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PEGylation is the most common and successful surface
modification for reducing nonspecific accumulation and
prolonging the blood circulation of inorganic nanoparticles
(NPs) so that they can effectively target tumors through the
well-known enhanced permeability and retention (EPR)
effect.[1] These strengths fundamentally arise from the fact
that poly(ethylene glycol) (PEG) moieties on the particle
surface create steric hindrance for serum protein (opsonin)
adsorption and slow down NP uptake by the reticuloendo-
thelial system (RES) organs, such as the liver and spleen.[2]

However, the majority of PEGylated NPs still end up in the
RES organs after circulation,[3] thus resulting in low targeting
specificity (defined as the amount of NPs in the tumor versus
that in the liver).[4] For instance, even though PEGylated
AuNPs with a 2 nm core size can circulate in the body at
a high concentration, they were found to significantly
accumulate in the liver (78 %ID g�1; ID = injected dose) and
spleen (15.2%ID g�1) at 24 h post injection (p.i.).[5] Such long-
term severe accumulation in the RES potentially induces
health hazards, thus hampering the clinical translation of NPs.
Therefore, developing PEGylated inorganic NPs that not only
retain a strong EPR effect but can also be eliminated from the
urinary system like clinically used small-molecule contrast
agents[6] is highly desired but remains a big challenge.

The high RES uptake of PEGylated inorganic NPs
essentially results from their large hydrodynamic diameters
(HDs), which are above the kidney filtration threshold (ca.
5.5 nm).[7] For instance, for 2 nm AuNPs, the HDs increased to
9–10 nm after PEGylation.[5] To develop renal-clearable
PEGylated quantum dots (QDs), Choi and co-workers
investigated the influence of PEG length (PEG-n, n = 2, 3,
4, 8, 14, 22) on the renal clearance of QDs and observed
efficient renal clearance of the QDs conjugated with PEG-4.[8]

PEG ligands with other lengths failed to enhance the renal
clearance of QDs as a result of either large HDs or low

physiological stability.[8] However, the tumor targeting prop-
erties of the renal-clearable PEGylated QDs still need to be
investigated. Silica NPs of approximately 7 nm coated with
0.5 kDa PEG were also renal-clearable,[9] but the passive
tumor-targeting efficiency was only 0.9%ID g�1 at 4 h p.i.[10]

To avoid significant increases in HD, surface chemistry
based on zwitterionic ligands was used in the development of
renal-clearable NPs.[11] For example, the HDs of 3 nm QDs
and 2.5 nm luminescent AuNPs were only 4.9 nm and 3.4 nm
in the presence of serum protein after being coated with
cysteine (CS-QDs)[11a] or glutathione (GS-AuNPs),[11h] respec-
tively; as a result, they were effectively eliminated from the
urinary system (CS-QDs: > 65 %ID, 4 h p.i. ; GS-AuNPs:
> 60%ID, 48 h p.i.).[11a,g] However, the short retention times
and low concentrations of these renal-clearable NPs in the
blood compromised their effectiveness in passive tumor
targeting through the EPR effect. Consequently, the tumor
contrast was only enhanced approximately 80% over normal
mouse tissues after injection with the CS-QDs.[11b] Overall the
tumor-targeting efficiency of the GS-AuNPs was only
2.3%ID g�1 at 12 h p.i.[11h]

The low tumor-targeting efficiencies of these known
renal-clearable zwitterionic NPs raise a new challenge for
the translation of inorganic NPs into clinical practice. In
addition, fundamental understanding of how PEGylation and
zwitterionization influence the renal clearance and tumor
targeting of renal-clearable NPs is still missing. To address
these challenges, we created renal-clearable PEGylated near-
IR-emitting AuNPs (NIR-emitting PEG-AuNPs) with photo-
physical properties, core sizes, low affinity to serum protein,
and high physiological stability almost identical to our
reported zwitterionic NIR-emitting GS-AuNPs (Figure S1 in
the Supporting Information).[11h] By conducting a head-to-
head comparison of these two NPs with respect to renal
clearance and tumor targeting, we were able to unravel the
pros and cons of these two surface modifications in the tumor-
imaging properties of luminescent AuNPs. Our results show
that the NIR-emitting PEG-AuNPs exhibit efficient renal
clearance and low RES accumulation compared to the NIR-
emitting GS-AuNPs: more than 50%ID were excreted in the
urine and only less than 4%ID g�1 had accumulated in the
liver 24 h p.i. However, these two types of renal-clearable
luminescent AuNPs are significantly different with respect to
tumor targeting. The fundamental understanding of the
strengths and limitations of these two surface modifications
in the tumor targeting of renal-clearable AuNPs provides
a foundation for the design of a new generation of renal-
clearable AuNPs for future clinical practice.
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The NIR-emitting PEG-AuNPs were created through
a facile one-step synthesis by thermally reducing HAuCl4 in
the presence of thiolated PEG (PEG-SH) ligands with
a molecular weight (MW) of 1 kDa (ca. 21 units) in aqueous
solution (Figure 1a and Figure S2 in the Supporting Informa-
tion). Neither shorter (0.35 kDa) nor longer (5 kDa) PEG
ligands generated highly luminescent or stable AuNPs
(Figures S3 and S4 in the Supporting Information). The core
size of the PEG-AuNPs was measured to be (2.3� 0.3) nm,

very similar to that of the GS-AuNPs (2.5 nm), but their HD
((5.5� 0.4) nm) was slightly larger than that of the GS-AuNPs
(3.3 nm; Figure 1 b,c). Such a large increase in HD after
PEGylation in comparison with zwitterionic ligand coating
was in agreement with previous findings.[14] However, the HD
layer of the PEG-AuNPs (1.6 nm) is much thinner than those
of the reported PEGylated 2 nm AuNPs (3.5–4 nm),[5] and
comparable to the calculated Flory radius (F, ca. 1.9 nm) of
PEG (MW, 1 kDa) in “mushroom” conformation on the
AuNP surface,[1c] thus suggesting a relatively low-density
structure for PEG on the particle surface rather than a high-
density extended structure.[14]

The PEG-AuNPs exhibited strong emission with a max-
imum at 810 nm and broad excitation with peaks at 350 and
550 nm (Figure 1d), values identical to those for the GS-
AuNPs,[11h] thus suggesting that these surface modifications
have little influence on the luminescence of AuNPs. In
addition, like the GS-AuNPs,[11h] the NIR-emitting PEG-
ylated AuNPs also exhibit high physiological stability (Fig-
ure S5 in the Supporting Information) and high resistance to
serum protein adsorption after being incubated in mouse
serum protein at 37 8C for 48 h (Figure S6 in the Supporting
Information). These similarities in photophysical properties

between the PEG-AuNPs and the GS-AuNPs make it feasible
to conduct a head-to-head comparison of their renal clear-
ance and tumor targeting under the same imaging conditions.

To quantify tumor-targeting efficiency and specificity,
mice bearing MCF-7 tumors were used as a model system,
and the biodistribution of the PEG-AuNPs in the mice at the
selected p.i. time points (1, 12, 24, and 48 h) was measured by
using inductively coupled plasma mass spectrometry (ICP-
MS, Figure 2a). The tumor-targeting efficiencies of the PEG-

AuNPs were determined to be (8.0� 1.5) and (8.3�
0.9)%ID g�1 at 1 and 12 h p.i. , respectively. These values
were approximately three and ten times higher than those for
the GS-AuNPs (2.3%ID g�1 at 12 h p.i.)[11h] and renal-
clearable silica NPs (0.9%ID g�1),[10] respectively. The target-
ing efficiency of approximately 8%ID g�1 was also compara-
ble to those of reported NPs that have strong EPR effects but
are not renal-clearable, such as PEGylated 20 nm AuNPs
(6.63 %IDg�1),[12b] and six-armed PEGylated Ag2S QDs
(10 %IDg�1).[12c] In terms of liver uptake of the PEG-
AuNPs, the maximum accumulation was 4.35%ID g�1 at 1 h
p.i. and the amount remained roughly constant (3.27–
3.76%ID g�1) during the subsequent 48 h, a result comparable
to the liver accumulation of the GS-AuNPs.[11g,h] Since the
clearance of the PEG-AuNPs was different in tumor and liver,
the targeting specificity was time-dependent (Figure 2b) and
reached its maximum of 2.4� 0.4 at 12 p.i. , a value higher than
that for the GS-AuNPs (1.6� 0.1)[11h] and nearly two orders of
magnitude better than any known AuNPs that are not renal

Figure 1. Characterization of NIR-emitting PEGylated AuNPs (PEG-
AuNPs). a) Scheme of the particle synthesis. b) Typical TEM image of
the synthesized PEG-AuNPs. c) Core size measured by TEM, and
hydrodynamic diameter (HD) in phosphate-buffered saline (PBS) mea-
sured by dynamic light scattering (DLS). d) Absorption, excitation, and
emission (lexc = 350 nm) spectra of the PEG-AuNPs in PBS at pH 7.4.

Figure 2. Biodistribution analysis of passive tumor targeting in mice
bearing MCF-7 tumors. a) Biodistributions of the PEG-AuNPs at 1, 12,
24, and 48 h p.i. b) The time-dependent ratios of PEG-AuNP concen-
tration in the tumor relative to that in the liver (tumor/liver ratios)
over the 48 h p.i. (Inset: a comparison of the tumor/liver ratios of the
PEG-AuNPs and the GS-AuNPs at 1, 12, and 24 h p.i.). c) The time-
dependent tumor/blood ratios of the PEG-AuNPs over the 48 h p.i.
(Inset: a comparison of tumor/blood ratios of the two probes at 1, 12,
and 24 h p.i.). d) Pharmacokinetics of the two probes after intravenous
(iv) injection (data presented as the mean � standard deviation,
n = 3).
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clearable.[1a,12b, 13] The difference in tumor versus liver uptake
behaviors between the PEG-AuNPs and the GS-AuNPs
suggests that the PEGylation of renal-clearable AuNPs
could further enhance tumor-targeting specificity without
sacrificing their low RES uptake.

The origin of the high tumor-targeting efficiency of these
NIR-emitting PEG-AuNPs can be attributed to their strong
EPR effect enhanced by PEGylation. To determine how well
the EPR effect functions, the tumor/blood ratio of the probes
is typically measured.[1e] The tumor/blood ratio of the PEG-
AuNPs steadily increased with time and reached 9.0� 1.3 at
48 h p.i. , a result consistent with many known NPs that have
strong EPR effects but are not renal-clearable (Figure 2c).
For example, the tumor/blood ratio (4.2� 0.5) of the PEG-
AuNPs at 24 h p.i. was higher than those of both PEG-coated
33 nm gold nanocages (3.81� 1.08)[12a] and the GS-AuNPs at
the same time point (Figure 2c), thus suggesting that PEG-
ylation can enhance the EPR effect relative to zwitterioniza-
tion. Although the EPR effect is often considered to be
a unique strength of NPs that are not renal-clearable because
these can escape rapid kidney filtration and remain in the
blood at a high concentration,[1f, 15] the observed high tumor/
blood ratio of the PEG-AuNPs clearly indicates that a strong
EPR effect can also be achieved by tuning the surface
chemistry of renal-clearable NPs.

The enhanced EPR effect of the PEG-AuNPs is funda-
mentally due to prolonged retention time and a high concen-
tration of the AuNPs in the blood. Classical two-compartment
pharmacokinetics were observed for the PEG-AuNPs, with
distribution half-life (t1/2a) and elimination half-life (t1/2b)
values of (56.1� 9.7) min and (9.2� 3.9) h, respectively (Fig-
ure 2d). The t1/2a of the PEG-AuNPs was an order of
magnitude longer than that of the GS-AuNPs (5.4�
1.2 min) even though the t1/2b values for the PEG-AuNPs
and GS-AuNPs (8.5� 2.1 h) were comparable. In addition,
the area under the curve (AUC) for the PEG-AuNPs
(142.8%ID hg�1) was three times larger than that for the
GS-AuNPs (47.2 %ID h g�1) at 24 h p.i. The large AUC of the
PEG-AuNPs in the blood is fundamentally responsible for
their high tumor-targeting efficiency.

Subsequently, the kinetics of passive tumor-targeting by
the NIR-emitting PEG-AuNPs were measured through the
real-time imaging of particle accumulation in the MCF-7
tumors. While the tumor area was hardly distinguishable
directly after iv injection of the particles, it became visible
over time (Figure 3a). After iv injection of the PEG-AuNPs,
it took over 12 h for the tumor area to reach the contrast index
(CI) threshold (CI = 2.5; Figure 3 b),[16] a general parameter
for the evaluation of imaging quality.[17] This was much longer
than the time needed for the GS-AuNPs (ca. 3 h).[11h] To gain
a more quantitative understanding of the tumor targeting of
the PEG-AuNPs, we quantified and compared the accumu-
lation and clearance kinetics of the PEG-AuNPs with those of
the GS-AuNPs. The fluorescence intensities of normal tissues
reached a maximum at 5 h p.i. with the PEG-AuNPs (Fig-
ure 3c), whereas it took less than 10 min for the GS-AuNPs to
reach their maximum.[11h] The clearance kinetics of the PEG-
AuNPs in normal tissues exhibited a monoexponential decay
with a half-life of (4.1� 0.2) h (Figure 3 c), more than five

times longer than that of the GS-AuNPs ((43.4�
6.6) min)[11h] . Subsequent analysis of the tumor retention
kinetics showed that the PEG-AuNPs reached their maxi-
mum accumulation at the tumor site at 5 h p.i. , thus taking
more than seven times longer than the GS-AuNPs (ca.
40 min),[11h] a result consistent with their slow diffusion in the
normal tissues. Once the emission intensity of the tumor
reached its maximum, the PEG-AuNPs, like many other
NPs[13a] or nanosized proteins,[1e] were slowly released back
into the blood stream. The tumor clearance kinetics of the
PEG-AuNPs can be fitted to a monoexponential decay with
a half-life of (3.7� 0.8) h. Interestingly, unlike the GS-AuNPs,
of which more than 76 % remained in the tumor at 24 h p.i. ,
only about 30% of the PEG-AuNPs were retained in the
tumor after the same period of time.

The slow clearance of the PEG-AuNPs from the normal
tissues was also consistent with their renal clearance kinetics.
While the GS-AuNPs were rapidly excreted into the bladder,
and the fluorescence intensity of the bladder area reached its

Figure 3. Kinetics for the passive tumor targeting of the PEG-AuNPs in
nude mice bearing MCF-7 tumors. a) In vivo NIR fluorescence images
of the mouse iv injected with PEG-AuNPs at 5, 12, 18, 24, and 48 h p.i.
(the arrow shows the tumor location). b) Time-dependent CI of the
tumor area after iv injection of the PEG-AuNPs or GS-AuNPs.
c) Accumulation and retention kinetics of the PEG-AuNPs in tumor
and normal tissues.

Figure 4. Renal clearance kinetics of the PEG-AuNPs in nude mice.
a) In vivo NIR fluorescence images of the nude mouse iv injected with
the PEG-AuNPs collected at 2, 3, and 4 h p.i. (the circle indicates the
bladder area). b) Renal clearance kinetics of the PEG-AuNPs and GS-
AuNPs (inset: PEG-AuNPs found in the urine measured by ICP-MS at
12 and 24 h p.i.).
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maximum within 1 h p.i. , very little accumulation of the PEG-
AuNPs in the bladder was observed in the same time window.
The bladder area started to become visible at 3 h p.i. , and
reached maximum intensity at 5 h p.i. (Figure 4). The urine
collected within the first 5 h p.i. from the mouse intravenously
injected with the PEG-AuNPs showed a strong NIR emission
with the same wavelength as the PEG-AuNPs before
injection, thus further confirming that the particles were
renal-clearable and fairly stable during circulation in the body
(Figures S7 and S8 in the Supporting Information). Although
the PEG-AuNPs showed slow renal clearance in the initial
stage, a comparable amount of PEG-AuNPs and GS-
AuNPs[11g] were found in the urine 24 h p.i. , thus suggesting
that the slow clearance of the PEG-AuNPs from normal
tissues results from their slow diffusion in the body rather
than delayed RES uptake.

In summary, we synthesized the first renal-clearable NIR-
emitting PEGylated AuNPs through a facile one-step
method, and these NPs exhibit photophysical properties and
core size almost identical to zwitterionic GS-AuNPs. System-
atic studies of the renal clearance, pharmacokinetics, and
passive tumor targeting of PEG-AuNPs and GS-AuNPs in
mice bearing MCF-7 tumors showed that the PEG-AuNPs
can effectively target tumors with an efficiency three times
higher than that of the GS-AuNPs, although the two of them
exhibited comparable low RES uptake. These results were
further confirmed in prostate PC-3 tumor xenografts (Fig-
ure S9 in the Supporting Information), thus suggesting that
the observed differences in tumor targeting between PEG-
ylation and zwitterionization are a general phenomenon in
renal-clearable luminescent AuNPs and can be generalized to
other tumor models. The high tumor-targeting efficiency of
the PEG-AuNPs is fundamentally a result of the fact that
PEGylation can enhance the EPR effect of renal-clearable
luminescent AuNPs relative to zwitterionization by increasing
their retention time and concentration in the blood (large
AUC). However, the limitation of PEGylation in tumor
imaging is that it took much longer for the PEG-AuNPs to
reach the desired CI threshold than it took the zwitterionic
GS-AuNPs because of the slow tumor accumulation and
normal-tissue clearance of the PEG-AuNPs. These differ-
ences in the tumor targeting of luminescent AuNPs imply that
PEGylated AuNPs are potentially more suitable for cancer
therapy owing to their high targeting efficiency and long
tumor retention, whereas zwitterionic GS-AuNPs have
potential for use in cancer diagnosis owing to their short
detection time and rapid clearance from normal tissues.

Although we successfully unraveled the different effects
of zwitterionization and PEGylation on the tumor targeting
and renal clearance of NIR-emitting AuNPs, fundamental
understanding of the origin of these differences still demands
further study. In addition, a recent interesting observation of
renal clearance of silica NPs with a size of over 50 nm,[18]

which is much larger than the kidney filtration threshold (ca.
5.5 nm), points to the importance of a more thorough
understanding of the renal clearance of NPs. Nevertheless,
the observed differences in tumor targeting and renal
clearance between these two distinct surface modifications
are expected to help in the development of a new generation

of renal-clearable inorganic NPs with minimized nanotoxicity,
so that they can eventually be translated into clinical practice.
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