimide) in
DMSO through amidation reaction to afford diazirine/folic acid co-decorated AuNPs. The structure of the dAuNP-
FA probe was characterized by 1H NMR and DLS (Supplementary Figures 1, 2A & 2B). TEM was then used
to verify the photo crosslinkability of the dAuNP-FA probes upon laser irradiation. As shown in Figure 2A, the
average diameter of the as-prepared dAuNP-FA is of 23.0 ± 1.6 nm.

Light-triggered crosslinking of dAuNP-FA in solutions
Upon laser irradiation, the AuNPs form large particle aggregates (Figure 2B), which was further confirmed through
DLS measurements. As shown in Figure 2C, the initial dAuNP-FA probes present a symmetric size profile with
the hydrodynamic size of around 64.0 nm, while ca. 25-min continuous irradiation dramatically increases the
hydrodynamic size up to 244 nm. Meanwhile, the surface plasmon resonance peak, initially locating at around
520 nm for the isolated dAuNP-FA, is shifted to the NIR (near infrared region) with a second absorption maximum
appearing around 710 nm (Figure 2D & Supplementary Figure 2C).

Cellular endocytosis & exocytosis of dAuNP-FA nanoprobes
To block the backflow of a theranostic probe into the bloodstream by suppressing their exocytosis, should be an
effective measure for enhancing their retention within the tissue of interest. Nevertheless, this strategy was less
studied in comparison with the active targeting strategies based on specific ligands, such as – antibodies, peptides
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Figure 2. Characterization of the light-induced aggregation of gold nanoparticles capped with poly(ethylene)
glycol ligands bearing photolabile diazirine group and folic acid nanoprobes in deionization water. Transmission
electron microscopy images (A & B), hydrodynamic size profiles (C) and UV-Vis-NIR absorption spectra of gold
nanoparticles capped with poly(ethylene) glycol ligands bearing photolabile diazirine group and folic acid probes
recorded before and after 405-nm laser irradiation (1 W/cm2, 25 min) (D).
dAuNP-FA: Gold nanoparticle capped with poly(ethylene) glycol ligands bearing photolabile diazirine group and folic
acid.

and folic acid that are widely used for enhancing the binding affinity of a given probe. To demonstrate the
enhanced retention of the dAuNP-FA probes within cancer cells and evaluate the contributions of above strategies,
in vitro experiments were carried out and the internalization of dAuNP-FA probes into 4T1 cells was investigated
with dark-field microscopy. As shown in Figure 3A, the cellular uptake of the dAuNP-FA probes by 4T1 cells is
obviously higher than that of the diazirine-decorated AuNPs (denoted as dAuNP) after 24-h incubation. To further
quantify this difference, the amount of Au particles taken by 4T1 cells was determined with ICP–MS. As shown in
Supplementary Figure 3A, the cellular uptake of AuNPs gradually increased against the incubation time for both
dAuNP-FA and dAuNP. But the cellular uptake of dAuNP-FA is almost three-times higher than that for dAuNP
after 24-h incubation, which clearly exhibits the contribution of folic acid in targeting the tumor cells.

Light-triggered crosslinking of dAuNP-FA in living cells
To further show the light-triggered crosslinking effect, 4T1 cells seeded in a 12-well plate were incubated with the
dAuNP-FA probes for 24 h and then the cell culture medium was removed. After being washed twice with PBS,
the 4T1 cells were incubated with fresh medium for different periods of time for showing the crosslinking effect
induced by 405-nm laser light (1 W/cm2, for 3 min). In brief, the cellular endocytosis and exocytosis of the particle
probes were determined, through the cellular uptake of Au particles and Au content in the cell culture medium
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Figure 3. Light-triggered crosslinking of dAuNP-FA suppressed the exocytosis of nanoparticles and prolonged their
residence time within cells in vitro. Dark field microscopic images of 4T1 cells obtained after incubated with Au
nanoparticles modified with (dAuNP-FA) or without folic acid (diazirine-decorated Au nanoparticles); the embedded
scale bar corresponds to 20 μm. (A) The percentage incubated dose of cellular endocytosis and exocytosis of Au
particles determined after the 4T1 cells treated with dAuNP-FA nanoprobes were incubated for different periods of
time (dAuNP-FA) (B) or after the 4T1 cells treated with dAuNP-FA nanoprobes were crosslinked followed by
incubation for different periods of time (crosslinked dAuNP-FA) (C).
dAuNP-FA: Gold nanoparticle capped with poly(ethylene) glycol ligands bearing photolabile diazirine group and folic
acid.

with ICP–MS, respectively. As shown in Figure 3B, the percentage incubated dose of cellular endocytosis quickly
decreases from 51.2 to 19.5% after the 4T1 cells pretreated with the dAuNP-FA probes were incubated in the fresh
medium for 48 h, meanwhile the exocytosis increases accordingly. Although the cells labeled with the crosslinked
AuNP present similar trends as shown in Figure 3C, the percentage incubated dose of cellular endocytosis remains
48.7% after 48-h incubation, which implies that the light-triggered crosslinking of dAuNP-FA can effectively
suppress the exocytosis of nanoparticles and thus prolong their residence time within tumors.

Enhanced CT imaging of tumors in vivo
Toward in vivo applications, the cytotoxicity of dAuNP-FA was first investigated through the widely used MTT
assay. As shown in Supplementary Figure 3B, dAuNP-FA exhibited negligible cytotoxicity to 4T1 cells in a
concentration range of 25–100 μg ml-1 as the overall cell viability remained above 80% after incubation for
24 h. The performance of dAuNP-FA probes as a CT contrast agent was then assessed through comparison
with Iopromide, a clinically used CT contrast agent. The results given in Supplementary Figure 4 unveiled that
dAuNP-FA possessed an x-ray attenuation capacity much higher than Iopromide, highly implying that dAuNP-FA
holds potential as a CT contrast agent. The CT imaging performance of dAuNP-FA was then evaluated in vivo by
continuously monitoring the CT signal of the tumor site after 200 μl of aqueous solution of dAuNP-FA (5 mg
ml-1) was intravenously injected through the tail vein of living female nude mice bearing 4T1 tumor. The CT
imaging contrast was gradually enhanced against time owing to the improved accumulation of the nanoparticle
probes at the tumor site. The quantified CT signals indicated that the accumulation of the Au particles reached the
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Figure 4. Enhanced computed tomography imaging of tumors in vivo. Representative real-time computed tomography images of
tumors in vivo (A). Computed tomography values of the tumor sites recorded before (no crosslinking) and after the internalized Au
nanoparticle capped with PEG ligands bearing photolabile diazirine group and folic acid nanoprobes were crosslinked upon laser
irradiation (crosslinking) (B). Au contents in tumors extracted at different time points postirradiation (C). Representative transmission
electron microscopy images of the tumor tissues for showing the status of the Au nanoparticle capped with poly(ethylene) glycol ligands
bearing photolabile diazirine group and folic acid probes in response to the photo-crosslinking process in vivo (D).
*p < 0.05, **p < 0.01, by t-test, n = 3.
CT: Computed tomography; CL: Crosslinking; NCL: Non-crosslinking.

maximum around 3 h postinjection. Although the signal declined gradually thereafter, the contrast enhancement
remained observable 24 h postinjection (Supplementary Figure 5). To show the photo-crosslinking effect of the
dAuNP-FA probes on the enhancement of CT signal in vivo, two groups of tumor-bearing mice were intravenously
injected with 200 μl aqueous solution of dAuNP-FA (5 mg ml-1), respectively. At around 3 h postinjection, one
group of mice were exposed to 405-nm laser (1 W/cm2, 25 min) followed by CT imaging at different time points
postirradiation. As shown in Figure 4A & B, the signal decay is greatly suppressed if the dAuNP-FA probes are
crosslinked in vivo and ca. 76% of CT signal remains at tumor site 48 h after the laser illumination. In contrast,
only approximately 30% of the initial signal is preserved if no crosslinking process was applied.

In principle, the x-ray attenuation ability is correlated with the local amount of Au particles accumulated in
tumors. To further confirm that the improved contrast is quantitatively associated with the particle concentration
in vivo, the Au content in tumors was determined with ICP–MS. As shown in Figure 4C & Supplementary Figure
6, the laser irradiation apparently helps tumor hold more particles, which quantifies the crosslinking effect on the
enhanced tumor uptake of the Au nanoprobes in vivo. For example, the amount of Au particles is increased by a
factor of more than two if the crosslinked particles are compared with the noncrosslinked ones, which is well in
consistence with the CT imaging results.

The crosslinking of the dAuNP-FA probes was further studied ex vivo with TEM after the intravenously injected
probes were crosslinked in vivo with laser, while the tumor tissues extracted from mice receiving no laser irradiation
was used as control. As shown in Figure 4D, the laser irradiation can apparently crosslink the dAuNP-FA probes
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Figure 5. In vitro cancer cells radiotherapy. Radiosensitization effect of Au nanoparticle capped with poly(ethylene)
glycol ligands bearing photolabile diazirine group and folic acid nanoprobes evaluated through live/dead staining
(the embedded scale bar corresponds to 50 μm) (A), γ-H2AX immunofluorescent staining (the scale bar corresponds
to 20 μm) (B). Quantitative analysis of γ-H2AX foci density (number of γ-H2AX foci per 100-μm2 nuclear area) (C) and
clonogenic assays on the surviving fraction of 4T1 against the x-ray dose for cells treated with and without 405-nm
laser irradiation (D).
*p < 0.05, **p < 0.01, by t-test, N > 50 cells.
dAuNP-FA: Gold nanoparticle capped with poly(ethylene) glycol ligands bearing photolabile diazirine group and folic
acid; RT: Radiation therapy.

into large particle aggregates in vivo, contrasting to probes receiving no laser irradiation, as indicated by different
color arrows.

In vitro cancer cells radiotherapy
AuNPs are demonstrated not only as potential contrast agent for CT imaging, but also as sensitizing agent for
radiotherapy. Therefore, it is interesting to unveil the radiosensitization effect of the Au particles particularly in
the crosslinked form. The radiosensitization efficacy of x-ray irradiation in the presence of crosslinked dAuNP-
FA probes was first evaluated in vitro through live/dead assays, in which the 4T1 cells receiving 405-nm laser
irradiation (denoted as λ405 nm), x-ray radiation (denoted as RT), incubated with dAuNP-FA probes followed
by 405-nm laser irradiation (denoted as NP+λ405 nm) and no treatment (denoted as control) were designed. As
showed in Figure 5A, a very low influence on the cell viability is observed from cells exposed either to laser or x-rays
irradiation (4 Gy), whereas the presence of AuNPs can effectively promote the effect of x-rays radiation, especially
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after the Au particles are crosslinked. The radiosensitization efficacy was further evaluated by analyzing the DNA
double-strand breaks via γ-H2AX staining. The results given in Figure 5B & C unveil that almost no γ-H2AX
foci, appearing as red fluorescent spots upon immunofluorescence staining, is observed in control cells. The level of
γ-H2AX foci slightly increases in the λ405 nm and RT groups, which is quite consistent with the previous literature
reported [43,44]. However, the AuNPs can remarkably increase the level of γ-H2AX foci, especially after the Au
particles are crosslinked. In addition, the difference in the therapeutic efficacy can further be amplified by the dose
of x-ray radiation as demonstrated through clonogenic assays (Figure 5D). The SER as a standard criterion for
evaluating given radiosensitizers was also calculated by linear-quadratic model [6]. The SER of isolated dAuNP-FA
probes was as high as 1.23, but it was further increased to 1.33 after the dAuNP-FA nanoprobes are crosslinked.

To gain deeper understanding on the enhanced radiosensitization effect of the crosslinked Au particles, the
cell-cycle distribution assays were carried out with flow cytometry. In comparison with the cells in different control
groups, the cells receiving x-ray radiation mediated by the crosslinked dAuNP-FA nanoprobes presented the
highest percentage of cells in G2/M phase (Figure 6A), which makes the cells more sensitive to x-rays. Meanwhile,
the apoptosis rates of 4T1 cells from the five groups were also determined by flow cytometry (Figure 6B). The
quantitative results indicated that the apoptosis rates of the cells in control, λ405 nm and RT groups were <25%.
The apoptosis level of noncrosslinked dAuNP-FA group was around 41% after x-ray radiation treatment, while the
crosslinked dAuNP-FA group exhibited the highest apoptotic rate of 74% (a sum of the apoptotic ratio of 51%
and the necrosis ratio of 23%).

Fractionation RT is often adopted in clinic [45,46]. As single high-dose irradiation is considered to give rise to
severe damages to the immune system and normal tissues, and leads to significant loss of mature blood cells [47].
To assess the potential risks of single dose and fractionation radiation therapies, the standard hematological and
biochemical markers determined 4 days post irradiation were carefully compared. As shown in Supplementary
Figure 7, x-ray radiation exhibits remarkable impacts on the number of ferret peripheral total white blood cell
and lymphocytes. Nevertheless, the fractionation radiation can significantly suppress the damage to these cells. In
addition, the upregulation of red blood and platelets cells indicates that the single shot of 8-Gy x-ray irradiation
gives rise to obvious stress and damage to hematopoietic system, contrasting to 4 + 4 Gy group. Although a single
8-Gy shot and twice 4-Gy shots exhibit negligible impacts on alanine aminotransferase, aspartate aminotransferase
and albumin, the stronger impacts on alkaline phosphatase and total bilirubin indicate that 8-Gy shot gives rise to
more severe liver damage. In addition, the dramatic increase of creatinine as one of the kidney injury indicators
suggests that 8-Gy x-ray radiation led to an acute response of kidney. All these results indicate the serious risks of
high-dose x-ray RT.

In vivo tumor radiotherapy
Based on the aforementioned results, the in vivo radiotherapeutic efficacy of the dAuNP-FA probe in fractionation
RT, an effective treatment for breast cancer [48], was further evaluated. The 4T1 tumor-bearing mice were randomly
divided into five groups (n = 6 per group) for different combinations of treatments, including PBS injection
(control); laser irradiation (λ405 nm); x-ray radiation (RT); intravenous injection of the nanoprobe followed by
radiation treatment (dAuNP-FA+RT) and the photo-crosslinking process, which was applied prior to the radiation
treatment (dAuNP-FA+λ405 nm+RT). The injection dose of dAuNP-FA was of 100 μl (2 mg/ml). The power
density of 405-nm laser was of 1 W/cm2 and the illumination time was of 25 min. The crosslinking of the Au
particles in vivo was carried out 3 h postinjection. The dose of x-ray was of 4 Gy and applied twice at 6 and 48 h
postinjection of the nanoprobe, as illustrated in Figure 7A. To show the therapeutic efficacy, the tumor size was
monitored and plotted as a function of time in Figure 7B. To compare the overall clinical efficacy as defined by
morbidity-free survival, the survival rates of mice receiving different treatments are given in Supplementary Figure
8 using a Kaplan–Meier analysis [49]. The representative tumors extracted during the treatment were presented in
Figure 7C and Supplementary Figure 9. All these results demonstrate that the crosslinking of the Au particles in
vivo has a strong enhancement effect on the therapeutic efficacy of fractionation RT. For example, after twice 4-Gy
x-ray radiations, the tumor growth factor is significantly decreased from 8.6 ± 2.7 (noncrosslinked Au particles)
to 3.5 ± 0.5 (crosslinked ones). By contrast, the tumors of the untreated group and λ405 nm group show almost
similar but remarkably higher tumor growth rates, that is, 18.9 ± 3.1 and 18.1 ± 1.2, respectively. Although
certain suppressed growth rate (12.0 ± 1.1) is observed from the RT groups, it remains much higher than that of
the dAuNP-FA+λ405 nm+RT group.
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To further evaluate the radiosensitization efficacy, tumor tissues were extracted 2 days after the second shot of
x-ray radiation and then subjected to H&E staining. As shown in Figure 7D, the tumor tissues obtained after
the radiotherapy with the aid of the crosslinked dAuNP-FA nanoprobes become loose and fragile, and the tumor
cells are atrophic, which supports an optimal radiosensitization effect. Meanwhile, as revealed by H&E staining
of lung tissues shown in Supplementary Figure 10, aggressive lung metastases are found in almost all mice except
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for those from above-mentioned treatment group, which provides a solid histopathological proof on the excellent
radiotherapeutic effects of dAuNP-FA probe.

Discussion
In our previous study, as a proof of concept, we have demonstrated that the light-triggered crosslinking strategy
can be successfully used to spatiotemporally manipulate the aggregation of small AuNPs within subcutaneous
tumors. As the extension of previous work, we herein prepared small size of AuNPs and then decorated the
surface of AuNPs using folic acid and a DA group to afford novel photo-responsive AuNPs (dAuNP-FA). Both
DLS and TEM studies have indicated that the initial size of the as-prepared dAuNP-FA is around 23 nm, and
the nanoparticles can form large particle aggregates upon 405-nm laser irradiation, suggesting that 405-nm laser
irradiation can effectively induce the crosslinking of dAuNP-FA probes in aqueous solution [50]. The exocytosis
and endocytosis studies also indicated dAuNP-FA has good tumor-targeting and longer retention times within
tumors than dAuNP nanoparticles without FA modification. Notably, dAuNP-FA probes can specifically target
the integrin αvβ3 receptor that is highly expressed in cancer cells, which significantly increases the tumor uptake
of nanoprobes.

AuNPs were widely recognized as promising CT contrast agents in biomedical applications. The tumor CT
imaging studies in this work demonstrate that the contributions of folic acid enabled targeting and the photo-
assisted crosslinking to the retention of the probe particles within the target cells are rather comparable, which
validates the rationality of current strategy for enhanced CT imaging and the following improved therapy through
both active targeting and crosslinking of the particle probes in situ. Furthermore, the crosslinking of the dAuNP-
FA probes was confirmed by ex vivo experiments with TEM measurements. The TEM images results strongly
demonstrate that dAuNP-FA can effectively accumulate within tumors through the folic acid-mediated tumor-
targeting effects apart from the well-known enhanced penetration and retention. Importantly, the light-triggered
crosslinking of AuNPs remarkably prolongs the retention time of particle probes within tumors.

It is well known that AuNPs are not only potential contrast agents for CT imaging, but also promising sensitizing
agent for radiotherapy. In order to explore the in vivo potential of dAuNP-FA for improved tumor radiotherapy
as sensitizing agent, the radiosensitization effect of dAuNP-FA particularly in the crosslinked form was also
investigated. The in vivo experimental results show that the crosslinking of the Au particles has a strong enhancement
effect on the therapeutic efficacy of fractionation RT. In general, this light-triggered AuNPs aggregation approach
is potentially suitable for the treatment of superficial skin tumors or it may be used as an endoscope-like laser for
the irradiation of deeper tumors in future. In view of the limited tissue penetration of visible light, we will try to
exploit the new alternative stimuli with deep tissue penetration or choose tumor microenvironment to manipulate
the crosslinking of AuNPs effectively in following study.

Conclusion
In summary, we have successfully developed a novel Au particle-based tumor theranostic probe showing remarkably
improved tumor-targeting ability and sensitization effect on cancer radiotherapy upon in vivo crosslinking of
AuNPs. Through systematic investigations, it is unveiled that the crosslinking of the Au particles can effectively
suppress the exocytosis and thus improve the residence time of nanoprobes within tumors. Its contribution turns
out to be very comparable with the folic acid-mediated targeting with respect to the tumor uptake of the Au
nanoprobes. The following studies further demonstrate that in vivo crosslinking of the AuNPs is greatly in favor of
the therapeutic efficacy of x-ray RT.

Future perspective
We believe that the current approach for enhancing the theranostic effects through light-triggered crosslinking
of nanoprobes in situ, as a proof-of-concept study, will benefit the design of advanced nanomedicines for cancer
diagnosis and treatment.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at www.futuremedicine.com/doi/suppl

/10.2217/nnm-2019-0015
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Summary points

• Photo-responsive gold nanoparticles as effective radiosensitizer and computed tomography imaging contrast
agent for tumor theranostics.

• Gold nanoparticles are widely accepted as promising radiosensitizers due to the high atomic number and strong
x-ray absorption coefficient. The modification of folic acid dramatically enhances the tumor-targeting ability of
the Au nanoparticles.

• The light-triggered crosslinking of Au nanoparticle capped with PEG ligands bearing photolabile diazirine group
and folic acid (dAuNP-FA) can effectively suppress the exocytosis of nanoparticles and thus prolong their
residence time within tumors.

• dAuNP-FA for tumor computed tomography imaging showed prolonged signals.
• dAuNP-FA nanoprobes showed great radiotherapeutic effects on tumors.
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