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Aim: To develop an innovative 211At nanoplatform with high radiolabeling efficiency and 
low in vivo deastatination for future targeted alpha-particle therapy (TAT) to treat cancer.
Methods: Star-shaped gold nanoparticles, gold nanostars (GNS), were used as the platform 
for 211At radiolabeling. Radiolabeling efficiency under different reaction conditions was 
tested. Uptake in the thyroid and stomach after systemic administration was used to evaluate 
the in vivo stability of 211At-labeled GNS. A subcutaneous U87MG human glioma xenograft 
murine model was used to preliminarily evaluate the therapeutic efficacy of 211At-labeled 
GNS after intratumoral administration.
Results: The efficiency of labeling GNS with 211At was almost 100% using a simple and 
rapid synthesis process that was completed in only 1 min. In vitro stability test in serum 
showed that more than 99% of the 211At activity remained on the GNS after 24 h incubation 
at 37°C. In vivo biodistribution results showed low uptake in the thyroid (0.44–0.64%ID) 
and stomach (0.21–0.49%ID) between 0.5 and 21 h after intravenous injection, thus indicat-
ing excellent in vivo stability of 211At-labeled GNS. The preliminary therapeutic efficacy 
study demonstrated that 211At labeled GNS substantially reduced tumor growth (P < 0.001; 
two-way ANOVA) after intratumoral administration.
Conclusion: The new 211At radiolabeling strategy based on GNS has the advantages of 
a simple process, high labeling efficiency, and minimal in vivo dissociation, making it an 
attractive potential platform for developing TAT agents that warrants further evaluation in 
future preclinical studies directed to evaluating prospects for clinical translation.
Keywords: astatine-211, 211At, gold nanostars, GNS, cancer therapy, targeted alpha-particle 
therapy, TAT

Introduction
Targeted alpha-particle therapy (TAT) is an emerging method for cancer treatment 
that has the advantages of high linear energy transfer (>50 keV/µm), irreparable 
double-strand DNA breaks, and independence of dose rate, cell cycle, and cellular 
oxygenation.1,2 As a result, TAT is conceptually superior to standard-of-care external 
beam radiation therapy using X-rays or γ-rays particularly for treating hypoxic 
tumors. Furthermore, since alpha-particles have a range of only a few cell diameters, 
TAT is an attractive approach for treating disseminated cancers.3 Among the different 
available alpha-particle emitting radionuclides, astatine-211 (211At) has the unique 
advantages of an optimal half-life (7.2 h) and absence of long-lived alpha-particle 
emitting daughter radionuclides, thus preventing off-target radiation toxicity from the 
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redistribution of daughter radionuclides.2,4 Our group per-
formed the first clinical trial for the treatment of glioblas-
toma (GBM) with 211At-labeled antibodies.5 However, 
traditional 211At radiolabeling methods including the one 
used in this clinical study generate a chemical bond between 
211At and an aromatic carbon that have the following lim-
itations: (1) the complicated radiochemistry process makes 
it difficult for clinical applications; (2) low conjugation 
efficiency results could lead to suboptimal cancer treatment: 
only 1 in 400 to 1000 antibody molecules can be labeled 
with an 211At; (3) the 211At from the labeled molecule can 
dissociate from the prosthetic moiety due to intrinsic low 
C-At bond strength and in vivo metabolic degradation.6,7 

Innovative radiolabeling methods involving a simple pro-
cess, high yield, and loading capacity are urgently needed 
for both preclinical studies and clinical translation of TAT 
agents labeled with 211At.

Our group has developed a novel method to synthesize 
star-shaped gold nanoparticles, gold nanostars (GNS), for 
biomedical applications without the need for toxic 
surfactants.8 The multibranched GNS morphology offered 
a high surface area for 211At labeling, which helped 
achieve a very effective delivery platform. Furthermore, 
the size of GNS can be tailored to optimize the preferential 
accumulation in tumors by the enhanced permeability and 
retention effect. In prior studies, we have demonstrated 
that the developed GNS can accumulate selectively in 
brain cancer mediated by the enhanced permeability and 
retention effect.9 The enhanced permeability and retention 
effect was reported to be due to the tumor leaky vascula-
ture, and this effect was found in most solid tumors.10,11 

Brain cancer was selected as the intended target disease for 
this study because it is one of the most aggressive cancers. 
Specifically, GBM, with more than 10,000 newly diag-
nosed patients in the United States each year, is the most 
common primary brain cancer.12,13 Despite the highest 
first-year cost (> $120,000) for a cancer type, the prog-
nosis for GBM patients is dismal. The median survival for 
GBM patients is only 15 months after aggressive treat-
ments, including surgery, chemotherapy, and radiation 
therapy.14–16 Less than 5% of the patients survive for 
more than 3 years.17 Despite decades of effort, GBM is 
still a deadly disease with essentially 100% mortality.18,19 

Thus, there is a critical and urgent need to develop new 
approaches for effective brain cancer treatment.

As a first step towards developing a GNS-based 211At- 
labeled TAT agent for GBM treatment, we have performed 
experiments described herein evaluating the potential 

utility of 211At-labeled GNS for this purpose. Only a few 
studies have been reported directed at developing nano-
particle-driven carrier systems for use with 211At. 
Ultrashort, single-walled carbon nanotubes (US-tubes) 
labeled with 211At via noncovalent van der Waals binding 
have been evaluated in an ex vivo study.20 However, the 
radiolabeling efficiency was low, and the in vivo stability 
of 211At-labeled US-tubes was not studied. Although 
in vitro cell experiments have been performed with 211At- 
labeled gold nanospheres, no in vivo investigations of gold 
nanoparticles have been described to date.21,22

In the current study, we evaluated GNS as a novel plat-
form technology for 211At radiolabeling and for the first 
time, investigated in vivo stability and biodistribution in 
normal mice, and therapeutic efficacy of the 211At-GNS in 
a murine subcutaneous GBM model. Our experimental 
results showed that 211At labeling of GNS can be achieved 
by a simple process in a short time with a high labeling 
efficiency and in vivo stability. In addition, the 211At- 
labeled GNS demonstrated a substantial therapeutic efficacy 
by inhibiting tumor growth after intratumoral administra-
tion. To the best of our knowledge, this is the first in vivo 
study investigating gold nanoparticles as an 211At delivery 
platform for future TAT applications.

Materials and Methods
GNS Synthesis and Characterization
All chemicals were purchased from Sigma-Aldrich unless 
mentioned otherwise. GNS were synthesized following 
our developed toxic surfactant-free and seed-mediated 
method reported in previous studies.23,24 12-nm spherical 
gold nanoparticles synthesized using the trisodium citrate 
reduction method were used as seeds. For GNS synthesis, 
1 mL of 3 mM AgNO3 in deionized (DI) water and 1 mL 
of 50 mM ascorbic acid in DI water were rapidly added to 
a mixture of 100 mL of DI water with 0.25 mM HAuCl4, 
1 mM HCl, and 1 mL of the 12-nm gold nanosphere seeds 
under vigorous stirring. After a 10-min reaction, 1 mL of 
1 mM mPEG-SH (MW 6,000) in DI water was added and 
the mixture was incubated for 1 h at room temperature. 
The resultant GNS were purified and concentrated by 
centrifugation at 6000 g for 30 min. Transmission electron 
microscopy (TEM) of GNS was performed using a Tecnai 
G2 Twin transmission electron microscope (FEI, Hillsboro, 
OR) with a 160 kV acceleration voltage. The Vis-NIR 
spectrum was obtained by using a UV-Vis-NIR spectro-
meter (UV-3600, Shimadzu, Japan). The hydrodynamic 
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diameter and nanoparticle concentration of the PEGylated 
GNS were measured with Nanoparticle Tracking Analysis 
method (Nanosight 500, Malvern, UK).

Radiolabeling and in vitro Stability
Astatine-211 was produced at the Duke University 
Medical Center cyclotron facility by bombarding 
a natural bismuth target with a 28.0-MeV alpha-particle 
beam and subsequently isolated by a dry distillation 
method.25 For the radiolabeling experiments, 100 µg 
GNS in DI water were mixed with 7.4 MBq 211At (460 
fmol) in different media [DI water, 0.1 M NaOH in DI 
water, 50 mM ascorbic acid (AA) in DI water, or 0.2 mg/ 
mL N-chlorosuccinimide (NCS) in DI water], and the 
reaction was allowed to proceed at room temperature for 
1, 5 and 30 min. We also evaluated the effect of the GNS 
amount – ranging from 100 µg (540 fmol) down to 0.01 
µg (54 amol) – on radiolabeling efficiency using a 5-min 
reaction time. The reaction volume was 100 µL, and 
centrifugation (6,000 g, 10 min) was used to separate 
free, unreacted 211At remaining in solution and 211At- 
labeled GNS. The 211At-labeled GNS pellet was resus-
pended in 100 µL of DI water, and then the radioactivity 
levels were measured using a dose calibrator. The stability 
of 211At-labeled GNS was evaluated by incubating it in 
phosphate-buffered saline (PBS), pH 7.4, and in murine 
serum at 37°C up to 24 h. The murine serum was isolated 
by centrifugating the murine whole blood at 3000 g for 10 
min. The supernatant (serum) was collected for the in vitro 
stability measurements. The concentration of the 211At- 
GNS agent in both the murine serum and PBS was 200 
µg/mL (Au) with 7.4 MBq 211At per mL. The same cen-
trifugation protocol (6,000 g, 10 min) was used to separate 
dissociated 211At in the solution and the 211At-labeled 
GNS.

In vivo Biodistribution
Freshly prepared PEGylated GNS were labeled with 211At 
by incubation at room temperature for 5 min in 50 mM 
ascorbic acid in DI water. Radiolabeled GNS were purified 
by centrifugation/washing 3 times and resuspended in PBS 
without ascorbic acid. For the biodistribution experiment, 
20 nude mice were randomly divided into 4 groups, and 
each mouse was intravenously injected with 211At-labeled 
GNS (0.185 MBq radioactivity and 100 µg gold mass) in 
100 µL PBS without ascorbic acid. Mice were euthanized, 
and organs of interest (liver, spleen, lung, heart, kidney, 
bladder, stomach, small intestine, large intestine, thyroid, 

muscle, blood, urine, bone, skin, brain, and tail) were 
harvested at 0.5, 2, 14, and 21 h after intravenous injection 
of the radiolabeled GNS. Tissues were weighed and 
counted along with injection standards for 211At activity 
using an automated gamma counter (LKB 1282, Wallac, 
Finland). The measurement geometry of the gamma coun-
ter was taken into account by placing samples at the same 
location as that for the standard. From these counts, 
the percent injected dose per gram tissue (%ID/g) 
and percent injected dose per organ (%ID/organ) were 
calculated using an in-house computer program.

Therapeutic Efficacy Experiment
Human glioma U87MG cells were obtained from Duke 
Cell Culture Facility and cultured in MEM cell growth 
medium with 10% fetal bovine serum (Hyclone, MA, 
USA), 100 units/mL penicillin, and 100 µg/mL streptomy-
cin at 37°C in a 5% CO2 incubator. The use of the U87MG 
cell line was approved by the ethics committee, and this 
cell line was authenticated by the short tandem repeat 
profiling. All animal studies were performed under proto-
cols that had been approved by the Duke University 
Institutional Animal Care and Use Committee. The guide-
lines from National Institutes of Health and Duke 
University Institutional Animal Care and Use Committee 
were followed. For subcutaneous xenograft generation, 
3×106 U87MG human glioma cells in the cell growth 
medium were subcutaneously injected into each mouse in 
the flank region. The tumor size was calculated as 
0.5×length×width×width. After 18 days, the tumor size 
reached ~100 mm3 and the intratumoral therapy study 
was initiated. Groups of 10 mice received either 30 µL 
of 211At-labeled GNS (1.11 MBq) in PBS or just PBS by 
intratumoral injection using a syringe pump at a rate of 30 
µL/min. The tumor sizes were measured every 3 or 4 days 
until the end of the study.

Results
The synthesized GNS exhibited a star-like shape and had 
a maximum absorption at 765 nm (Figure 1). We per-
formed 211At radiolabeling experiments using PEGylated 
GNS with a hydrodynamic diameter of 50 nm using dif-
ferent reaction conditions and the results are shown in 
Figure 2. First, we compared the radiolabeling efficiency 
in four different reaction media. The calculated 211At 
labeling efficiency was 94.7 ± 0.1% in DI water, 97.4 ± 
0.2% in DI water with 0.1 M NaOH, 99.8 ± 0.1% in DI 
water with 50 mM ascorbic acid, and 42.6 ± 0.3% in DI 
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water with 0.2 mg/mL NCS. The radiolabeling efficiency 
for the reaction medium with a reducing agent, ascorbic 
acid, was the highest (99.8%), and almost all the 211At 
could be attached to GNS after only a 5-min incubation at 
room temperature. Conversely, the NCS oxidizing agent 
dramatically decreased the radiolabeling efficiency to 42.6 
± 0.3%. Second, we evaluated the effect of incubation time 
on radiolabeling efficiency in reaction media consisting of 
DI water or DI water with 50 mM ascorbic acid. The 
radiolabeling efficiency in DI water increased from 93.4 
± 0.2% (1 min), to 94.7 ± 0.1% (5 min), and 97.4 ± 0.2% 
(30 min). The radiolabeling efficiency in DI water with 50 
mM ascorbic acid was essentially quantitative by 1 min 
and remained constant over 30 min. Third, we compared 
how the nanoparticle-to-211At ratio affected the radiolabel-
ing using DI water with 50 mM ascorbic acid as the 
reaction medium. The radiolabeling efficiency decreased 
as the 211At:GNS ratio increased: from 99.8 ± 0.1% (540 
fmol GNS, 211At:GNS = 0.85), 99.1 ± 0.1% (54 fmol 
GNS, 211At:GNS = 8.5), 98.3 ± 0.1% (5.4 fmol GNS, 
211At:GNS = 85), 94.1 ± 0.2% (540 amol GNS, 211At: 
GNS = 850), and 67.4 ± 0.2% (54 amol GNS, 211At:GNS 
= 8,500). The in vitro stability tests at 37°C indicated that 
99.5 ± 0.3% and 99.6 ± 0.2% 211At remained on GNS after 
1 h incubation in PBS and serum, respectively. After 
24 h incubation, the percentage of 211At on GNS was 
98.9 ± 0.2% for PBS and 99.1 ± 0.3% for serum at 37°C.

After evaluating the feasibility of labeling GNS with 
211At, we performed a comprehensive study to investigate 
the biodistribution of 211At activity in normal mice after 
intravenous injection of 211At-labeled GNS. As shown in 
Figure 3, at 30 min, blood was found to have the highest 
concentration of 211At activity (44.4 ± 4.5%ID/g) followed 
by spleen (22.6 ± 1.8%ID/g), lungs (16.9 ± 2.0%ID/g), 
liver (9.1 ± 2.2%ID/g) and kidneys (8.1 ± 1.1%ID/g). In 
total, nearly 60%ID was found in the blood pool and ~13% 
ID was found in the liver. Activity in the blood decreased 
with time between 0.5 and 21 h after intravenous injec-
tion – from 44.4 ± 4.5%ID/g at 0.5 h to 40.6 ± 3.2%ID/g, 
22.9 ± 4.17%ID/g and 22.0 ± 4.7%ID/g remaining at 2, 14 
and 21 h, respectively. Similar behavior was observed in 
the lungs. In contrast, the %ID/g in spleen increased with 
time, from 22.6 ± 1.9%ID/g at 0.5 h, to 37.5 ± 5.9%ID/g at 
2 h, 35.3 ± 4.7%ID/g at 14 h, and 105.3 ± 15.8%ID/g at 21 
h; a similar trend was observed in the liver. For radio-
halogens like 211At, uptake in the thyroid and the stomach 
can serve as an indicator of in vivo stability because of the 
proclivity of free halides for these tissues. The %ID in 
thyroid was low and did not change significantly between 
0.5 and 21 h, with values of 0.61 ± 0.21%ID, 0.64 ± 0.28% 
ID, 0.44 ± 0.18%ID, and 0.61 ± 0.21%ID measured at 0.5, 
2, 14 and 21 h, respectively. Likewise, the %ID in the 
stomach was low at all time points: 0.21 ± 0.06%ID at 
0.5h, 0.28 ± 0.08%ID at 2h, 0.43 ± 0.14%ID at 14 h, and 
0.49 ± 0.10%ID at 21 h. In summary, the biodistribution 

Figure 1 TEM image (A) and Vis-NIR absorption spectrum (B) of the synthesized GNS used in this study.
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results showed that 211At-labeled GNS had a long circula-
tion time in the blood and accumulated in the liver and 
spleen gradually, with a low degree of deastatination 
in vivo.

As an initial evaluation of the therapeutic potential of 
211At-labeled GNS, an experiment was performed in athy-
mic mice with subcutaneous U87MG human glioma xeno-
grafts with the labeled drug given by the intratumoral 
route. As shown in Figure 4, the 211At-labeled GNS sub-
stantially inhibited the tumor growth rate. The average 
tumor volume in the control group increased rapidly 
from 82 mm3 on Day 1 to 177 mm3, 409 mm3, 
798 mm3, and 1456 mm3 on Days 4, 7, 10, and 14, 
respectively. In contrast, the average tumor volume in the 
treatment group increased slowly, from 78 mm3 on Day 1 
to 95 mm3, 112 mm3, 152 mm3, and 189 mm3 on Days 4, 
7, 10, and 14, respectively. The two-way ANOVA test 
indicated that the difference in tumor volumes between 

the 211At-labeled GNS treated group and the control group 
with PBS injection was statistically significant (P < 0.001).

Discussion
The multibranched GNS morphology of GNS offered 
a high surface area for loading 211At, which should provide 
a very effective delivery platform. Consistent with this 
expectation, our developed GNS had a very promising 
performance as a nanoplatform for 211At delivery. First, 
the radiolabeling process is simple and can be completed 
as fast as 1 min with nearly quantitative labeling efficiency 
(99.8%). Moreover, the radiolabeling process can be per-
formed without using the organic solvents or a high- 
performance liquid chromatography system for purification 
as is generally required for traditional radiolabeling meth-
ods based on At-C chemical bond formation. Second, the 
GNS loading capacity for 211At is high and the radiolabel-
ing efficiency remained at ~94% when an 211At:GNS ratio 

Figure 2 Evaluation of radiolabeling GNS with 211At. (A). Radiolabeling efficiency evaluation in different reaction media: DI water, DI water with 0.1 M NaOH, DI water 
with 50 mM ascorbic acid, DI water with 0.2 mg/mL NCS after a 5 min incubation. (B) Radiolabeling efficiency as a function of incubation time when the reaction was 
performed using DI water or DI water with 50 mM ascorbic acid as the media. (C) Radiolabeling efficiency evaluation for GNS mass ranging from 0.01–100 µg for 5 
min incubation in DI water with 50 mM ascorbic acid. (D) Percentage of 211At remaining on GNS after incubation in PBS and murine serum at 37°C for 1 h and 24 h. All 
experiments performed in triplicate and error bar shows standard deviation.
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of 850 was used. The radiolabeling efficiency dropped to 
67.4% when we further increased the 211At:GNS ratio to 
8,500, indicating that the maximum number of 211At loaded 
per GNS was approximately 5,700. In contrast, traditional 
macromolecular radiolabeling methods based on At-C che-
mical bond formation generally have a low conjugation 
efficiency: only 1 in 400 to 1,000 antibody molecules can 
be labeled with an 211At radionuclide.2 Third, the 211At- 
labeled GNS exhibited high stability and minimal in vivo 
dissociation. The thyroid and stomach are the two major 
organs that take up high amounts of free [211At] astatide. 
We observed a low uptake of 211At activity in the thyroid 
(0.44–0.61%ID) and the stomach (0.21–0.49%ID) between 
0.5 h and 21 h after systemic administration of 211At- 
labeled GNS, suggesting a low degree of in vivo dehalo-
genation had occurred.

The observed high in vivo stability of 211At labeled 
GNS can be explained by the strong chemical bond 
formed between At and Au.26 The calculated bond energy 
was reported to be 130 kJ/mol and the oxidation state for 
211At for binding to Au was considered to be −1.26 Our 
radiolabeling results are consistent with this; in the pre-
sence of a reducing agent, ascorbic acid, 211At labeling of 
GNS increased, while in the presence of an oxidizing 
agent, NCS, 211At labeling of GNS decreased, indicating 
that the oxidization state of At on GNS is −1. We plan to 
perform mechanistic studies to better understand our 

Figure 3 Biodistribution of 211At activity after intravenous injection of 211At- 
labeled GNS in normal mice. The results are shown as percent injected dose per 
gram tissue (%ID/g) (A), and as percent injected dose per organ (%ID/organ) (B). 
Error bar shows the standard deviation (n=5).

Figure 4 Therapeutic efficacy evaluation of 211At TAT using GNS as a novel delivery platform. (A) tumor size change profile for each mouse in the 211At-GNS treatment 
group (1.11 MBq) and blank control group with PBS injection. (B) Average tumor size change profile for mice in the 211At-GNS treatment group (1.11 MBq) and blank 
control group with PBS injection. Error bar shows standard deviation (n = 10). P value was calculated using 2-way ANOVA (P< 0.001).
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in vivo experimental data in the near future using 
approaches similar to those used by Teze et al.6

The in vivo stability of the 211At-labeled TAT agent is 
critical because dissociated 211At can result in off-targeted 
toxicity and decrease the radiation dose delivered to the 
tumor. To provide a frame of reference, we compared our 
in vivo stability results with those from previous studies in 
mice using clinically applied 211At coupling reagents includ-
ing N-succinimidyl 3-trimethylstannylbenzoate (m-MeATE) 
and isothiocyantophenethyl-ureido-closodecaborate(2-) 
(B10-NCS). Using a murine model, Zalutsky et al reported 
the stomach uptake for an 211At-labeled antibody prepared 
using m-MeATE to be 2.94–4.07%ID/g between 0.5 and 24 
h after IV injection with a thyroid uptake of 0.36–0.73%ID.27 

In a separate biodistribution study using the same m-MeATE 
reagent for labeling an antibody F(ab’)2 fragment with 211At, 
Bäck et al reported that the stomach uptake was 4.4–12.3% 
ID/g during 0.5–21 h after IV injection,28 which is signifi-
cantly higher than that (0.71–1.79%ID/g) for our GNS deliv-
ery platform. Orozco et al utilized the B10-NCS coupling 
reagent to label an anti-CD45 antibody with 211At and 
reported a stomach uptake of 1–2%ID/g between 1 h and 
7 h, reaching ~5%ID/g at 24 h.29

We next compared our in vivo stability results with those 
for other 211At TAT agents moving toward clinical trial includ-
ing meta-[211At]astatobenzylguanidine (211At-MABG), and 
N-succinimidyl 3-((1,2-bis(tert-butoxycarbonyl)guanidino) 
methyl)-5-(trimethylstannyl)benzoate (Boc2-iso-SGMTB). 
Ohshima et al reported that for 211At-MABG, stomach uptake 
was 2.41–6.71%ID/g and thyroid uptake was 0.61–1.65%ID 
between 1 and 24 h after injection.30 Choi et al utilized the Boc2 

-iso-SGMTB linker to label a single-domain antibody frag-
ment (sdAb) with 211At and reported a stomach uptake of 0.5– 
1.7%ID/g and thyroid uptake of 0.15–0.35%ID over up to 
24 h after injection.7 In addition, there are some other 211At- 
coupling reagents at earlier stages of development 
that provide data for comparison. For example, Dekempaner 
evaluated the N-[2-(maleimido)ethyl]-3-(trimethylstannyl) 
benzamide (MSB) coupling reagent in comparison to Boc2- 
SGMTB, m-MeATE for labeling an sdAb with 211At.31 The 
reported stomach uptake for 211At-labeled sdAb using MSB 
was more than 20%ID/g between 1 and 6 h after injection. 
Better in vivo stability was observed with sdAb labeled 
using m-MeATE, but stomach uptake was still more than 
10%ID/g even at 1 h after injection. Consistent with the results 
of Choi et al,7 211At-labeled sdAb prepared using Boc2- 
SGMTB had the lowest stomach uptake among the three 

studied methods, with ~2%ID/g between 1 and 6 h after 
injection.

With regard to the in vivo stability of small organic 
molecule TAT agents labeled with 211At, Ohshima reported 
that for [211At]astatophenylalanine, stomach uptake was 
0.6–2.99%ID/g during the first 6 h after injection.32 

Makvandi et al evaluated the in vivo stability of [211At] 
MM4 (1-(4-astatophenyl)-8,9-dihydro-2,7,9atriazabenzo 
[cd]azulen-6(7H)-one) and stomach uptake was more 
than 10%ID/g within 2 h after injection.33 Liu et al radi-
olabeled a small-molecule peptide with 211At by using an 
N-succinimidyl 5-(tributylstannyl)-3-pyridinecarboxylate 
ester precursor and reported the stomach uptake to be 
5.55%ID/g 3 h after intravenous injection.34 However, in 
a subsequent therapy study using this molecule, gastric 
toxicity was observed at higher doses.35 In summary, 
although different animal models were used, uptake of 
211At activity in the stomach and thyroid after injection 
of 211At-labeled GNS is lower than that observed for most 
other 211At-labeled TAT agents, including those that have 
either been investigated clinically or will soon enter clin-
ical trials. This suggests that the GNS delivery platform 
has sufficient in vivo stability for future clinical 
translation.

It is worth noting that GNS have other properties that 
may provide advantages compared with more conventional 
gold nanoparticle configurations, particularly when combi-
nation therapeutic strategies are contemplated. GNS have 
tip-enhanced plasmonics with a dramatically increased 
electromagnetic field near the sharp tip, making them 
a superior nanoplatform for certain imaging and therapy 
approaches. For example, we have used GNS for in vivo 
surface-enhanced Raman spectroscopy for cancer detec-
tion in a sarcoma murine animal model.36 In addition, we 
have used GNS for both in vitro and in vivo high- 
resolution imaging with two-photon photoluminescence. 
The GNS have an extremely high two-photon cross sec-
tion, which is up to 4 orders of magnitude higher than that 
for gold nanospheres.37 As a result, we can image a single 
GNS under two-photon photoluminescence imaging.38 

The GNS capability for sensitive optical imaging at the 
subcellular level makes it an attractive theranostic plat-
form for image-guided therapy and to investigate the ther-
apeutic efficacy of TAT with 211At. We have also used 
GNS for photothermal therapy and our experimental 
results demonstrated that GNS are superior to gold nano-
shells, which are under clinical trial to treat prostate cancer 
with photothermal therapy.39 Therefore, GNS are an 
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attractive nanoplatform because they can be used for com-
bining photothermal therapy and TAT with the aim of 
generating synergistically effective cancer treatments.

A preliminary therapeutic efficacy study on a human 
GBM flank tumor murine model demonstrated that TAT 
therapy with 211At-labeled GNS can dramatically decrease 
tumor growth. With a high linear energy transfer, TAT 
therapy can generate irreparable DNA double-strand 
breaks with a therapeutic effect that is independent of 
tissue oxygen level, which is superior to traditional exter-
nal beam radiation therapy. External beam radiation ther-
apy is characterized as a low linear energy transfer, 
reparable DNA single-strand break generating radiation, 
with the requirement of oxygen to generate radical oxygen 
species for therapeutic effect. In previous studies, we 
radiolabeled these same GNS with 124I and performed 
PET/CT imaging in mice with intracranial tumors and 
demonstrated that the GNS could accumulate selectively 
in brain tumors with tumor-to-normal ratios of up to 
7.8:1.9 In future studies, we plan to use a similar intracra-
nial GBM murine animal model to evaluate the therapeutic 
efficacy of 211At-labeled GNS in an orthotopic setting. 
Finally, the developed GNS nanoplatform can also be 
applied for TAT to treat other types of cancer and through 
the use of different targeting ligands.

Conclusion
In summary, we have developed a novel 211At radiolabeling 
nanoplatform using biocompatible GNS and performed the 
first in vivo biodistribution and 211At therapy study with gold 
nanoparticles. Our experimental results demonstrated that the 
developed nanoplatform has the advantages of a simple radi-
olabeling process, high radiolabeling efficiency and loading 
capacity, minimal in vivo dissociation, and potent therapeutic 
effect. As a result, our novel 211At nanoplatform has a great 
potential to be applied for future preclinical studies and 
clinical translation aimed at benefiting cancer patients.
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