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ABSTRACT: Glutathione-coated luminescent gold nano-
particles (GS-AuNPs) with diameters of ∼2.5 nm behave
like small dye molecules (IRDye 800CW) in physiological
stability and renal clearance but exhibit a much longer
tumor retention time and faster normal tissue clearance,
indicating that the well-known enhanced permeability and
retention effect, a unique strength of conventional NPs in
tumor targeting, still exists in such small NPs. These merits
enable the AuNPs to detect tumor more rapidly than the
dye molecules without severe accumulation in reticuloen-
dothelial system organs, making them very promising for
cancer diagnosis and therapy.

Inorganic nanoparticles (NPs) with large surface areas, tunable
material properties, and strong signal output1 can potentially

serve as a new generation of nanomedicines that could catalyze
the shift of our current medical paradigm to “earlier detection
and prevention”.2 NPs often passively accumulate in disease sites
such as tumors at much higher concentrations and for longer
times than small drug molecules through the well-known
enhanced permeability and retention (EPR) effect,3 making
NPs even more promising in addressing many challenges that
small drug molecules encounter in early cancer diagnosis and
therapy.2a For example, 30 nm gold nanocages coated with
poly(ethylene glycol) (PEG) can passively target tumors with a
high efficiency of 8% injected dose per gram of tissue (% ID/g)
24 h post injection (p.i.).4 This unique strength of NPs in tumor
targeting is fundamentally due to the ability of NPs to escape
kidney filtration and be retained in the blood plasma for longer
times than small molecules.3b However, unlike small, renal-
clearable, clinically used molecular probes such as 2-deoxy-2-
[18F]fluoro-D-glucose,5 Gd-DTPA,6 and iomeprol,7 inorganic
NPs often severely accumulate in reticuloendothelial system
(RES) organs (liver, spleen, etc.),8 resulting in low targeting
specificity (defined as the amount of probe in tumor vs that in
liver)9 and potential long-term toxicity,10 hampering their clinical
use.
To minimize nonspecific accumulation in RES organs and

potential toxicity of inorganic NPs, several different kinds of
renal-clearable inorganic NPs have recently been developed.11

For instance, Choi and co-workers12 found that cysteine-coated
CdSe/ZnS quantum dots (QDs) with hydrodynamic diameters
(HDs) below 5.5 nm can be efficiently cleared into the urine
within 4 h, with <10% ID of the QDs accumulated in the RES
organs. Our recent studies13 showed that glutathione (GSH) can

serve as an effective surface ligand to minimize nonspecific RES
uptake of few-nanometer luminescent gold NPs (GS-AuNPs),
enabling >60% ID of the NPs to be cleared through the urinary
system with an NP loading of only 3% ID/g found in the liver 48
h p.i.13c More detailed pharmacokinetics studies13b revealed that
GS-AuNPs are rapidly distributed in the body with a short
distribution half-life of 5.0 min and circulate in the body with a
long blood-elimination half-life of 12.7 h in balb/c mice.
While these renal-clearable inorganic NPs behave like small

molecules in urinary elimination and two-compartment
pharmacokinetics because of their small size and desired surface
chemistry, whether renal-clearable NPs will retain the EPR effect,
a unique strength of conventional NPs in passive tumor
targeting, is unknown but critical to their future applications in
disease diagnosis and therapy. For the EPR effect to function
well, NPs often need to remain in the blood plasma at a relatively
high concentration for >6 h.3b Thus, macromolecules or NPs
larger than 40 kDa or 5.5 nm that can escape kidney filtration
generally exhibit the desired EPR effect.3b,12a However, to evade
RES uptake, NPs must be smaller than the kidney filtration
threshold (KFT) of 5.5 nm.12a These seemingly contradictory
requirements on NP size naturally raise a fundamental question
of whether renal-clearable NPs with HDs smaller than the KFT
can still have prolonged retention times in tumors like their larger
counterparts. In addition, since the imaging contrast index (CI),
which reports the quality of imaging detection, is dependent on
the ratio of the amount of probe in the tumor to that in the
normal tissue background, clearance of the probes from normal
tissues also plays a key role in contrast enhancement and rapid
detection.14 However, the way that renal-clearable NPs are
eliminated from normal tissues in comparison with renal-
clearable small molecules has not been investigated previously.
With these two fundamental questions, we conducted a

detailed comparison of passive tumor targeting by renal-clearable
near-IR (NIR)-emitting inorganic GS-AuNPs and a renal-
clearable organic fluorophore, IRDye 800CW15 (Figure 1).
The synthesis of the 2.5 nm NIR-emitting GS-AuNPs was
reported previously;13b,16 the modified synthetic procedures are
described in the Supporting Information (SI), and character-
ization data are shown in Figures S1−S3 in the SI. These two
probes have comparable emission wavelengths (∼800 nm) and
high physiological and photostability suitable for real-time
imaging of passive tumor targeting and retention kinetics in
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tumor and normal tissues (Figure S4). While GS-AuNPs and
IRDye 800CW behave similarly in initial tumor targeting, they
exhibited distinct retention kinetics in tumor and normal tissues:
GS-AuNPs were retained in the tumor at a concentration 10
times higher than the dye molecules 12 h p.i. but cleared from
normal tissue >3 times faster than the dye molecules. As a result,
the NPs reached the detection threshold (CI = 2.5) nearly 3
times faster than the dye molecules. These results clearly show
that renal-clearable GS-AuNPs with HDs of 3.3 nm (smaller than
the KFT of 5.5 nm) can passively target tumors through the EPR
effect and are more suitable for rapid tumor detection than
organic dye molecules. These new findings on passive tumor
targeting by renal-clearable AuNPs, as distinct from small dye
molecules and conventional non-renal-clearable NPs, will
provide further guidance to chemists in designing a new
generation of nanomedicines for clinical use.
Passive tumor targeting by GS-AuNPs and IRDye 800CWwas

investigated by collecting in situ fluorescence images of MCF-7
tumor-bearing nude mice at different p.i. time points (Figure
2A). While the mice were barely imaged in the NIR before
injection of the probes, they became visible right after
intravenous (iv) injection of the probes as a result of rapid
distribution of the probes in the mice. However, tumor areas

were hardly defined in themice in the first 0.5 h p.i. because of the
strong fluorescence background from the probes in normal tissue
(Figure 2A). With increasing time, the decrease in the
fluorescence background from normal tissue caused the tumor
areas to become readily defined in the mouse injected with GS-
AuNPs at 3 h p.i. (Figure 2A), whereas for the mouse injected
with dye molecules, an additional 5 h was required to obtain clear
tumor images (Figure S5). At 12 h p.i., the tumor area in the
mouse injected with GS-AuNPs was more evident because of the
well-maintained signal from the tumor site and the further
decrease in the fluorescence background from normal tissue. In
contrast, the significant decrease in emission from the tumor in
the dye-injected mouse indicated that most of the dye molecules
had been eliminated from the tumor 12 h p.i. (Figures 2A and
S5). Besides the tumor, the bladder was another place where the
accumulation and elimination of both probes were readily
observed (Figure 2A). This confirmed the renal clearance of the
NPs and the dye, consistent with the previous observations of
luminescent GS-AuNPs13b,c and IRDye 800CW.15

Ex vivo images of organs and tumors taken from the probe-
injected mice showed that the tumors taken at 1 and 12 h p.i.
from the mice injected with GS-AuNPs exhibited comparable
signals (Figure 2B), while the signal from the tumor taken from
the dye-injected mouse at 12 h p.i. was significantly lower than
the one taken at 1 h p.i. (Figure 2C), further confirming the much
longer tumor retention time of GS-AuNPs. However, for both
probes, the signals in the kidney were significantly lower at 12 h
p.i. than at 1 h p.i. (Figure 2B,C), indicating that both probes
were cleared from the body through kidney filtration. The
consistency in the accumulation of the probes in the tumor and
kidney from the in vivo and ex vivo studies clearly indicates that
noninvasive real-time in vivo imaging of tumor targeting and
renal clearance of these probes is feasible.
As the CI is a general parameter used in tumor imaging to

evaluate how well the tumor can be distinguished from normal
tissue as a result of the introduction of a probe,17 we quantified
the time-dependent CI values for GS-AuNPs and IRDye 800CW.
Generally, a CI value of 2.5 is considered to be the threshold for
substantial tumor targeting.18 The NPs and dye molecules took
3.1 ± 0.2 and 8.2 ± 0.6 h, respectively, to reach a CI value of 2.5
(Figures 3A and S6 and Table S1). While the CI value of∼3.0 for
GS-AuNPs is slightly lower than that for the reported renal-
clearable QDs conjugated with active tumor-targeting ligands
(5.0), it is higher than that for renal-clearable QDs without active
targeting ligands (1.8).12b The differences in the CI kinetics for
the NPs and the dye fundamentally arise from the distinctive
retention kinetics of the two probes in normal tissue and tumors.
As shown in Figures 3B and S7, the fluorescence intensity of
normal tissue in themice injected with IRDye 800CW reached its
maximum 40−50 min p.i., but that of mice injected with GS-
AuNPs took <10 min to reach its maximum (Figure 3B and
Table S2). The retention kinetics of IRDye 800CW in normal
tissue exhibited a monoexponential decay with a half-life of 2.3±
0.3 h (Figure 3B). In contrast, GS-AuNPs in normal tissue
showed a two-compartment decay: >90% of the NPs were
eliminated from the normal tissue with a half-life of 43.4 ± 6.6
min, and <10% of the NPs remained in the normal tissue for >24
h. These results indicate that most of the NPs were cleared from
the normal tissue >3 times faster than the dye molecules.
Subsequent analysis of the time-dependent emission inten-

sities from the tumors also revealed some similarities and
differences in the tumor targeting by the NPs and dye molecules
(Figures 3C and S8). Both probes reached their maximum

Figure 1. (A) Scheme of passive tumor targeting of renal-clearable
probes. In vivo tumor targeting and clearance kinetics can be measured
by fluorescence imaging in real time after iv injection of the probes into
nude mice. (B) Schematic representation of a GS-AuNP (2.5 nm core
size, HD = 3.3 nm) and the structure of IRDye 800CW.

Figure 2. (A) Representative in vivo NIR fluorescence images ofMCF-7
tumor-bearing mice iv-injected with GS-AuNPs and IRDye 800CW
collected 0.5, 3, and 12 h p.i. The tumor areas are indicated with arrows.
(B, C) Ex vivo fluorescence images of organs and tumors removed 1 and
12 h p.i. from MCF-7 tumor-bearing mice iv-injected with (B) GS-
AuNPs and (C) IRDye 800CW. Labels: 1, tumor; 2, liver; 3, lung; 4,
spleen; 5, heart; 6, kidney (left); 7, kidney (right). More images related
to the tumor targeting by IRDye 800CW are shown in Figure S5.
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accumulations at the tumor sites within 40 min, indicating that
the NPs behaved like the small dye molecules in the initial stage
of the tumor targeting. However, the retention kinetics of the
NPs and dye molecules in the tumor were different. IRDye
800CW followed a biexponential decay with half-lives of 1.4 ±
0.6 h (70.7 ± 9.2%) and 6.2 ± 0.3 h (29.3 ± 9.2%). While the
origin of this two-compartment decay is still not clear, we
hypothesize that the observed shorter half-life (∼1.4 h) might
result from the dense blood vessels in tumors, making the dye
molecules diffuse away from the tumors more easily than from
normal tissue (2.3 ± 0.3 h). However, the longer half-life (6.2 ±
0.3 h) might be due to the leakiness of the tumor vascular
structure and trapping of the dye molecules inside the tumor.
Less than 5% of the maximum fluorescence intensity remained in
the tumor site 24 h p.i., indicating that the dye molecules can be
eventually cleared from the tumors. In sharp contrast, >76% of
the maximum fluorescence intensity from the NPs remained in
the tumor 24 h p.i., which implies that the tumor retention of GS-
AuNPs is much longer than that of IRDye 800CW. Such distinct
tumor retention behavior for GS-AuNPs and IRDye 800 CW
suggests that the EPR effect does exist for GS-AuNPs even
though their HD of 3.3 nm is smaller than KFT of 5.5 nm.
We then compared the pharmacokinetics of GS-AuNPs and

IRDye 800CW in nude mice to obtain a better understanding of
the origin of the EPR effect. While the NPs and dye are both
renal-clearable, their pharmacokinetics are not exactly the same.
Both GS-AuNPs and IRDye 800CW followed two-compartment
pharmacokinetics with comparable distribution half-lives (t1/2α)
of 5.4± 1.2 and 6.3± 2.5min, respectively (Figure 3D). The very
short t1/2α is typical of many small molecular probes (e.g., t1/2α =
0.4 min for Gd-DTPA6 and 16.2 min for iomeprol7). Since t1/2α
reflects how fast a probe is distributed in the body, the very short
t1/2α for the renal-clearable GS-AuNPs indicates that they behave

more like small molecules than conventional large NPs in their
initial tissue distribution,13b consistent with their initial tumor
targeting. However, the blood-elimination half-life (t1/2β) for the
GS-AuNPs in nude mice was 8.5± 2.1 h, which is slightly shorter
than the t1/2β observed in balb/c mice (12.7 h)13b but nearly 9
times longer than that of the dye (0.98± 0.08 h). Such a long t1/2β
is the origin of the EPR effect in renal-clearable GS-AuNPs, as it
exceeds the minimum requirement of 6 h for a strong EPR
effect.3b The t1/2β of GS-AuNPs (8.5 h) is 4 times longer than that
of 5.5 nm renal-clearable cysteine-coated (∼2 h),12 which also
explains why the CI of GS-AuNPs (∼3.0) is higher than that of
renal-clearable QDs without active targeting ligands (1.8).12b

To gain a more quantitative understanding of the in vivo
behaviors of the two probes, we studied the biodistribution of the
NPs and dye molecules at 1 and 12 h (Figure 4A,B). The tumor

uptakes were measured to be 3.0 ± 0.2 and 2.3 ± 0.2% ID/g for
the GS-AuNPs and 1.8 ± 0.1 and 0.2 ± 0.02% ID/g for IRDye
800 CW at 1 and 12 h, respectively, demonstrating that GS-
AuNPs are retained in the tumor much longer than IRDye
800CW and at a concentration 10 times higher than that of the
dye molecules at 12 h p.i., consistent with the in vivo kinetics
results (Figures 2 and 3A−C). This prolonged tumor retention
behavior is very similar to that reported for large PEG-coated
AuNPs (PEG-AuNPs) with sizes of 20−100 nm, which also
exhibit long tumor retention times due to the EPR effect.19 The
reason that the EPR effect is observed for GS-AuNPs is because
GSH behaves like the PEG molecule in resisting serum protein
adsorption, which allows the GS-AuNPs, like those 20−100 nm
PEG-AuNPs,19 to be retained in the blood plasma at a relatively
high concentration in tumor targeting. However, it should be
noted that GS-AuNPs do exhibit some differences in some
passive tumor targeting behaviors compared with those non-
renal-clearable PEG-AuNPs.19 In terms of tumor accumulation
kinetics, GS-AuNPs reached their highest accumulation within 1
h; this is much faster than for the large PEG-AuNPs,19 which
generally reach their maxima 4−8 h p.i.. Also, the targeting
efficacy of GS-AuNPs is generally 2−10 times better than those
of 20−100 nm PEG-AuNPs.19 Another advantage of renal-
clearable AuNPs over non-renal-clearable ones is that the
targeting specificity of the GS-AuNPs is much higher. As a

Figure 3. (A) Contrast index (CI) of GS-AuNPs and IRDye 800CW at
different p.i. time points. The NPs reached the maximum CI value faster
than the dye. The CI threshold value of 2.5 was reached in 3.1 ± 0.2 and
8.2 ± 0.6 h for the NPs and the dye, respectively. (B) Retention kinetics
in normal tissue. The retention half-lives of GS-AuNPs and IRDye
800CW are 43.4 ± 6.6 min and 2.3 ± 0.3 h, respectively (n = 3). (C)
Tumor targeting kinetics of GS-AuNPs and IRDye 800CW,
respectively. (D) Pharmacokinetics of the renal-clearable GS-AuNPs
and IRDye 800CW 0−24 h p.i. The curves were fitted to biexponential
function with R2 values of 0.9711 and 0.9838, respectively. The
distribution half-lives (t1/2α) are 5.4 ± 1.2 and 6.3 ± 2.5 min,
respectively, and the elimination half-lives (t1/2β) are 8.5 ± 2.1 and 0.98
± 0.08 h, respectively (means ± standard deviations, n = 3).

Figure 4. (A−C) Biodistributions of (A) GS-AuNPs, (B) IRDye
800CW, and (C) BSA-AuNPs at 1 and 12 h p.i. (D) Ratios of the probe
concentration in tumor to that in liver at 1 and 12 h p.i..
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control, we investigated the tumor targeting specificity of ∼30
nm bovine serum albumin (BSA)-coated AuNPs (BSA-AuNPs)
(HD≈ 60 nm; Figure S10) under the same conditions and found
that >70% ID were rapidly shuttled out of circulation to the liver
and spleen (Figure 4C). As a result, the tumor targeting
specificities of 30 nm BSA-AuNPs were only 0.0036 ± 0.0007
and 0.0030 ± 0.001 at 1 and 12 h, respectively, which are >300
times less than those of GS-AuNPs and the dye (Figure 4D).
Generally, the targeting specificity of GS-AuNPs is one or two
orders of magnitude better than those of non-renal-clearable
AuNPs because accumulation of GS-AuNPs in the RES is >10
times lower than those of large AuNPs (30−60% ID/g).4,19,20

In summary, we have systematically compared in vivo passive
tumor targeting by renal-clearable GS-AuNPs and IRDye
800CW. While the NPs behave like the small dye molecules in
the initial stage of tumor targeting, the tumor retention time of
the NPs is much longer than that of the dye molecules, indicating
that GS-AuNPs do retain the EPR effect while achieving efficient
renal clearance. The EPR effect for the GS-AuNPs likely occurs
because GS-AuNPs evade uptake by the RES organs and are
retained in the blood plasma with a relatively long elimination
half-life of 8.5 h. In addition, clearance of GS-AuNPs from
normal tissues is >3 times faster than that of the dye molecules.
Thus, the CI of the NPs increases more rapidly than that of the
small dye molecules (3 h vs 8 h), implying that the GS-AuNPs are
more suitable for rapid detection of tumors than IRDye 800CW.
With rapid clearance in normal tissue, long retention in tumors,
and high tumor targeting specificity, these renal-clearable
luminescent AuNPs circumvent the dilemma of different size
requirements for the EPR effect and minimization of RES uptake
and thus hold great promise for the application of inorganic
nanomedicines in clinical practice.
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