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ABSTRACT: Degradation of inorganic nanoparticles (NPs) into small molecular complexes is often observed in the
physiological environment; however, how this process influences renal clearance of inorganic NPs is largely unknown. By
systematically comparing renal clearance of degradable luminescent glutathione coated copper NPs (GS-CuNPs) and their
dissociated products, Cu(Il)-glutathione disulfide (GSSG) complexes (Cu(II)-GSSG), we found that GS-CuNPs were
eliminated through the urinary system surprisingly faster and accumulated in the liver much less than their smaller dissociation
counterparts. With assistance of radiochemistry and positron emission tomography (PET) imaging, we found that the observed
“nano size” effect in enhancing renal clearance is attributed to the fact that GS-CuNPs are more resistant to serum protein
adsorption than Cu(II)-GSSG. In addition, since dissociation of GS-CuNPs follows zero-order chemical kinetics, their renal
clearance and biodistribution also depend on initial injection doses and their dissociation processes. Quantitative understanding
of size effect and other factors involved in renal clearance and biodistribution of degradable inorganic NPs will lay down a
foundation for further development of renal-clearable inorganic NPs with minimized nanotoxicity.

B INTRODUCTION

In order to minimize nonspecific accumulation of inorganic
nanoparticles (NPs) in reticuloendothelial system (RES)
organs (liver, spleen, etc.), significant efforts have been devoted
to developing renal-clearable inorganic NPs."~* For instance,
pioneering work done by Choi et al. on the renal-clearable
quantum dots (QDs) showed that the zwitterionic cysteine
coated QDs with a hydrodynamic diameter (HD) smaller than
5.5 nm can be rapidly cleared out through the urinary system
within 4 h and less than ~5% of the QDs were found in the
liver.! The origin of such efficient renal clearance was due to
the fact that zwitterionic ligands can behave like poly(ethylene
glycol) (PEG) ligands to minimize serum protein adsorption
while maintaining the HD of the QDs below kidney filtration
threshold (KFT: ~5.5 nm)." While zwitterionic cysteine can
greatly enhance renal clearance of QDs, we found that ~3 nm
cysteine coated gold nanoparticles (AuNPs) were not renal-
clearable because of their low physiological stability.* Recently,
we have developed zwitterionic glutathione (GSH) coated gold
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NPs (GS-AuNPs) with a HD of ~3 nm, which also exhibited
desired renal clearance and low nonspecific RES accumulation:
more than 50% injection dose (ID) of GS-AuNPs were cleared
through the urine and only ~3%ID were accumulated in the
liver 24 h post injection (p.i.).* Not limited to those ultrasmall
NPs, large nanosystems assembled from ultrasmall AuNPs can
still be cleared out through the urinary system after
dissociation, opening up a new path to design renal-clearable
nanostructures with integrated functionality.®

While considerable understanding of renal clearance of
inorganic NPs have been achieved in the past few years, these
known renal-clearable NPs are generally chemically stable NPs
and they seldom dissociate into even smaller molecular
fragments such as metal complexes in the physiological
environment during circulation.”* On the other hand, a large
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Figure 1. (a) Schematic illustration for the preparation of Cu(II)-glutathione disulfide (GSSG) complex and luminescent copper nanoparticles
(CuNPs). (b) TEM image of the monodispersed luminescent CuNPs with GSH as ligand and the statistical core size of luminescent CuNPs from
the corresponding TEM images, 2.0 + 0.4 nm. (c) Absorption, excitation, and emission spectra of GSH-coated luminescent CuNPs. Inset:
Luminescent CuNPs under ultraviolet with excitation wavelength of 365 nm. (d) FT-IR spectra of pure GSH (black curve) and GSH-coated
luminescent CuNPs (red curve). (e) Dissociation kinetics of GS-CuNPs in different solutions. (R = 0.970, 0.947, 0.977, in FBS, DI water, and PBS,

respectively.

number of nanostructures created in the past decades often
have some unique functionalities but might not be as stable as
gold NPs or well-protected QDs.*” Therefore, a fundamental
question is how those inorganic NPs that can break down into
even smaller molecular complexes behave in vivo. In other
words, do the smaller fragments always mean more efficient
clearance? Herein, we used luminescent GSH coated CuNDPs
(GS-CuNPs) as a model to address this fundamental question
because GS-CuNPs are known to dissociate into Cu(IL)-
glutathione disulfide (GSSG) complexes (Cu(I)-GSSG).&5 1!
Quantitative investigation of their in vitro stability and serum
protein adsorption as well as in vivo behaviors show that GS-
CuNPs were eliminated much faster through the urinary
system, and accumulated in the liver much less than their
smaller dissociation complexes. The observed unique “nano
size” effect in enhancing renal clearance is fundamentally
because GS-CulNPs have higher resistance to serum protein
adsorption than Cu(II)-GSSG complexes even though their
sizes are larger. This quantitative understanding and control of
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in vivo behaviors of these chemically instable NPs is
fundamentally important for further expansion of our library
of renal-clearable NPs and opening up a new path for designing
more diverse clinically translatable inorganic NPs.

B RESULTS AND DISCUSSION

GS-CuNPs were synthesized by reducing Cu(II)-GSSG
complexes with NaBH, (Figure la). Once the free GSH and
salts were removed, luminescent GS-CuNPs were examined
with high-resolution transmission electronic microscope
(HRTEM) images, showing a uniform size distribution with
the average diameter of 2.0 + 0.4 nm (Figure 1b). The lattice
distance, 2.1 A, of luminescent GS-CuNPs corresponds to the
(111) plane of cubic structured Cu (Figure S1)."* Luminescent
GS-CuNPs exhibit near-infrared (NIR) emission with a
maximum at 700 nm and a large Stokes shift (~230 nm)
(Figure 1c), indicating that metal-to-ligand charge transfer
(Cu(I) » GSH) is involved in the emission process.lz"14 The
HD of luminescent GS-CuNPs measured with a dynamic light
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Figure 2. (a) Ex vivo fluorescent images of urine collected from mice with or without intravenous injection of luminescent GS-CuNPs 2 h p.i. (A, =
510 nm, 4., = 790 nm). (b) Copper contents in the urine at different times post injection (p.i.) (N = 6). (c) Biodistribution of Cu(I)-GSSG
complex (300 uL, 0.33 mg/mL) and luminescent GS-CuNPs (300 uL, 0.83 mg/mL) in BALB/c mice 24 h after the tail-vein injection (N = 6). (d)
Liver-to-urine ratios of Cu(II)-GSSG complex and GS-CuNPs at 24 h p.i. (e) Pharmacokinetics of Cu(II)-GSSG complex and luminescent GS-

CuNPs in 24 h pi (N = 6).

scattering (DLS) based particle size analyzer was ~2.7 nm
(Figure S2), which was slightly larger than its core size but
below the KET.">~'? To further verify the existence of GSH on
the CuNPs, FT-IR spectra were recorded with the purified dry
samples of CuNPs (Figure 1d). The typical absorption band of
the —COO— group (~1600 cm™") indicates the successful graft
of GSH on the particle surface. Compared to pure GSH, the
characteristic absorption peak of the S—H stretching band at
2525 cm™' disappeared, revealing the interaction between
CuNPs and GSH via the deprotonation and coordination of the
thiol group.'* Since luminescent GS-CuNPs are chemically
unstable and intend to dissociate into smaller nonluminescent
copper complexes, their dissociation kinetics were investigated
by quantifying their dissociation half-lives (t;/,) in the different
chemical environments. The observed linear relationships
between t,/, and the initial concentrations of GS-CuNPs in
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deionized water (DI H,0), phosphate buffered saline (PBS),
and fetal bovine serum (FBS) solutions suggest that the
dissociation of GS-CuNPs is a zero-order reaction in different
chemical environments (Figure le).

Since “being small” is generally seen as an efficient approach
to boosting the clearance of biomaterials from the body,' ™
dissociation fragments and Cu(II)-GSSG complex are expected
to be more efficient in renal clearance than their large
counterparts, GS-CuNPs.***' However, quantitative studies
on renal clearance kinetics and biodistribution of GS-CuNPs in
BALB/c mice (Figure 2c) show that 78.5 + 3.5%ID of GS-
CuNPs was excreted from the mice into the urine 24 h p.i. and
over 60%ID of copper was actually eliminated from the body in
the first 2 h p.i. (Figure 2b). On the other hand, the Cu(II)-
GSSG complexes were only partially renal-clearable and ~22%
ID of copper was found in the urine of the mice injected with
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Figure 3. Time-dependent radioactive high-performance liquid chromatography (HPLC) analysis of (a) CuNPs incubated in PBS, (b) CuNPs
incubated in PBS with 10% (v/v) of FBS, (c) Cu(II)-GSSG complex incubated in PBS, (d) Cu(II)-GSSG complex incubated in PBS with 10% (v/v)
of FBS. (e) HPLC analysis of liver and urine samples collected at 2 h p.i. (f) Copper uptake in the liver of mice with different injection doses of GS-

CuNPs at 24 h p.i.

Cu(I)-GSSG at 2 h p.i. Interestingly, although GS-CuNPs
were much larger than Cu(II)-GSSG complexes, GS-CuNPs
were even more efficiently cleared out of the body than the
complexes in the first 2 h p.i. Additional increases in urine
excretion of copper metal for GS-CuNPs (~16%ID) and
Cu(I1)-GSSG complexes (~18%ID) after 2 h are comparable
(Figure 2b), implying that the major differences in renal
clearance efficiencies among CuNPs and Cu complexes
originated from the initial clearance stage before the
dissociation of GS-CuNPs into Cu(II)-GSSG complex (Figure
2b).

The rapid renal clearance of GS-AuNPs is also responsible
for significant differences in biodistribution between GS-CuNPs
and Cu(II)-GSSG complexes. Compared to free Cu ions that
often bind to caerulo}z)lasmin and hephaestin and mainly
accumulate in the liver,”” both GS-CuNPs and Cu(1I)-GSSG
complexes had much lower accumulation in RES organs
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(Figure 2c), which was because zwitterionic GSH minimized
the serum protein absorption and enhanced their renal
clearance.* In addition, the rapid clearance of GS-CuNPs
reduced their nonspecific accumulation in RES organs than
Cu(I1)-GSSG complexes: only 12.3 + 3.1%ID and ~0.03 +
0.01%ID of copper was found in the liver and spleen at 24 h
p-., respectively, while Cu(II)-GSSG complex showed remark-
ably higher accumulation in the liver (29.6 + 8.1%ID) and
spleen (~0.11 + 0.07%ID). In addition, liver-to-urine ratio
(~0.16) of GS-CuNPs is more than 4 times lower than that of
Cu(II)-GSSG complex (Figure 2d). The observed low
accumulation of GS-CuNPs was also supported by the very
short blood elimination half-lives of GS-CuNPs (Figure 2e).
Following a rapid distribution with t,/,, of 3.9 + 0.9 min, GS-
CuNPs exhibited a short terminal elimination half-life (t,,,4) of
323 + 1.02 h, similar to many small molecules,**** and ~4
times shorter than GS-AuNPs.*> Meanwhile, a slightly slower
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Figure 4. Representative microPET-CT images of BALB/c mice at different times after intravenous injection of GS-[**Cu]CuNPs. Note: the
percentage injected dose per gram (%ID/g) here is defined as (activity (mCi/mL))/(total injected dose (mCi))/density (assuming density = 1g/

mL).

distribution half-life (f,,, = 13.7 £ 1.0 min) and relatively
longer terminal elimination half-life (t,/,5 = 4.93 + 0.94 h) of
Cu(II)-GSSG complex supported the observation in biodis-
tribution and renal clearance, where the copper contents in the
organs or tissues were much higher than that of GS-AuNPs
(Table S1).

In order to fundamentally understand differences in renal
clearance and biodistribution between GS-CuNPs and Cu(II)-
GSSG complexes, the physiological stability of GS-CulNPs at
the in vitro level was evaluated in details. We employed a high-
performance liquid chromatography (HPLC) system equipped
with a radioactive detector to track the dissolution behavior of
GS-[**Cu]CuNPs, which were prepared by incorporating the
trace amount of radioactive **Cu during the synthesis of GS-
CuNPs. Meanwhile, we also synthesized [**Cu]Cu(II)-GSSG
complex with a similar approach. As shown in Figure 3a, GS-
[%*Cu]CuNPs with the retention time of ~7.1 min gradually
dissociated into a new product upon incubation with PBS. The
dissociation product was later identified as Cu(II)-GSSG
complex (Figure 3c) due to its characteristic retention time
of ~9.2 min. Nearly 40.5% and 66.7% of the GS-[**Cu]CuNPs
in PBS dissociated into Cu(II)-GSSG complex in 2.5 and 4 h,
respectively (Figure 3a). In addition, such dissociation of GS-
CuNPs into Cu(II)-GSSG complexes was also confirmed by a
color change of solution into blue, consistent with the
appearance of characteristic absorption of Cu(Il)-GSSG
complex at 625 nm (Figure S3). To further investigate the
stability and interaction of GS-[*Cu]CuNPs in the presence of
FBS, the time dependent radioactive HPLC was also recorded.
The dissociation of GS-[**Cu]CuNPs in PBS with 10% (v/v)
FBS over 4 h resulted in emergence of a new radioactive signal
with a retention time of ~6.2 min (Figure 3b). Since both the
gel electrophoresis (Figure S4) and radioactive HPLC at S0
min had verified there was no interaction between FBS and GS-
[¢*Cu]CuNPs, this new signal could be likely ascribed to the
binding between serum protein and [**Cu]Cu(II)-GSSG
complex (~13.5%). Indeed, the same signal also appeared at
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~6.2 min with a binding ratio of ~14.5% and ~17.3% when
[#*Cu]Cu(I)-GSSG complexes were incubated with 10%(v/v)
FBS in PBS for 1.5 and 3 h, respectively (Figure 3d). These
studies suggested that while GS-CuNPs did not bind to the
serum protein, they experienced a gradually dissociation
process under the physiological environment and the
dissociation products Cu(II)-GSSG complexes partially bound
with serum protein.'”'"*® More detailed radioactive HPLC
studies on urine and liver samples of a mouse injected with GS-
CuNPs at 2 h p.i. showed that ~90% of Cu found in the urine 2
h p.i. were GS-CuNPs while ~60% of Cu found in the liver was
Cu(II)-GSSG complexes bound with serum protein (Figure
3e). The differences in binding affinity to serum proteins
between GS-CuNPs and their complex fragments are
responsible for the observed distinct renal clearance and
biodistribution: GS-CuNPs were more easily eliminated from
the body through the urinary system because of their low
affinity to serum protein adsorption while their fragments
intend to bind to serum protein more easily. Additionally, since
the dissociation half-life of GS-CuNPs is linearly dependent on
the initial GS-CuNP concentrations, liver uptake is affected by
initial GS-CuNP concentrations. With the increase of GS-
CuNPs injection dose concentrations of copper from 0.89 to
2.68 and 6.24 mg/mL, accumulation of the NPs in the liver was
only increased from 0.033 to 0.054 and 0.057 mg, respectively,
and the liver uptake compared to total injection doses actually
decreased from 14.98% to 8.05% and 3.65%ID, respectively
(Figure 3f). Such concentration-dependent liver uptake
behavior is distinct from that of those chemically stable NPs
such as GS-AuNPs, of which renal clearance of GS-AuNPs is
independent of injection doses.**

Dissociation of GS-AuNPs in the physiological environment
not only resulted in concentration-dependent renal clearance
and liver uptake, but also was responsible for time-dependent
biodistribution of GS-CuNPs and Cu(II)-GSSG complexes
after iv. injection. While accumulation of Cu(II)-GSSG
complexes in normal tissues and organs is much higher than

DOI: 10.1021/acs.bioconjchem.5b00003
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that of GS-CuNPs in general, the relative differences in
biodistribution between the complexes and CuNPs changed
with time. For instance, the liver uptake of Cu(Il)-GSSG was
9.68 + 2.56%ID at 1 h p.i,, ~5 times higher than that (2.08 +
0.35%ID) of GS-CuNPs. In addition, the accumulation (7.00 +
3.90%ID/g) of Cu(II)-GSSG in the muscle is about 9 times
than that (0.83 + 0.32%ID/g) of GS-CuNPs (Figure SS and
Figure S6). However, at 24 h p.i, the liver uptake ratio between
Cu(II)-GSSG and GS-CuNPs decreased to 2.5 times, and so
did the muscle uptake ratio (~4) (Figure S6). Such changes in
copper uptake ratios among different organs were consistent
with the renal clearance profile and dissociation kinetics of GS-
AuNPs: copper accumulation in the different tissues at the
initial stage (1 h. p.i.) was fundamentally governed by intact
GS-CuNPs, while it became strongly influenced by their
dissociation process of GS-CuNPs at the late injection stage
(24 h. pi).

Successful synthesis of renal-clearable GS-[**Cu]CuNPs
provided an exciting opportunity to explore a potential
biomedical application of CuNPs in PET imaging because
Cu is a well-known f* (0.653 MeV, 17.8%) emitter for PET
imaging with a half-time of 12.7 h.2’7%° In addition, considering
copper is a necessary trace element in the human body with the
total content of 100—150 mg and ~18 mg in the liver,>! if we
could combine renal-clearable CuNPs with highly sensitive
nuclear imaging techniques, potential interference induced by
endogenous copper in the body can be avoided. To
demonstrate such an application, we injected the synthesized
radioactive GS-[**Cu]CuNPs into BALB/c mice and per-
formed the PET imaging. Figure 4 demonstrates time-
dependent biodistribution of GS-[**Cu]CuNPs during the
first 4 h. Consistent with the previous results of GS-CuNPs in
the urine, most GS-[**Cu]CuNPs rapidly reached the kidney of
BALB/c mice after intravenous injection, followed by excretion
to bladder, confirming the prompt renal clearance of the GS-
CuNPs. Besides the kidney, the intensity in the bladder initially
increased sharply and was still preserved at a high level at 4 h
p.i., consistent with the results of high content copper in the
urine. A slightly high Cu uptake by the liver was observed at 4 h
p-., further implying that the accumulation of copper in the
liver was induced by the dissociation of GS-CuNPs into Cu(II)-
GSSG complexes.

B CONCLUSION

In summary, using luminescent GS-CuNPs and their
dissociation products, Cu(II)-GSSG complexes as models, we
systematically studied their in vitro stability and in vivo
behaviors, which show that GSH ligand can significantly
enhance renal clearance of CuNPs with an efficiency of 78.5 +
3.5%ID, 24 h p.i, higher than renal clearance of Cu(II)
complexes (40.5 + 2.3%ID, 24 h p.i.). By incorporating *Cu
into GS-CuNPs and Cu(II)-GSSG during the synthesis, we
were able to use radioactive HPLC to in situ quantitatively
monitor serum protein adsorption of GS-CuNPs and Cu(II)-
GSSG at the in vitro level, which shows that GS-CuNPs have
much higher resistance to serum protein adsorption than
Cu(II)-GSSG. The observed unique “nano” size effect in
enhancing renal clearance of CuNPs might be extended to
designing renal-clearable NPs with more diverse diagnosis and
therapeutic functionality. In addition, radioactive GS-CuNPs
potentially serve as positron emission tomography (PET)
contrast agents for kidney imaging. Furthermore, because the
dissociation of GS-CuNPs follows zero-order chemical kinetics,
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the liver uptake can be decreased from 14.98% to 3.65%ID
once the injection dose concentration was increased from 0.89
mg/mL to 624 mg/mlL, which is distinctive of in vivo
behaviors of chemically stable inorganic NPs.**>* The
fundamental understanding and control of in vivo behaviors
of the degradable inorganic NPs will lay down a foundation for
further developing renal-clearable inorganic NPs with mini-
mized nanotoxicity.

B EXPERIMENTAL PROCEDURE

Chemicals and Reagents. Cupric chloride anhydrous
(CuCly), hydrochloric acid (HCl, 12.1 M), and ethanol were
purchased from Fisher Scientific. Phosphate buffered saline
(PBS) buffer was received from Lonza. The **CuCl, solution
was purchased from University of Wisconsin-Madison. All the
other chemicals were purchased from Sigma-Aldrich and used
as received unless specified. High-purity water with the
resistivity of ~18.2 MQ*cm was prepared with a Milli-Q
water system (Millipore, Bedford, MA, USA).

Synthesis of Cu(ll)-Glutathione Oxidized (GSSG)
Complex. CuCl, (1 mmol) and GSH (4 mmol) was mixed
in 40 mL DI water, followed by adding S M NaOH solution to
tune the pH of the mixture to about 7, and adding extra DI
water to fix the total volume to 50 mL, which was then equally
divided into 10 samples in 20 mL vials. The obtained samples
were stored at R'T. for about 1 week until the solution color
remained unchanged, and the blue Cu(II)-GSSG complex was
obtained.

For animal study, the prepared Cu(II)-GSSG complex was
precipitated by adding 3X vol ethanol (21 000 g, 1 min). Then,
the precipitates were dried by N, purge and redissolved in PBS,
followed by further purifying with gel filtration on an NAP-S
column (GE Healthcare).

Synthesis of Luminescent GS-CuNPs. The synthesized
Cu(II)-GSSG complex solution of 4.8 mL was precipitated by
adding 3X vol ethanol (21 000 g, 1 min). Then, the precipitates
were dried by N, purge and redissolved in 45 mL DI water,
followed by adding freshly prepared 2 mL 4.8 M NaBH,
solution under stirring with the speed of 1150 rpm for 5—10
min. The pH of the solution was then tuned to 4—5 by adding
5 M HCI solution, and the solution was kept at RT. for ~30
min under stirring.

For animal study, the as-prepared luminescent CuNPs were
obtained by the precipitation of sample via adding 2X vol of
ethanol (6000 g, 2 min). The precipitates were redissolved in
PBS solution, followed by washing S times with PBS (10k
MWCO, Millipore, 10 000 g, 3 min each time). The obtained
solution was then filtered by MWCO (50k MWCO, 10 000 g, 2
min). Finally, the CuNPs was further purified by gel filtration
on an NAP-S column (GE Healthcare), with PBS as the eluent.

Synthesis of Radioactive [**Cu]Cu(ll)-GSSG Complex.
Radioactive CuCl, (5.9 Gbq/mL, S uL) was added into 0.1
mL 0.1 M CuCl, solution, followed by adding 0.3 mL 0.1 M
glutathione oxidized (GSSG) and tuning the pH to ~7 with 1
M NaOH solution. The prepared Cu(II)-GSSG complex was
then precipitated by adding 3X vol ethanol (21000 g, 1 min).
The obtained precipitates were dried by N, purge and
redissolved in PBS.

Synthesis of Luminescent Radioactive GS-[**Cu]-
CuNPs. 4.8 mL Cu(II)-GSSG complex solution was
precipitated by adding 3X vol ethanol (21000 g, 1 min).
Then, the precipitates were dried by N, purge, redissolved in 45
mL DI water, and mixed with radioactive **CuCl, (6.3 Gbq/
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mL, 10 uL), followed by adding 2 mL 4.8 M NaBH, solution
under stirring with the speed of 1150 rpm for S—10 min. The
pH of the solution was then tuned to 4—5 by adding 5 M HCl
solution, and the solution was kept at R.T. for ~30 min under
stirring. The purification procedure of luminescent radioactive
GS-[**Cu]CuNPs was the same as the above process of
luminescent GS-CuNPs.

Materials Characterization. The luminescence spectra
were collected by a PTI QuantaMaster 30 Fluorescence
Spectrophotometer (Birmingham, NJ). Absorption spectra
were collected using a Varian 50 Bio UV—vis spectropho-
tometer. Particle size and zeta potential in the aqueous solution
were determined by a Brookhaven 90Plus Dynamic Light
Scattering Particle Size Analyzer (DLS) and a Brookhaven
ZetaPALS zeta potential analyzer, respectively. Transmission
electron microscopy (TEM) images were obtained from JEOL-
2100 transmission electron microscope at an accelerating
voltage of 200 kV. Fourier transform infrared (FTIR) spectra
were recorded on a Nicolet Avatar 360 FT-IR spectrometer.
Photographic images of the samples were captured by digital
camera ($8100, Nikon). The fluorescence images of urine were
acquired using In-Vivo Imaging System FX Pro (Carestream
Molecular Imaging) with the excitation and emission wave-
length of 510 and 790 nm, respectively.

Gel Electrophoresis. Britton-Robinson buffer (B-R buffer)
solution with the pH of 7.4 was prepared as follows: 0.2 M
NaOH solution was added into aqueous solution containing
0.04 M phosphoric acid, 0.04 M acetic acid, and 0.04 M boric
acid to adjust the pH to 7.4. The as-prepared B-R buffer was
diluted 10 times for gel electrophoresis.

The interaction between the luminescent GS-CuNPs and
FBS was evaluated by 2% agarose gel electrophoresis. The GS-
CuNPs were dissolved in diluted B-R buffer solution at pH 7.4
containing 10% (v/v) fetal bovine serum (FBS) and then
incubated in a 37 °C water bath for 30 min. To identify the
protein band in the gel, the proteins were stained by Coomassie
brilliant blue 250 (CBB250) before the loading of the solution
into the gel. Solution (30 uL) of each sample (1: CuNPs +
CBB250; 2: CuNPs + FBS + CBB250; 3: CuNPs; 4: CuNPs +
FBS) was mixed with 3 L 75% glycerol and then analyzed by
2% agarose gel electrophoresis using the Mini-sub cell GT Gel
electrophoresis system (Bio-Rad Laboratories Inc.) and B-R
buffer solution at pH 7.4 with 8.5 V cm™" for 30 min. Pictures
were taken under daylight and UV-light with the excitation of
365 nm.

Measuring Dissociation Kinetics of GS-CuNPs in
Different Solutions. Luminescence intensities of GS-CuNPs
with different concentrations (from ~0.08 mg/mL to ~0.8 mg/
mL) in DI H,0, PBS, and FBS were measured at the different
time points (20, 40, 60, 80, 100, 130, 160, 200, 280, and 360
min) using a Carestream Molecular Imaging System In-Vivo
FX PRO (U.S.). The emission intensities of GS-CuNPs at a
specific concentration at the different time points were then
fitted with a single exponential decay function. The obtained
t), values of GS-CuNPs at the different concentrations were
then fitted with a linear function using a standard least-squares
regression.

Radioactive High-Performance Liquid Chromatogra-
phy (HPLC). The dissociation behavior of GS-[**Cu]CuNPs
and their interaction with serum protein, as well as the
interaction between [**Cu]Cu(II)-GSSG complex and serum
protein, were determined by a radio high-performance liquid
chromatography (HPLC). The copper concentration of GS-

[**Cu]CuNPs and [%*Cu]Cu(1I)-GSSG complex in each
sample (100 uL) was ~0.56 mg/mL and ~0.096 mg/mlL,
respectively. The HPLC was conducted on a Waters 600
multisolvent delivery system equipped with a Waters 2996
photodiode array detector and an in-line Shell Jr. 2000 radio-
detector (Fredericksburg, VA). The analysis was performed on
a BioSuite 125 SEC HPLC column (10 ym SEC, 7.5 X 300
mm) with 10 mM phosphate buffered saline (PBS, pH 7.4) as
the mobile phase.

Experimental Animals. The animal studies were carried
out according to the guidelines of the University of Texas
System Institutional Animal Care and Use Committee. The
BALB/c mice of 6—8 weeks old, weighing ~20 g, were ordered
from the National Cancer Institute (NCI) Frederick National
Laboratory. The animals were housed in ventilated cages under
standard environmental conditions (23 + 1 °C, 50 + 5%
humidity and a 12/12 h light/dark cycle) with free access to
water and standard laboratory food.

Biodistribution Studies of Cu(ll)-GSSG Complex and
CuNPs. In order to assess tissue distributions of the Cu(II)-
GSSG complex and GS-CuNPs, the mice were sacrificed at 1 h,
24 h (N = 6, each group) post IV injection of the samples (300
uL each mouse, copper content was determined by ICP-MS:
~0.83 mg/mL for GS-CuNPs and ~0.33 mg/mL for Cu(II)-
GSSG complex). The collected organs were weighed and the
metal contents were determined using the ICP-MS method.
The blood, tissues, and organs were dissolved in 2 mL 70%
nitric acid®>*® in screw-capped glass bottles (20 mL) under
sonication for over 12 h, followed by evaporating acid. The
residue was then washed by 1% HNO,; with final constant
volume of 10 mL and centrifuged at 4000 rpm for 10 min to
remove precipitates. The resultant clear samples were analyzed
by a PerkinElmer-SCIEXELAN 6100 DRC Mass Spectrometry.

Liver Uptake of GS-CuNPs with Different Injection
Doses. To study how the injection doses of GS-CuNPs affect
their liver uptake, mice were divided into 3 groups and injected
with 3 different concentration of GS-CuNPs with copper
concentrations of 0.89 mg/mL, 2.68 and 624 mg/mL,
respectively. At 1 h, 24 h p.i, the mice were sacrificed and
the liver tissues were collected. The copper concentration in the
liver was characterized with ICP-Mass spectrometry.

Urine Collection and Analysis. To analyze the renal
clearance kinetics, the Cu(II)-GSSG complex and GS-CuNPs
samples were injected into the mice (N = 6, each group) and
the urine was collected at different time points for ICP-MS
measurement. For the ICP-MS analysis, the urine was
predissolved in the 70 wt % nitric acid and diluted to the
suitable concentration.

Radio-HPLC Studies of Cu Components in Urine and
Liver at 2 h p.i. GS-[**Cu]CuNPs (~0.88 mg/mL, 250 uL)
were intravenously administered to a BALB/c mouse (6—8
weeks old). The urine was collected at 2 p.i. and analyzed with
radio-HPLC. The retention times of different peaks were
measured. The mouse injected with the NPs was sacrificed at 2
h p.i. after the urine was collected. After liver homogenization
with a standard procedure, the homogenate was centrifuged at
21000g for 5 min and the obtained supernatant fluid was
analyzed by radio-HPLC.

Pharmacokinetics Studies of Cu(ll)-GSSG Complex
and CuNPs. To investigate the pharmacokinetic behavior,
BALB/c mice injected with the Cu(1I)-GSSG complex or GS-
CuNPs were blood sampled from the retro-orbital sinus at 2
min, S min, 10 min, 30 min, and 1, 2, 4, 8, 12, and 24 h p.i. (N

DOI: 10.1021/acs.bioconjchem.5b00003
Bioconjugate Chem. 2015, 26, 511-519



Bioconjugate Chemistry

= 3), respectively. The blood samples were analogously
processed as organs and urine, and analyzed by ICP-MS. The
pharmacokinetic parameters were calculated based on a two-
compartment model, which fit well with biexponential decay.

Micro Positron Emission Tomography (PET)-Com-
puted Tomography (CT) Imaging. The used GS-[**Cu]-
CuNPs for PET imaging was synthesized and purified like the
previous process with minor modification. Specifically, 0.2 mL
Cu(II)-GSSG complex solution was precipitated by adding 3x
vol ethanol (21 000g, 1 min). Then, the precipitates were dried
by N, purge, redissolved in 4 mL DI water, and mixed with
radioactive *CuCl, (5.55 Gbq/mL, 20 uL), followed by adding
0.2 mL 2 M NaBH, solution under stirring with the speed of
1150 rpm for 5—10 min. Then, the pH of the solution was
tuned to 4—5 by adding 1 M HCI solution, and the solution
was kept at R.T. for ~30 min under stirring.

In vivo small-animal imaging was performed using a Siemens
Inveon PET-CT multimodality system (Siemens Medical
Solutions, Knoxville, TN) with an intrinsic spatial resolution
of 1.5 mm. 6.7 MBq of GS-[**Cu]CuNPs was administered to
the BALB/c mouse (6—8 weeks old, 16.8 g) via tail-vein
injection. PET images were acquired at 3—4 time points
including immediately post injection (p.i.) for 1 h and at 1.5 b,
and 4 h pi. for 1S min. The CT projections (360/rotation)
were acquired with a power of 80 kV p, current of 500 uA,
exposure time of 145 ms, and binning size of 4. The first 1 h
PET images were reconstructed into 20 frames of 180 s using a
3D Ordered Subsets Expectation Maximization (OSEM3D/
MAP) algorithm. The 15 min PET images were reconstructed
with a single frame and OSEM3D/MAP algorithm. The CT
reconstruction protocol used a down sample factor of 2, was set
to interpolate bilinearly, and used a Shepp-Logan filter. The
PET and CT images were coregistered in Inveon Acquisition
Workplace (Siemens Medical Solutions, Knoxville, TN) for
analysis. Circular regions of interest (ROI) were drawn
manually, encompassing the kidney and bladder in all planes
containing the organs. The target activity was calculated as
percentage injected dose per gram (%ID/g), which is defined as
(activity (mCi/ml))/(total injected dose (mCi))/density
(assuming density = 1 g/mL).

B ASSOCIATED CONTENT
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