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Abstract: Gold nanoparticles, especially positron-emitter-
labeled gold nanostructures, have gained steadily increasing
attention in biomedical applications. Of the radionuclides used
for nanoparticle positron emission tomography imaging,
radiometals such as **Cu have been widely employed. Cur-
rently, radiolabeling through macrocyclic chelators is the most
commonly used strategy. However, the radiolabel stability may
be a limiting factor for further translational research. We report
the integration of *Cu into the structures of gold nanoparticles.
With this approach, the specific radioactivity of the alloyed
gold nanoparticles could be freely and precisely controlled by
the addition of the precursor **CuCl, to afford sensitive
detection. The direct incorporation of *Cu into the lattice of
the gold nanoparticle structure ensured the radiolabel stability
for accurate localization in vivo. The superior pharmacoki-
netic and positron emission tomography imaging capabilities
demonstrate high passive tumor targeting and contrast ratios in
a mouse breast cancer model, as well as the great potential of
this unique alloyed nanostructure for preclinical and transla-
tional imaging.

N anoparticles have been widely used in biomedical
research, including drug delivery and molecular imaging.[!
Of the various diagnostic applications, radiolabeled nano-
particles for positron emission tomography (PET) and single
photon emission computed tomography (SPECT) imaging
have received special attention owing to their high sensitivity,
unlimited tissue penetration, and translational capability.”!
The desirable nuclear properties and straightforward radio-
labeling chemistry make *Cu (¢,,=12.7h, p*, 0.653 MeV
[17%]) the most widely used positron emitter for nano-
particle molecular imaging.”!
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Generally, *Cu is conjugated to the surface or core of
nanoparticles through macrocyclic chelators such as 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA,
logk =22.3).>4 However, the in vivo stability of chelated
%Cu is not ideal, which often leads to the transchelation of
®Cu to proteins, high uptake in nontargeted organs, and,
therefore, the misinterpretation of PET images.”) Other
chelators, such as cross-bridged cyclams, afford improved
kinetic stability compared to DOTA./! However, ligands of
this type normally require harsh radiolabeling conditions,
which are unfavorable for commonly used targeting moieties,
such as peptides and antibodies.”) Additionally, their con-
jugation onto nanoparticles is fairly complicated and there is
no report to date of clinical materials that are produced by
using this strategy. Owing to the rapidly increased applica-
tions of **Cu-labeled nanoparticles in preclinical PET imaging
and translational research, there is a great need to develop
a new approach to radiolabel nanoparticles with improved
stability in order to eliminate the misinterpretation of PET
images and non-necessary radiation burden.

Among various nanoparticles, gold nanoparticles
(AuNPs) are of particular interest and have been used for
many biomedical applications because of their versatile
surface chemistry, biocompatibility, robust preparation, and
stability.">® However, their *Cu radiolabeling has also been
performed through chelators conjugated on the surface.®™" It
has been reported that at 24 h post intravenous injection,
about 20% of ®Cu dissociated from DOTA and was
hypothesized to end up in the liver, thus raising significant
concern about the diagnostic accuracy.”!'” Currently, with the
focus of translational research shifting from molecular imag-
ing toward targeted delivery,'!! the misleading information
caused by this conventional radiolabeling strategy might
significantly limit the potential of AuNPs for PET imaging.

To address these concerns, many radiolabeling strategies
have been developed, including the chelator-free strategy of
using *Cu-porphysomes and direct incorporation of 'Au
into AuNPs, and have shown great potential for oncological
applications.'"” Our approach explored a new strategy to
radiolabel AuNPs for PET imaging, namely by alloying “Cu
directly into the lattice of the nanostructure to prepare
#CuAuNPs.'**" Although nonradioactive CuAuNPs have
been largely used as catalysts for chemical reactions,'® they
have not been studied for biomedical applications. Compared
to the conventional *Cu labeling strategy, alloyed “*CuAuNPs
provide significant advantages including: 1) greatly improved
radiolabeling stability to ensure diagnostic accuracy;
2) straightforward surface modification to increase the con-
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trol of the AuNPs surface properties; 3) superior targeting
efficiency without effects from macrocyclic chelators.

We began the synthesis with nonradioactive gold chloride
(HAuCl,) and copper(IT) acetylacetonate ([Cu(acac),]) using
oleylamine as a solvent and reductant. Typically, the reaction
mixture was heated to 160°C with a programmed increase of
3°Cmin~' and then held at this temperature for 2 h prior to
cooling to room temperature. After centrifugation, the
CuAuNPs were dispersed in hexanes to produce a homoge-
neous reddish solution. Furthermore, the CuAuNPs surface
was modified with a-methyl ether- and w-thiol-terminated
poly(ethylene glycol) (mPEG-SH, MW =5000Da) to
improve the invivo blood circulation. Compared to pure
AuNPs (1., =522 nm) prepared under the same conditions,
the UV/Vis absorption of CuAuNPs showed a 13 nm red-
shift, which was consistent with previously reported data.*!

The integration of **Cu into AuNPs was performed by
following the same procedure for preparing nonradioactive
CuAuNPs, except for the extra addition of the *CuCl,
precursor prior to heating,™ which presumably underwent
ligand exchange with [Cu(acac),]. Transmission electron
microscopy (TEM) imaging showed that as-prepared
#CuAuNPs are round with a diameter of (9.4+1.2) nm
(Figure 1a). The hydrodynamic size determined with dynamic
light scattering showed a monodisperse distribution ((27 &
3.2) nm; Figure S1 in the Supporting Information) with a zeta
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Figure 1. a) TEM image of the alloyed **CuAuNPs (diameter:

(9.4£1.2) nm) after decay. Scale bar: 10 nm. b) Normalized UV
spectra of AuNPs, CuAuNPs, *CuAuNPs before decay, and *CuAuNPs
after decay in aqueous solutions. c) Correlation of the radioactivities of
the ®CuCl, precursor and synthesized *CuAuNPs (R?=0.98). d) FPLC
profile of *CuAuNPs on UV and radioactivity traces.

potential of (—1.8+1.1) mV. Inductively coupled plasma
mass spectrometry (ICP-MS) measurements after the decay
of #Cu gave the elemental composition of these **CuAuNPs
as CuAu,. The UV absorption of **CuAuNPs was consistent
with nonradioactive CuAuNPs (Figure 1b), thus indicating
the integration of #Cu into the structure of the nanoparticles.
Moreover, the high-angle annular dark-field scanning TEM
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and energy dispersive X-ray spectroscopy (EDS) analyses
showed a homogeneous distribution of Cu across the nano-
particle structures from the decayed *CuAuNPs, thus indicat-
ing **Cu was uniformly alloyed into the lattice of AuNPs
(Figure S2). Owing to the trace amount of incorporation of
%Cu, the UV peak of the nanoparticles did not change after
the decay of *Cu to stable Ni and Zn, which actually
warranted the optical properties of the “CuAuNPs for
biomedical applications. The ICP-MS measurement of the
decayed **CuAuNPs showed the concentration of Zn in
sample was 0.33 pgL ™" and Ni was undetected, thus confirm-
ing the low concentration of “Cu in the alloyed nanoparticles.
Importantly, by fixing the molar ratio of HAuCl, and [Cu-
(acac),] and changing the initial activity of *CuCl,, the
radioactivity of synthesized *CuAuNPs could be controlled to
significantly improve the specific activity of “CuAuNPs,
ensure the ultra-trace amount administration for in vivo
studies, and afford the capability for highly-sensitive detec-
tion (Figure 1c). When 104 MB of *CuCl, was used, the
specific activity of *CuAuNPs was 5.5 GBqnmol . Consid-
ering the concentration of #Cu in the total amount of copper
was less than 5%, this new radiolabeling strategy held great
potential to increase the specific activity of “*CuAuNPs for
sensitive and specific detection. The integrity of “*CuAuNPs
was clearly demonstrated by using fast protein liquid chro-
matography (FPLC) analysis (Figure 1d).

We next studied the radiolabeling stability of “CuAuNPs
in three solutions including pH 7.4 phosphate buffered saline
(PBS), pH 7.4 PBS with a challenging agent of ethylenedia-
minetetraacetic acid (EDTA, 2.5 mM),[“] and mouse serum,
by incubating the nanoparticles at 37°C for up to 48 h. As
shown in Figure 2 and Figure S3 in the Supporting Informa-
tion, the “CuAuNPs were stable in mouse serum without any
degradation or translation up to 48 h, which was significantly
better than the stability of **Cu-DOTAP" and In-DOTA
(logk =23.9)24%1 in serum. Interestingly, owing to the slow
oxidation process of Cu to CuO or Cu,O on the *CuAuNP
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Figure 2. Radiolabel stability of alloyed **CuAuNPs in PBS buffer, PBS
buffer with EDTA, and mouse serum, incubated at 37°C at 1 h, 4 h,
24 h, and 48 h.
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surface in aqueous solution,"*! some *Cu may have been
dissolved in PBS buffer and led to the value of (4.9 +0.6) %
free ®Cu after 48 h incubation. Furthermore, under the
constant challenge of EDTA, the *CuAuNPs did not show
any dissociation of “Cu from the nanoparticle, the (4.4 +
1.0)% and (5.240.3)% free **Cu at 24 h and 48 h post-
incubation were largely due to the accelerated dissolution of
%Cu in the presence of EDTA after the surface oxidation.®

In vivo pharmacokinetic evaluation of *CuAuNPs was
performed in normal BALB/c mice to compare the distribu-
tion profiles (Figure 3). At 1 h postinjection (p.i.), most of the
nanoparticles stayed in the systemic circulation with more
than 60%ID/g in blood pool organs (blood: (454 +
249)%ID/g, lung (12.2+1.19)%ID/g, heart: (6.42+
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Figure 3. Biodistribution of alloyed *CuAuNPs in female BALB/c mice
via tail vein administration at 1 h, 24 h, and 48 h post injection (n=4/

group)

1.12)%1ID/g) and low mononuclear phagocytic system
(MPS) uptake including liver and spleen, which was consis-
tent with previously reported results using similarly sized
AuNPs."” Interestingly, the blood accumulation of this nano-
particle rapidly decreased at 24 h to a level of only 13.1 % of
initial retention at 1hour while the hepatic (2-fold) and
splenic (5.5-fold) accumulations markedly increased. Owing
to the small size of the CuAuNPs, the sharp increase in the
spleen accumulation actually indicated the in vivo stability of
this nanoprobe because small particles would specifically
accumulate in the spleen and the dissociated *Cu from the
alloyed nanoparticle would mostly end up in the liver instead
of the spleen.'”! However, further optimization needs to be
performed to reduce the MPS system uptake for improved
biodistribution profile. During the extended study to 48 h, the
blood uptake of *CuAuNPs was further decreased to (1.28 +
0.27) %1D/g, whereas the spleen and liver accumulations
hardly changed. This type of distribution profile with high
initial blood retention and fast clearance was consistent with
previously reported gold nanostructures and favorable for the
nanoparticles to achieve a high tumor-to-muscle (T/M)
contrast ratio.”> 12
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We next studied the passive targeting capability of
*CuAuNPs through the enhanced permeability and retention
(EPR) effect in an EMT-6 mouse breast cancer model using
a small animal PET/CT system. The tumor metabolism was
also evaluated with the most commonly used tracer °F-
fluorodeoxyglucose (**F-FDG) in oncological imaging. This
tumor model is known as a fast-growing model with active
angiogenesis (Figure S4a). At 1h p.i., consistent with the
biodistribution profile, the PET/CT image of *CuAuNPs
showed high blood pool retention, substantial MPS system
accumulation, and low renal clearance in the EMT-6 tumor-
bearing mouse (Figure 4a). The tumor uptake could be
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Figure 4. a) Representative PET/CT images at 1 h, 24 h, 48 h post-
injection of alloyed **CuAuNPs and "®F-FDG at 1 h in EMT-6 tumor-
bearing mice (green arrow T: tumor). b) Quantitative tumor uptakes of
alloyed **CuAuNPs and "*F-FDG at various time points (*: p<0.05; **:
p>0.05, n=4). c) Tumor/muscle ratios of alloyed *CuAuNPs and
'8F-FDG at studied time points (*: p<0.05; **: p>0.05, n=4).

clearly visualized with an intensity ((4.93+0.32)%ID/g)
similar to that obtained with ¥F-FDG ((4.59 4 0.43) % ID/g)
at the same time point (Figure 4b). At 24 h p.i., with the
clearance of “CuAuNPs from systemic circulation, the liver
and spleen uptake levels became dominant. Since the EPR
effect largely depends on leaky tumor vasculatures, the
heterogeneous intra-tumoral distribution around the necrotic
core was clearly profiled (Figure 4 and Figure S4b in the
Supporting Information). Owing to the continuous accumu-
lation of “CuAuNPs in the tumor, the quantitative tumor
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uptake was increased almost twofold and the T/M ratio was
significantly improved from 3.99+0.89 to 11.9+2.08 (p <
0.05, n=4; Figure 4c). Importantly, when the PET/CT
imaging was extended to 48 h -p.i., owing to the persistent
retention of *CuAuNPs, the tumor uptake was further
increased to (16.8 +0.98) % ID/g and the T/M ratio was also
enhanced to 16.2 £1.07, which demonstrated the advantage
of extended pharmacokinetics of nanoparticle for tumor PET
imaging. Consistent with the PET/CT imaging, the dynamic
autoradiography imaging also demonstrated the heteroge-
neous distribution of “CuAuNPs across the tumor mass
(Figure S5 in the Supporting Information).

In summary, we have demonstrated a new *Cu radio-
labeling strategy for gold nanoparticles and assessed their
in vivo pharmacokinetics and PET imaging capability in
a mouse breast cancer model. The direct incorporation of
%Cu into the lattices of AuNPs afforded stable radiolabeling
and precise control of the specific activity of these *CuAuNPs
by varying the initial activity of the *CuCl, precursor. This
new radiolabeling strategy allows the development of high
specific activity, stably labeled *CuAuNPs for accurate
tracking of their invivo fate and minimizes the misinter-
pretation of PET imaging results. The high initial blood
retention and fast MPS system clearance of *CuAuNPs in
mice led to accumulative tumor uptake and increased T/M
ratio with the extension of PET imaging. Both PET and
autoradiography confirmed the heterogeneous distribution
profile across the tumor. This study demonstrated the
potential of “*CuAuNPs as a platform for further oncological
PET imaging and may serve as a point of entry for a broader
range of biomedical applications of positron-emitter-alloyed
nanoparticles in preclinical and translational research. Cur-
rent efforts are directed towards developing a more straight-
forward strategy to prepare the **Cu-alloyed AuNPs, reducing
the size of the *CuAuNPs to reduce the MPS system
accumulation, and increase the renal clearance for better
contrast effect.
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