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N
anomedicine has drawn much at-
tention in recent years because of
its great potential in early detection,

accurate diagnosis, and personalized ther-
apy of various diseases, especially cancer.1,2

A rich variety of different nanomaterials,
such as polymer nanoparticles, liposomes,
and metal nanostructures, have been de-
monstrated as the platform for a range of
applications related to nanomedicine.3�6

Among them, metal nanostructures, includ-
ing those based on Au, have received great
attention for cancer diagnosis and treat-
ment owing to their bioinertness, easy
surface modification, and unique optical
properties such as localized surface plas-
mon resonance (LSPR) and efficient photo-
thermal conversion.7�9

As a novel class of nanomaterials, Au
nanocages (AuNCs), have recentlybeenexplo-
red for cancer imaging and treatment.10�12

The AuNCs can be easily prepared in large
quantities with tunable wall thickness in the
range of 2�10 nm through a straightforward,
reliable galvanic replacement procedure that
involves Ag nanocubes and HAuCl4 in an
aqueous solution.13 By controlling the stoichi-
ometry in a fashion similar to titration, their
LSPR peaks can be precisely and reproducibly
positioned anywhere in the range of 600�
1200 nm, making them ideal candidates
as contrast agents for a number of optical
imaging modalities.10,12 Their intrinsic hollow
and porous structures can also be used to
encapsulate therapeutic payloads for ap-
plications related to controlled release or
drug delivery.14,15 Additionally, AuNCs are
effective photothermal transducers, cap-
able of converting light into heat and

causing the local temperature to rise
substantially.16,17 All of these attributes
make AuNCs attractive for an array of
theranostic applications.
Despite the successful use of AuNCs in a

number of early studies, the pharmacoki-
netics and in vivo tumor targeting capability
of AuNCs remain largely unexplored due to
the lack of an appropriate imagingmodality
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ABSTRACT

Gold nanocages have recently emerged as a novel class of photothermal transducers and drug

carriers for cancer treatment. However, their pharmacokinetics and tumor targeting capability

remain largely unexplored due to the lack of an imagingmodality for quick and reliable mapping of

their distributions in vivo. Herein, Au nanocages were prepared with controlled physicochemical

properties and radiolabeled with 64Cu in high specific activities for in vivo evaluation using positron

emission tomography (PET). Our pharmacokinetic studies with femtomolar administrations suggest

that 30 nm nanocages had a greatly improved biodistribution profile than 55 nm nanocages,

together with higher blood retention and lower hepatic and splenic uptakes. In a murine EMT-6

breast cancer model, the small cages also showed a significantly higher level of tumor uptake and a

greater tumor-to-muscle ratio than the large cages. Quantitative PET imaging confirmed rapid

accumulation and retention of Au nanocages inside the tumors. The ability to directly and quickly

image the distribution of Au nanocages in vivo allows us to further optimize their physicochemical

properties for a range of theranostic applications.

KEYWORDS: gold nanocage . radiolabeling . positron emission tomography .
biodistribution . cancer targeting
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for quick, quantitative, and reliable evaluation of their
biodistribution. Positron emission tomography (PET),
because of its non-invasive, highly sensitive nature,
and high patient compliance, has emerged as one of
the most frequently used techniques for early stage
diagnosis and staging of cancer and other diseases.18�21

In the past decade, PET imaging in conjunctionwithwell-
defined nanostructures has become an increasingly
popular tool in various biomedical studies because
of the enhanced specificity, sensitivity, and targeting
efficiency.22�26 Here we address the pharmacokinetic
and in vivo cancer targeting issues of AuNCs by function-
alizing their surfaces with radioactive 64Cu2þ ions for PET
imaging. Specifically, AuNCs of two different sizes were
prepared, PEGylated, and radiolabeled with 64Cu2þ ions.
We then evaluated the radiolabeling efficiency and
in vivo pharmacokinetics in normal rodents. In addition,
we examined the passive targeting capability of AuNCs
via the enhanced permeability and retention (EPR) effect
in an EMT-6 mouse mammary tumor model by directly
imaging with small animal PET/CT.27 The intratumoral
distribution of 64Cu-labeled AuNCswas also examined by
autoradiography. This work provides a new platform for
further optimization of the physicochemical properties of
AuNCs to target a range of theranostic applications.

RESULTS AND DISCUSSION

The main objective of this study is to evaluate the
in vivo pharmacokinetics and PET imaging capacity of
AuNCs with 64Cu radiolabeling so they can be better
used in cancer diagnosis and therapy. Nanoparticles
with sizes of 10�100 nm are desirable since they may
escape from the renal filtering elimination and accu-
mulate at the tumors after prolonged circulation.28

Moreover, nanoparticles smaller than 60 nm are ex-
pected to have better tumor penetration away from
blood vessels.29 Therefore, we prepared AuNCs of 55
and 30 nm in edge length via the galvanic replacement
reaction between Ag nanocubes of 47 and 25 nm,
respectively, in size and aqueous HAuCl4 solution. As
shown by the UV�vis spectra in Figure S1 in the
Supporting Information, the LSPR peaks of the 55
and 30 nm AuNCs were located at 805 and 760 nm,
respectively. Heterofunctional poly(ethylene glycol)
(PEG) was then conjugated to the surface of AuNCs
through a Au�S linkage to generate PEGylated AuNCs
with amine (�NH2) groups on the outer surface. The
�NH2 groups were then coupled with 1,4,7,10-tetra-
azacyclododecane-1,4,7,10-tetraacetic acid mono(N-
hydroxysuccinimide ester) (DOTA-NHS-ester) through
an amide reaction viaNHS-activated ester, followed by
chelating with 64Cu2þ ions. As shown by the TEM
images in Figure 1a,b, the large and small 64Cu-
DOTA-PEG-AuNCs had edge lengths of 54.5 ( 4.4
and 30.3 ( 4.2 nm, respectively. Their hydrodynamic
diameters weremeasured to be 96.0( 12.0 and 63.7(
7.3 nm, respectively, by dynamic light scattering (DLS),

together with zeta-potentials (ζ) of 18.7( 6.5 and 10.2
( 1.1mV (see Table 1). The polydispersity indexeswere
less than 0.2 for both samples.
To quantify the coverage densities of PEG chains on

AuNCs, a fluorescein-tagged PEG-thiol (FITC-PEG-SH,
Mw ≈ 5000) was mixed with NH2-PEG-SH (Mw ≈ 5000)
at a molar ratio of 1:100 for surface functionalization.30

After conjugation, AuNCswere completely dissolved in
0.1 M potassium cyanide (KCN) to release the �S-PEG-
FITC chains from the metal surface, which would
dimerize to form disulfide compounds. The coverage
densities of the PEG chains were then quantified using
fluorescence spectroscopy with an established calibra-
tion curve for FITC-PEG-SH. The average number of PEG
chains on each AuNC was found to be approximately
45 000 and 17 000 for the 55 and 30 nm AuNCs,
respectively. Therefore, the PEG coverage densities
on the surfaces of AuNCs were 1.43 and 1.86 per nm2

for the 55 and 30 nm AuNCs, respectively. Here the
surface area of a AuNC was calculated by including
both the outer and inner surfaces, with contributions
from the pores being excluded.30

The AuNCswere radiolabeledwith 64Cu2þ ions using
a procedure previously reported for radiolabeling
nanoparticles.25 Figure 1c shows the typical fast pro-
tein liquid chromatography (FPLC) profile of the 30 nm
64Cu-DOTA-PEG-AuNCs traced by both radioactivity
and UV detectors. Clearly, the 64Cu-DOTA-PEG-AuNCs
could be purified with no aggregation by using cen-
trifugation to remove the remaining free 64Cu2þ ions.
During the initial exploration of 64Cu radiolabeling of

DOTA-PEG-AuNCs, high specific activity could be ob-
tained using the freshly prepared DOTA-PEG-AuNCs.
However, during the storage of DOTA-PEG-AuNCs at
4 �C in water, Ag rapidly leached out from the Ag/Au
alloy walls of DOTA-PEG-AuNCs and the Agþ ion could
compete for the DOTA chelator,31 leading to a signifi-
cant decrease in the available DOTA for 64Cu radiola-
beling and rapid reduction of specific activity in aweek.
This issue greatly limits the use of AuNCs for PET
imaging. To solve this problem, hydrogen peroxide
(H2O2)was employed as an effective etchant to remove
Ag from the surface of AuNCs,32 which led to a 6.2 (
0.8% reduction of Ag in the AuNCs as measured by
inductively coupled plasma mass spectrometry (ICP-
MS, data not shown). As shown in Figure 1d, after
treatment with H2O2, high specific activity (81.4�107.3
GBq/nmol) of 64Cu radiolabeling was readily achieved
for both large and small DOTA-PEG-AuNCs. More im-
portantly, theDOTA-PEG-AuNCs could be stored at 4 �C
for a period of time relevant for biological applications
while retaining high radiolabeling specific activity, due
to the removal of Ag from the surface. Furthermore,
our serum stability studies of 64Cu-DOTA-PEG-AuNCs
showed that their radiochemical purity only dropped
from the original value of >97% to 90.2 ( 0.3% at 4 h
and 81.5 ( 1.4% at 24 h, respectively, after incubation
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with mouse serum (10% in PBS) at 37 �C, indicating
good stability for the 64Cu-labeled AuNCs. Our previous
study demonstrated that AuNCs of 55 nm in size and
coated with methoxy-PEG-thiol (Mw ≈ 5000) could
serve as photothermal transducers for effective cancer
treatment.17 However, like other Au nanostructures
reported in literature,33,34 the poor pharmacokinetics
resulted in low blood retention and low tumor-to-
muscle ratio for the AuNCs,17 limiting their application
as a cancer treatment strategy in translational research.
In this study, in vivo biodistribution studies of the
55 nm 64Cu-DOTA-PEG-AuNCs showed fast systemic
clearance due to high uptakes by the reticuloendothe-
lial system (RES) (liver and spleen) and low blood
retention in C57BL/6 mice throughout the study. Liver

and spleen uptakes were dominant among all of the
organs with more than 60%ID/g at 1 h post-injection.
However, the accumulation in liver gradually de-
creased to 41.6 ( 1.5%ID/g at 24 h, while the uptake
by spleen quickly dropped to 7.9( 0.4%ID/g (Figure 2a).
For the 30 nm AuNCs, although their photothermal

effect was comparable to that of the 55 nm AuNCs
when normalized to the number of Au atoms (Figure
S2), their biodistributions were found to be consider-
ably different. At 1 h post-injection, the blood retention
of the 30 nm 64Cu-DOTA-PEG-AuNCs was 20.6 ( 3.6%
ID/g, 6 times greater than what was obtained with the
55 nm 64Cu-DOTA-PEG-AuNCs, and then gradually
decreased to 14.6 ( 2.4%ID/g at 4 h and less than
3%ID/g at 24 h. As expected, the liver uptake was the
greatest among all of the organs, which remained
essentially constant throughout the 24 h period. Simi-
lar to the 55 nmAuNCs, the spleen uptake of the 30 nm
AuNCs also displayed a fast clearance profile with less
than 50% of the initial accumulation remaining at 24 h.
Interestingly, kidney levels of the small AuNCs were
constant (Figure 2b) during the 24 h of study, while the
large AuNCs showed a 3-fold increase of kidney accu-
mulation from 1 to 24 h (Figure 2a). Compared to the
55 nm AuNCs, the 30 nm AuNCs showed much

Figure 1. Typical transmission electronmicroscopy images of DOTA-PEG-AuNCswith an edge length of (a) 54.5( 4.4 nm and
(b) 30.3( 4.2 nm; (c) fast protein liquid chromatography analysis of the 30 nm 64Cu-DOTA-PEG-AuNCs; and (d) longitudinal
specific activities of the 64Cu-DOTA-PEG-AuNCs after incubation at 4 �C for different periods of time.

TABLE 1. Summary of the Diameters and Zeta-Potentials

of the 64Cu2þ-Labeled PEGylated AuNCs

parameters large 64Cu-DOTA-PEG-AuNCs small 64Cu-DOTA-PEG-AuNCs

edge length (nm)a 54.5 ( 4.4 30.3 ( 4.2
diameter (nm)b 96.0 ( 12.0 63.7 ( 7.3
zeta-potential (mV)b 18.7 ( 6.5 10.2 ( 1.1

a Determined using transmission electron microscopy (TEM). b Determined using
dynamic light scattering (DLS).
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improved in vivo pharmacokinetics with high retention
in blood pool (blood, lung, and heart) and decreased
RES uptake, likely due to the reduction in size and
surface charge. This trendwas consistent with previous
reports about the effects of size and surface charge of
nanostructures on in vivo biodistribution.34,35

We next studied the biodistribution of 64Cu-DOTA-
PEG-AuNCs in EMT-6 tumor-bearing mice. The accu-
mulation level in tumors depends on factors such as
the size of nanoparticles, the blood circulation half-life
(a longer half-life leads to higher accumulation), the
degree of tumor vascularization (higher accumulation
in more vascularized tumors), and the degree of an-
giogenesis (high accumulation in tumors of rapid and
defected angiogenesis). The EMT-6 tumor model was
selected for this study because it is known to grow
rapidly and featured with tumor angiogenesis, as well
as high vessel permeability.36,37 For the EMT-6 tumor-
bearing BALB/c mice, the 55 nm 64Cu-DOTA-PEG-
AuNCs showed a distribution pattern similar to what
was obtained in normal mice with high hepatic and
splenic uptakes. Interestingly, unlike the rapid drop of
spleen accumulation observed in C57BL/6 mice, the
spleen accumulation of 55 nm 64Cu-DOTA-PEG-AuNCs
in EMT-6 tumor-bearing mice was constant up to 24 h,
probably due to the difference in animal species.
However, tumor uptake of the 55 nm 64Cu-DOTA-
PEG-AuNCs was low (together with a slight increase
during the 24 h of study) due to their poor retention in
blood (Figure 3a). With decrease in muscle uptake, the

tumor-to-muscle ratio increased dramatically from
4.13 ( 0.96 at 1 h to 11.9 ( 1.72 at 4 h and remained
constant afterward (12.8( 4.17 at 24 h). The tumor-to-
blood ratio also increased from 0.30 ( 0.05 at 1 h to
1.20 ( 0.18 at 24 h.
The 30 nm 64Cu-DOTA-PEG-AuNCs in tumor-bearing

mice had a biodistribution profile similar to what was
acquired for normal animals with high RES system
uptakes. The blood retentions were all significantly
(p < 0.05, n = 4) higher than those obtained with the
55 nm 64Cu-DOTA-PEG-AuNCs, with about 20%ID/g at
the beginning and then rapidly cleared. The initial
tumor uptake was 2.68 ( 0.12%ID/g at 1 h, rapidly
increased to 7.2 ( 0.9%ID/g at 4 h, and then gradually
increased to 7.9 ( 1.1%ID/g at 24 h (Figure 3b), which
was more than 4 times higher than what was obtained
with the 55 nm 64Cu-DOTA-PEG-AuNCs, likely due to a
longer blood circulation time and a better EPR effect.
Further, these small AuNCs exhibited a rapid increase
and then sustained retention profile for tumor uptake,
which is important for a longitudinal and repeated
photothermal treatment of cancer. Additionally, owing
to the rapid blood clearance, the tumor-to-muscle
ratios also rapidly increased to 25.7 ( 6.9 at 24 h. For
tumor-to-blood ratio, it also increased from 0.14( 0.01
at 1 h to 5.15( 1.05 at 24 h. Although the large AuNCs
showed comparable contrast ratios at the beginning,
the contrast ratio of the small AuNCs at 24 h was twice
asmuch as that of the large AuNCs owing to the higher
tumor uptake. It is worth mentioning that extending

Figure 3. Biodistribution of (a) the large 64Cu-DOTA-PEG-
AuNCs (55 nm) and (b) the small 64Cu-DOTA-PEG-AuNCs
(30 nm) in EMT-6 tumor-bearing mice (0.37 MBq injection/
mouse, n = 4 per group).

Figure 2. Biodistribution of (a) the large 64Cu-DOTA-PEG-
AuNCs (55 nm) and (b) the small 64Cu-DOTA-PEG-AuNCs
(30 nm) in C57BL/6 mice (0.37 MBq injection/mouse, n = 4
per group).
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themeasurement time would increase error due to the
low counts since only a trace amount 64Cu2þ was
administrated in vivo (73% of the 64Cu2þ ions had
decayed at 24 h), as well as the fact that more 64Cu2þ

could be dissociated from the 64Cu-DOTA-PEG-AuNCs
over time (radiochemical purity dropped to 81.5 (
1.4% at 24 h). In contrast to the in vivo applications of
other radiolabeled Au nanostructures (e.g., nanoshells
and nanorods) in tumor models, the small 64Cu-DOTA-
PEG-AuNCs displayed a comparable level of tumor
uptake and tumor-to-muscle ratio.34

As indicated in Figure 4a, PET/CT images clearly
showed rapid localization of the 30 nm 64Cu-DOTA-
PEG-AuNCs in tumors at 1 h post-injection even only
with the administration of a trace amount (23.8 fmol).

A quantitative analysis of the region of interest (ROI)
drawn around the tumor showed increased standard-
ized uptake values (SUVs) from 1 to 24 h, consistent
with the biodistribution data (Figure 4b). The in-
crease of tumor-to-muscle ratios was calculated to
be consistent with the biodistribution data shown in
Figure 4c. Interestingly, compared to the other Au
nanostructures, the uptake of the small 64Cu-DOTA-
PEG-AuNCs was localized at the center of the tumor
as shown by the PET/CT image obtained at 1 h post-
injection (Figure 4a). The fast increase of SUVs
extracted from the centric tumor suggested the
potential to quickly concentrate the AuNCs at the
center of a tumor for effective photothermal therapy
(Figure 4b).

Figure 4. (a) PET/CT images of the 30 nm 64Cu-DOTA-PEG-AuNCs in a mouse bearing an EMT-6 tumor at 1, 4, and 24 h post-
injection (3.7 MBq injection/mouse). T, tumor; B, bladder. (b) Standardized uptake values (SUV) in tumor and muscle regions
obtained from PET/CT images taken at different times. (c) Tumor-to-muscle SUV ratios obtained from PET/CT images taken at
different time points.
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To confirm the intratumoral distribution profile, the
EMT-6 tumor was sectioned into 40 μm slices at 24 h
post-injection for autoradiographic analysis. The col-
lected tumor images, depicted in Figure 5, clearly
showed accumulation of the small 64Cu-DOTA-PEG-
AuNCs in the central region of the tumor. For anti-
cancer therapeutic intratumoral delivery, a major chal-
lenge is that the drug is limited to the periphery of the
tumor mass close to the vasculature due to the phys-
iological barriers presented by the abnormal tumor
vasculature and interstitial matrix.38�40 As such, the
central region of a tumor might remain untouched,
becoming a potential source for cancer relapse or
metastasis.41 Besides the enhanced EPR effect in the
tumor, the main mechanism for transporting nanopar-
ticles intratumorally is diffusion, which is largely af-
fected by the size, surface charge, and morphology, as
well as the physicochemical properties of the inter-
stitial matrix.42 Previously, we found that the 55 nm

AuNCs, following tail vein injection, were more abun-
dant at the host interface rather than the central
region. Here, due to the small size and nearly neutral
charge of the 30 nm 64Cu-DOTA-PEG-AuNCs,43 a uni-
form blood flow of the EMT-6 tumor,40 and possibly a
low interstitial pressure in the tumor,44 the small
AuNCs displayed a centralized localization in the
EMT-6 tumor, which may reduce its extravasation into
the surrounding tissue during photothermal treatment
and improve the therapeutic efficacy.45 Further, the
quantitative SUV analysis showed high contrast ratios
of tumor uptake to the surrounding tissue, consistent
with the biodistribution results. Combined with their
good biocompatibility (Figure S3), especially upon
PEGylation, the 64Cu-labeled AuNCs show great pro-
mise for tracking their in vivo fates by PET imaging.

CONCLUSION

We have demonstrated the modular construction of
differently sized AuNCs (55 and 30 nm) with tailored
physiochemical properties, in vivo pharmacokinetics
evaluation, and PET imaging of 64Cu-labeled DOTA-
PEG-AuNCs in an EMT-6 murine mammary carcinoma
model. Both the large and small 64Cu-DOTA-PEG-
AuNCs had high radiolabeling specific activities and
stabilities. The 30 nm 64Cu-DOTA-PEG-AuNCs showed
much improved in vivo pharmacokinetics with de-
creased RES system uptake and enhanced blood cir-
culation compared to the 55 nm samples. The PET/CT
imaging demonstrated rapid accumulation and cen-
tralized distribution of the 30 nm 64Cu-DOTA-PEG-
AuNCs in tumors and, more importantly, high tumor-
to-muscle ratios. These results suggest the use of PET
imaging as a powerful tool for optimizing the great
potential of AuNCs as a theranostic agent for cancer
research.

MATERIALS AND METHODS
Chemicals. Amine polyethylene glycol thiol (NH2-PEG-SH,

Mw ≈ 5000) was purchased from Laysan (Arab, AL). Fluores-
cein-tagged polyethylene glycol thiol (FITC-PEG-SH,Mw≈ 5000)
was obtained from Nanocs (Boston, MA). 1,4,7,10-Tetraazacy-
clododecane-1,4,7,10-tetraacetic acid mono(N-hydroxysuccini-
mide ester) (DOTA-NHS-ester) was purchased from Macro-
cyclics (Dallas, TX) and used as received. All other chemicals
were obtained from Sigma-Aldrich (St. Louis, MO).

Preparation, Functionalization, and Characterization of AuNCs.
AuNCs with two different sizes (55 and 30 nm in edge length)
covered with poly(vinyl pyrrolidone) were prepared using a
galvanic replacement reaction between Ag nanocubes (47 and
25 nm in edge length, respectively) and chloroauric acid
following the previously reported protocol.46 The reaction was
monitored by measuring the localized surface plasmon reso-
nance (LSPR) peaks with UV�vis spectroscopy (Cary 50 spec-
trometer, Varian, Palo Alto, CA) during the reaction. The LSPR
was tuned to ∼800 nm for 55 nm AuNCs, while 30 nm AuNCs
were obtained at ∼760 nm.

Both AuNCs were first functionalized with NH2-PEG-SH and
then conjugated with DOTA-NHS-ester for 64Cu radiolabeling.
Briefly, 5.0 mL of 2 nM AuNCs in ultrapurified water (Millipre,

Billerica, MA) was added to 5.0 mg of NH2-PEG-SH (PEG/AuNC =
105:1) and reacted overnight at 4 �C under stirring. The excess
NH2-PEG-SH was removed by centrifugation at 12 000 rpm for
8 min and washed five times with ultrapurified water to obtain
PEGylated AuNCs. The PEGylated AuNCs were reconstituted in
0.1 M (pH 7.4) phosphate buffer prechelexed to remove any
trace metal. The solution was mixed with 9.5 mg of DOTA-NHS-
ester (DOTA/AuNC = 106:1) and reacted at 20 �C for 1 h followed
by thorough centrifugation at 12 000 rpm for 8 min and
washing with ultrapurified water to remove the unconjugated
DOTA-NHS-ester and to obtain DOTA-PEG-AuNCs.

The samples were examined using a Tecnai G2 Spirit
transmission electron microscope (TEM) operated at 120 kV
(FEI, Hillsboro, OR). Dynamic light scattering (NanoZS, Malvern,
Worcestershire, UK) was performed to measure the hydrody-
namic diameter, zeta-potential, and polydispersity index of
these samples.

Quantification of PEGylation Density. To measure the PEGylation
density, FITC-PEG-SH (Mw ≈ 5000) was mixed with NH2-PEG-SH
(Mw≈ 5000) at a 1:100molar ratio for surface conjugation. After
reaction overnight at 4 �C, the excess NH2-PEG-SHwas removed
by centrifugation at 12 000 rpm for 8min andwashed five times
with ultrapurified water. The FITC-labeled PEGylated AuNCs

Figure 5. Tumor autoradiography revealing centralized
intratumoral accumulation of the 30 nm 64Cu-DOTA-PEG-
AuNCs (3.7 MBq injection/mouse) in a mouse bearing an
EMT-6 tumor. The tumor was resected at different depth
from surface to core region and sectioned into slices of
40 μm thick at 24 h post-injection.
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were completely dissolved in 0.1 M potassium cyanide (KCN).
The fluorescence signal was measured with excitation at
488 nm and emission collection at 520 nm. The quantification
of AuNCs' PEGylation density was calculated from a calibration
curve established from FITC-PEG-SH.

64Cu Radiolabeling and Stability. Copper-64 (t1/2 = 12.7 h, βþ =
17%, β� = 40%) was produced on the Washington University
Medical School CS-15 cyclotron by the 64Ni (p,n) 64Cu nuclear
reaction at a specific activity of 1.85�7.40 GBq/μg at the end of
bombardment.47 DOTA-PEG-AuNCs (about 0.1 pmol) were in-
cubated with 185 MBq 64Cu in 0.1 M sodium acetate buffer (pH
7.0) at 55 �C for 1 h to get the maximal labeling specific activity.
After ethylene diamine tetraacetic acid (EDTA, 10 mM in 50 mM
pH 7.4 phosphate buffer) challenge, the 64Cu-labeled DOTA-
PEG-AuNCs were purified by ultracentrifugation at 12 000 rpm
for 8 min for five times. The radiochemical purity of 64Cu-DOTA-
PEG-AuNCs was monitored by radio instant thin layer chroma-
tography (radio-ITLC, Bioscan, Washington, DC). DOTA-PEG-
AuNCs were labeled with nonradioactive CuCl2 following the
same labeling and purification procedures as 64Cu.

To minimize the interference of Ag ions leached from the
AuNCs during 64Cu radiolabeling, hydrogen peroxide was
used to pretreat the AuNCs prior to PEGylation and DOTA
functionalization.32 The concentrations of Au and Ag in AuNCs
were measured by Elan DRC II inductively coupled plasmamass
spectrometry (ICP-MS, Perkin-Elmer, Waltham, MA). Briefly,
10 μL of AuNC aqueous suspensions was completely digested
with 8 mL of aqua regia (HCl/HNO3 = 3:1 (v/v)) in a 100 mL
beaker at 130 �C. The solution was evaporated to 5 mL and
subsequently diluted to 12 mL using 0.5% HCl and 2% HNO3.
Quantification was carried out by external five-point calibration
with internal standard correction.

The long-term radiolabeling stability of 64Cu-DOTA-PEG-
AuNCs was tested in ultrapurified water at 4 �C over a one
month period. The serum stability of 64Cu-DOTA-PEG-AuNCs
was also assessed by incubationwithmouse serum at 37 �C over
a 24 h period. The radiochemical purity and chemical purity of
the 64Cu radiolabeled AuNC were measured by AKTA fast
protein liquid chromatography system (FPLC) equipped with
both radioisotope detector (Beckman 170, Beckman, Brea, CA)
and UV detectors (GE Healthcare, Bucks, UK). The AuNC separa-
tion was performed on a Superpose 12 10/300 GL size exclusion
column (GE Healthcare, Bucks, UK) eluted with 20 mM N-(2-
hydroxyethyl)piperazine-N9-(2-ethanesulfonic acid) (HEPES)
and 150 mM NaCl (pH 7.3) with a flow rate of 0.8 mL/min. The
UV detector was set at 254 nm.

Animal Biodistribution Studies. All animal studies were per-
formed in compliance with guidelines set forth by the NIH
Office of Laboratory Animal Welfare and approved by the
Washington University Animal Studies Committee. Biodistribu-
tion studies were performed in male C57BL/6 mice weighing
20�25 g (n = 4, Charles River Laboratory, Wilmington, MA), and
about 0.37 MBq (2.38 fmol) of 64Cu-DOTA-PEG-AuNCs in 100 μL
of saline (APP Pharmaceuticals, Schaumburg, IL) was injected
via the tail vein. The mice were anesthetized with inhaled
isoflurane and reanesthetized before euthanizing them by
cervical dislocation at each time point (1, 4, and 24 h post-
injection). Organs of interest were collected, weighed, and
counted in a well Beckman 8000 gamma counter (Beckman,
Brea, CA). Standards were prepared and measured along with
the samples to calculate the percentage of the injected dose per
gram of tissue (%ID/g).48

The EMT-6 murine mammary carcinoma cells were cultured
in Waymouth's MB 752/1 medium with 85% 2 mM L-glutamine
and 15% fetal bovine serum at 37 �C with 5% CO2. BALB/c nude
mice weighing 20�30 g (Charles River Laboratory, Wilmington,
MA) were subcutaneously implanted with 6 � 105 EMT-6 cells
into the hind flank. The tumors were allowed 10 days (tumor
approximately 0.3�0.4 g) of growth before beginning the
biodistribution study. The biodistribution studies of 64Cu-
DOTA-PEG-AuNCs in EMT-6 tumor-bearing mice (n = 4, 0.37
MBq injection/mouse) were carried out following the same
procedures with that in C57BL/6 mice.

PET/CT Imaging. Ten days after the EMT-6 murine mammary
carcinoma cells were implanted, mice were anesthetized with

isoflurane and injected with 3.7 MBq (23.8 fmol) of 64Cu-DOTA-
PEG-AuNCs in 100 μL of saline via the tail vein. MicroPET scans
were performed on either microPET Focus 220 (Siemens,
Malvern, PA) or Inveon PET/CT system (Siemens, Malvern, PA)
at 1 h (15min frame), 4 h (20min frame), and 24 h post-injection
(30 min frame). The microPET images were corrected for
attenuation, scatter, normalization, and camera dead time and
co-registered withmicroCT images. All of the PET scanners were
cross-calibrated periodically. The microPET images were recon-
structed with the maximum a posteriori (MAP) algorithm and
analyzed by ASIPro.49 The tumor uptake of 64Cu-DOTA-PEG-
AuNCswas calculated in terms of the standardized uptake value
(SUV) in three-dimensional regions of interest (ROIs). In general,
SUV is defined as the tissue concentration of radiotracer divided
by the activity injected per body weight and is calculated
according to the following equation. All the SUV data were
not corrected for partial volume effect.50

SUV ¼ radioactivity concentration in ROI[μCi=mL]

injected
dose[μCi]

animal weight[g]

Autoradiography Studies. Digital autoradiographs defining
the intratumoral distribution of 64Cu-DOTA-PEG-AuNCs were
collected with Canberra Packard Instant Imager (Canberra,
Meriden, CT) in a 60 min acquisition period shortly after the
tumor was sectioned at 24 h post-injection.
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