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Contrast agents used in clinics often exhibit the following
pharmacokinetics: rapid diffusion (short distribution half-life
tinq), Telatively long blood circulation time (long elimination
half-life #;53), and little nonspecific accumulation in the body
(renal clearable) after systemic administration.!!! These
specific pharmacokinetic features not only ensure the success
of clinical imaging processes but also minimize the potential
health hazards caused by the introduction of contrast agents.
For example, "Tc-SQ30217 (a single-photon emission com-
puted tomography (SPECT) imaging agent),” '®F-labeled
fluoroacetate (['*F]FAc) (a highly potential positron emission
tomography (PET) imaging agent),” and Tomeprol (a com-
mercially available X-ray computed tomography (CT) con-
trast agent)!! exhibit a ¢,,, of about 1.2 min, 9.0 min, and
16.2 min, and a #;,3 of about 10.1 h, 11.3 h, and 2.34 h after
intravenous (I'V) injection, respectively.

While these contrast agents based on small molecules
have been widely used or hold great potential in the clinics,
one major limitation is that they are only suitable for single
modality imaging. As a result, the strengths of different
imaging techniques are hardly integrated together for better
disease management. To address this challenge, significant
efforts have been devoted to developing multimodal imaging
probes in the past decades.”) One general approach is to
integrate different functional small molecules together using
elegant synthetic strategies.”*® For example, Banerjee et al.
reported a small-molecule-based dual modality SPECT/near-
infrared fluorescence (NIRF) imaging agent, which shows
high and specific uptake in prostate-specific membrane
antigen (PSMA) positive xenografts and excellent pharma-
cokinetics for targeting PSMA invivo.® As a parallel
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direction, nanoparticle (NP) based multimodal imaging
probes have also attracted great attention because inorganic
NPs typically exhibit large surface/volume ratios, tunable and
diverse material properties.”®” For instance, radioactive
quantum dots (QDs) labelled with *Cu have been used in
fluorescence and PET imaging.® Lin et al. developed robust
luminescent and paramagnetic hybrid silica NPs for optical
and magnetic resonance imaging (MRI), respectively.”® Gold
NPs (AuNPs) not only can serve as nonphotobleaching
emitters in dark-field, Raman, and photothermal imaging
in vitro,”) but also can be used to enhance contrasts of
photoacoustics and computed tomography imaging in vivo.'”
While these exciting biomedical applications are continuously
driving the emergence of novel multimodal nanoprobes,
inorganic NPs often exhibit pharmacokinetics different from
those of small-molecule contrast agents. For instance, carbon
nanotubes!'!! and iron oxide NPs!'"” only shown a short first-
order exponential blood circulation with half-lives of about
1.0h and about 0.12h after IV injection, respectively. In
addition, reticuloendothelial system (RES) organs often
rapidly sequester these nanostructures, resulting in slow
RES clearance processes and potential health hazards.s% "]
These limitations in pharmacokinetics of NPs significantly
hamper their clinical applications. Thus, it is highly desirable
to develop nanoprobes that possess diverse material proper-
ties suitable for different imaging techniques and also exhibit
optimal in vivo pharmacokinetics.

The biodistribution, renal clearance, and pharmacokinet-
ics of nanoprobes mainly depend on their particle sizes and
surfaces." For example, multifunctional silica-based particles
smaller than 5nm can effectively evade uptake by the
reticulo-endothelial system (RES).'*! In addition to the
particle size/hydrodynamic diameter, the surface also plays an
important role in renal clearance of NPs. Our recent inves-
tigations™®! showed that glutathione, a small tri-peptide, can
serve as an effective surface ligand to minimize nonspecific
accumulation of luminescent AuNPs in the RES organs and
enabled more than 50% of the glutathione-coated lumines-
cent AuNPs (GS-AuNPs) to be cleared out of the body
through the urinary system within 48 h.°®! However, their
pharmacokinetics in comparison with clinical contrast agents
(short ¢, and relatively long f,,,3) remains unexplored.

To address these questions and potential challenges in
biomedical applications of luminescent AuNPs, we herein
report a one-step synthesis of NIR-emitting radioactive GS-
coated ['®Au]AuNPs (GS-['*®*Au]AuNPs) with quantitative
labeling yield and 100% purity, which allow us to readily
quantify the biodistributions with the '*®Au signal at different
time points post injection (p.i.). The pharmacokinetic studies
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indicated that these nanoprobes exhibit a rapid ¢,,, of 5.0 min,
and a t,,5 of 12.7 h. This two-compartment pharmacokinetics
is similar to those of the clinically available small molecule
contrast agents!'®! but different from those of most known
nanoprobes, which often just show one-compartment kinet-
ics.> 1 Surprisingly, while the energy window of the gamma
emission of Au (0.411 MeV) is suboptimal for the current
SPECT scanners,'” these NIR-emitting radioactive
["®Au]AuNPs can be readily detected with both SPECT
imaging and fluorescence imaging techniques, implying that
they might serve as dual-modality imaging probes in the
future.

The synthesis of the NIR-emitting ['**Au]AuNPs is fairly
simple and straightforward, only requiring one-step thermal
reduction of ' Au and radiotracer '*®Au ions in the presence
of glutathione. The detailed synthesis and purification proce-
dures are shown in the Supporting Information. The radio-
labeling purity of 'Au was assessed using radio high-
performance liquid chromatography (radio-HPLC) with two
detectors (UV and gamma counters), which indicated that the
radiochemical purity of the GS-['®Au]AuNPs was nearly
100% (Figure 1a). Figure 1b shows the mean core size
distribution and hydrodynamic diameter of the synthesized
GS-['"®Au]AuNPs around (2.6+0.3) nm and (3.0 +0.4) nm,
respectively (Figure 1c). The GS-['*Au]AuNPs also exhib-
ited NIR emission with a maximum located at 810 nm
(Figure 1d). Consistent with previous studies on few-nano-
meter-small luminescent AuNPs coated by glutathione and
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Figure 1. Characterization of glutathione-coated near-infrared (NIR)
emitting radioactive AuNPs (GS-['*Au]AuNPs). a) Radio high-perfor-
mance liquid chromatography (radio-HPLC) showing the radiochemi-
cal purity of GS-["®Au]AuNPs is 100%. Inset: Bright-field image and
radiation image of GS-["*®*Au]AuNPs. b) Typical transmission electron
microscopy (TEM; scale bar=>5 nm) image of GS-["*®Au]AuNPs show-
ing c) a core size of (2.6 £0.3) nm (inset), and the dynamic light
scattering analysis showing a hydrodynamic diameter (HD) of
(3.0£0.4) nm in aqueous solution. d) The absorption (blue), excita-
tion (green), and emission (red) spectra of GS-['*®Au]AuNPs in
aqueous solution.
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many other ligands,**'®! the X-ray photoelectron spectros-
copy (XPS) measurement showed that 39 % of Au atoms in
the GS-['®Au]AuNPs are actually in the Au' state (see
Figure S1 in the Supporting Information), which formed
strong Au'-S bonds with the glutathione ligand. The large
Stokes shifts (about 450 nm) and microsecond emission
lifetimes of 0.64 ps (47 %)/3.67 us (53%) (Figure S2) sug-
gested that NIR emission of GS-['**Au] AuNPs fundamentally
arises from the quantized transitions between surface states
formed through hybridization of p orbitals of sulfur atoms
and the sp band of surface Au' atoms."® In addition, different
from conventional similar-sized plasmonic AuNPs, GS-
[*®*Au]AuNPs display no surface plasmon absorption (Fig-
ure 1d) because a large amount of gold(I) atoms in these
luminescent AuNPs failed to donate free electrons to support
surface plasmons. The quantum yield of GS-['*Au]AuNPs
was quantified to be about 0.7% in aqueous solution,
comparable to the nonradioactive NIR-emitting GS-
AuNPs ™! suggesting the introduction of Au has little
influence on the emission property of the AuNPs.

Physiological stability of imaging probes is critically
important for their biomedical application. To evaluate the
stability of GS-['®Au]AuNPs, we measured the fluorescence
and SPECT signals of the NPs at both in vitro and in vivo
levels. Figure S3 shows the luminescence spectra of the GS-
["®Au]AuNPs incubated in water, phosphate buffered saline
(PBS), and PBS containing 10 % fetal bovine serum (FBS) at
37°C for 48 h. Little changes in the emission intensities and
spectra suggested the GS-["®Au]AuNPs were fairly stable
under these conditions. In addition, based on radio-HPLC
assay measurements (Figure S4), the retention time of the
NPs was 6.5 min in both water and PBS, but in PBS containing
10% FBS, an additional component with 5.8 min retention
time (15 % ) was observed. These retention times are different
from that (10.2 min) of free '®®Au ions, indicating no '®Au
dissociation under these conditions. The additional compo-
nent with retention time of 5.8 min might be due to the
association to serum proteins as this component remained
fluorescent in the gel electrophoresis studies (Figure S5). The
in vivo stability of GS-["** Au] AuNPs was further evaluated by
examining the fluorescence spectroscopy and radio-HPLC
profiles of the excreted radioactivities in the collected urine
(Figure S6). Impressively, little change was observed before
and after the particle circulation in mice. This unequivocally
indicates the integrity of the GS-["®*Au]AuNPs during the
invivo circulation. Interestingly, nearly 12% of the GS-
["®Au]AuNPs were also found in association with serum
proteins as determined by size-exclusive radio-HPLC analy-
sis, which are consistent with the in vitro results.

The pharmacokinetic parameters of GS-["®Au]AuNPs
were measured in normal balb/c mice (see the Supporting
Information for a detailed procedure). The results showed
that the GS-["®*Au]AuNPs exhibited a two-compartment
profile of in vivo kinetics with a ¢, of 5.0 min and a ;55 of
12.7 h (Figure 2a). The short ¢, of GS-[**Au]AuNPs indi-
cates that these NPs can rapidly distribute into tissues during
the circulation, similar to those of reported molecular imaging
agents such as “™Tc-labeled MAb ior egf/r3 (8.2 min)™*! and
#Cu-labeled DOTA-NHGR; (10.7 min)!* but different from
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Figure 2. Biodistribution and pharmacokinetics of GS-["®Au]AuNPs in normal
balb/c mice. a) The time—-activity curve (TAC) of GS-[**Au]AuNPs in blood. The
pharmacokinetic parameters were determined by fitting the data with a two-
compartment model. b) Excretion of GS-['®Au]AuNPs in the urine at 1, 4, 24, and
48 h p.i. c) TACs of GS-['*®Au]AuNPs in liver (black), spleen (red), intestines (green),
and kidneys (inset). d) Biodistribution of GS-[®Au]JAuNPs 5 min (red), 1 h (green),
4 h (blue), 24 h (cyan), and 48 h (grey) p.i. (Bld: blood, Hrt: heart, Kdy: kidney, Spl:
spleen, Stm: stomach, Msl: muscle, S.I.: small intestine, and L.I.: large intestine;

pathways. Interestingly, the accumulations of the
NPs in the liver and spleen roughly remained
constant even though the NPs were still circulating
in the blood, indicating the slow clearance of the
NPs through a hepatic route. The uptake level of
the GS-["®*Au]AuNPs in intestines varied with
time, reaching its maximum (about 3.7% of ID/
2) at 24 h p.i. and then decreasing to about 1.9 % of
ID/g after 48 h p.i., suggesting that a small amount
of GS-[""® Au]AuNPs can be cleared out of the body
through the metabolism route in addition to the
urinary system. The detailed biodistribution data
(see the Supporting Infromation for the detailed
procedure) of the GS-["®Au]AuNPs in other
organs were summarized in Figure2d and
Table S1. The accumulation of the NPs in heart,
lung, muscle, and fat also decreased with time,
indicating that the GS-["®Au]AuNPs were only
temporally distributed to these tissues because of
the rapid adsorption process and could be effi-
ciently washed away within the first 48 h without
causing an uptake increase in the liver and spleen.
The origin of the resulted biodistribution and
efficient renal clearance of the NPs were attributed
to the small particle size and glutathione ligand,
which enable the GS-['** Au]AuNPs highly stable in
the physiological environment and resistant to

% |D/g = percentage of the injected dose per gram of tissue).

NPs-based agents such as bovine-serum-albumin-coated and
mercaptoundecanoic-acid-coated quantum dots (QDs) with
a single half-life of about 0.65h and 0.98 h, respectively.l'*!
The relatively long t,,5 of GS-['**Au] AuNPs is comparable to
the 1,5 (about 17.2h) of *Cu-labeled DOTA-NHGR,,,[""
further indicating that GS-["®Au]AuNPs indeed behaved
like small molecular probes in pharmacokinetics.

More than 50 % of GS-["®Au]AuNPs were cleared out of
the body after 48 h (Figure 2b), indicating that these radio-
active NIR-emitting AuNPs are renal clearable. Biodistribu-
tions of GS-['* Au]AuNPs in kidney, liver, spleen and intes-
tines at 5 min, 1, 4, 24, and 48 h after IV injection also provide
additional insights on the clearance pathways and kinetics
(Figure 2¢). While the pharmacokinetic profile of the NPs
varies with organs, one common feature is that the highest
accumulation of the NPs occurred within 5 min p.i. followed
by efficient clearance. This observation is consistent with the
measured short #,,,, indicating that the tissue distribution of
the NPs was indeed rapid. The highest uptake of GS-
["®Au]AuNPs in the kidney was followed by a gradual
decrease from about 21 % of the injected dose per gram
(ID/g) to about 5% of ID/g (inset of Figure 2¢), which was in
agreement with the clearance of the NPs from blood (Fig-
ure 2a), indicating that the NPs were mainly excreted through
the glomerular filtration. While the rapid decreases of the
particle concentrations in the liver, spleen, and intestines in
the first hour was due to re-entrance of the NPs into the
blood, these organs indeed provide additional clearance
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serum protein adsorption.'® As a result, the
hydrodynamic diameter of the NPs in the body
was still below the size threshold for renal clear-
ance and the NPs remained stealthy to RES
organs.

The '®Au in these GS-['®Au]AuNPs not only helps to
quantify the pharmacokinetics of these NIR-emitting AuNPs
rapidly, but also offers a potential opportunity for in vivo
SPECT imaging by emitting gamma rays. '*Au is a radio-
isotope with a relative long half-life of 2.7 days and gamma
emission energy at 0.411 MeV. To further demonstrate the
potential SPECT application of these GS-['"®Au]AuNPs, we
performed a SPECT imaging evaluation in balb/c mice IV
injected with about 37 MBq (& 100 pL) of the NPs at 10 min,
1, 4, and 24 h p.i. Shown in Figure 3 a, the mouse kidneys and
bladder can be clearly seen on SPECT images after 10 min
p-i., consistent with the results obtained from the pharmaco-
kinetics studies. After that, the SPECT signals gradually
decreased in the kidneys, but remained high in the bladder,
indicating the renal clearance of GS-['**Au]AuNPs (Figure 3b
and c). Significant reduction in the signals was found in the
kidneys and bladder after 24 h p.i. (Figure 3d), suggesting that
the majority of GS-["®Au]JAuNPs was eliminated through
urine within 24 h p.i., consistent with the obtained pharma-
cokinetic parameters (f,,5 =12.7 h).

While SPECT is capable of deep tissue imaging and
quantification, its low temporal resolution often hampers its
application to visualization of dynamic processes, where
fluorescence imaging technique can definitely play a comple-
mentary role. Using NIR emission of GS-['*Au]AuNPs, we
quantified the pharmacokinetics of GS-["®*Au]AuNPs in the
bladder in the first 20 min at a higher temporal resolution
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Figure 3. Representative SPECT images (top row) of balb/c mice
injected with GS-["®Au]AuNPs. a) 10 min, b) 1 h, ¢) 4 h, and d) 24 h
p.i. In vivo fluorescence imaging (bottom row) of a live mouse e) pre-
injection, f) 5 min, g) 20 min, h) 1 h, and i) 24 h after IV injection of
GS-["®Au]AuNPs.

(Figure 3e-g) and found first-order in vivo Kkinetics with
a half-life of 3.8 min (Figure S7), similar to small-molecule
contrast agents in terms of their pharmacokinetic parame-
ters.” In addition, direct comparison between fluorescence
(Figure 3h&i) and SPECT (Figure 3b&d) imaging at 1 and
24h pi. show the same distribution kinetics of GS-
[®Au]AuNPs in the bladder.

In summary, we have demonstrated a one-step synthesis
of NIR-emitting radioactive AuNPs, which were incorporated
with a gold radioisotope "*Au. These GS-["*Au]AuNPs are
renal clearable and exhibit rapid in vivo kinetics comparable
to small-molecule contrast agents in clinical practice. We
acknowledge that the gamma emission energy of 'Au is
beyond the optimum energy detection window of current
SPECT imaging systems. This problem can be potentially
resolved by using radioisotopes emitting lower gamma
energies than '"Au, for instance '"Au (t,,=3.14d; y=
159.6 keV)!'7¥ or modifying the hardware of the scanner
such as the aperture design. More importantly, our work
suggests a feasible approach to optimize the in vivo kinetics of
NPs for future clinical applications by using well-established
surface chemistry. Of note, we focused on pharmacokinetics
at the first 48 h p.i. in this study and about 50% of the GS-
["®Au]AuNPs were cleared out of the body through urine.
Since ideal clinical probes should be completely excreted
from the body and pose minimal in vivo toxicity, the long-
term toxicity of GS-['® Au]AuNPs need to be further eval-
uated before practical applications. The pharmacokinetics of
these NIR-emitting radioactive AuNPs renders the NPs with
potential applications as dual-modality imaging probes for
fluorescence and SPECT imaging techniques. Further func-
tionalization will enable these molecular nanoprobes to target
diseases more specifically, which is under investigation.
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