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I
n the past decade, nanomedicine, owing
to the unique advantages of nanoparti-
cles over small molecules, has offered

new strategies for cancer treatment. In the
clinic, some commercially available nano-
medicines such as Doxil (100 nm) and
Abraxane (130 nm) have been shown to
significantly reduce the side effects of the
delivered drug due to the long circulation
time and altered biodistribution of the par-
ticles. However, the therapeutic index in-
creased to some extent because of limited
drug delivery into the tumor tissue.1,2

The tumor microenvironment is structur-
ally heterogeneous, containing for example
clusters of tumor cells, nonuniform leaky
vasculature, and a dense interstitial struc-
ture. This environment hinders the effec-
tive delivery of nanoparticles into tumors,
especially into regions distant from the
vasculature.3,4 Overcoming these physiolo-
gical barriers is a major challenge for the
field of nanoparticle research.
Generally, the physical, chemical, and

biological properties of nanoparticles affect
the delivery capacity in different ways. Posi-
tively charged nanoparticles improve the
delivery of payloads to the cells, whereas
negatively charged nanoparticles diffuse
more quickly, thereby delivering drugs into
deep tissues.5 It has been shown that nano-
rods penetrate tumors more rapidly than
nanospheres due to improved transporta-
tion through pores.6 Another study demon-
strated significantly increased penetration
(up to 100 nm) by collagenase-coated nano-
particles, owing to degradation of collagen
in the extracellular matrix.7 Decreasing the

nanoparticle size may improve the delivery
efficiency in tumor tissue.5,8,9 In addition, it
was reported that gold and silver nanoparti-
cles (2�100 nm) coated with Herceptin
(mAb) regulated membrane receptor inter-
nalization in monolayer cells.10

In recent years, colloidal chemistry and
nanoscience havemade great steps forward
due to significant improvements in the
controlled synthesis of nanostructures of
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ABSTRACT

This work demonstrated that ultrasmall gold nanoparticles (AuNPs) smaller than 10 nm display
unique advantages over nanoparticles larger than 10 nm in terms of localization to, and
penetration of, breast cancer cells, multicellular tumor spheroids, and tumors inmice. Au@tiopronin
nanoparticles that have tunable sizes from 2 to 15 nm with identical surface coatings of tiopronin
and charge were successfully prepared. For monolayer cells, the smaller the Au@tiopronin NPs, the
more AuNPs found in each cell. In addition, the accumulation of Au NPs in the ex vivo tumor model
was size-dependent: smaller AuNPs were able to penetrate deeply into tumor spheroids, whereas
15 nm nanoparticles were not. Owing to their ultrasmall nanostructure, 2 and 6 nm nanoparticles
showed high levels of accumulation in tumor tissue in mice after a single intravenous injection.
Surprisingly, both 2 and 6 nm Au@tiopronin nanoparticles were distributed throughout the
cytoplasm and nucleus of cancer cells in vitro and in vivo, whereas 15 nm Au@tiopronin
nanoparticles were found only in the cytoplasm, where they formed aggregates. The ex vivo
multicellular spheroid proved to be a good model to simulate in vivo tumor tissue and evaluate
nanoparticle penetration behavior. This work gives important insights into the design and
functionalization of nanoparticles to achieve high levels of accumulation in tumors.

KEYWORDS: ultrasmall gold nanoparticles . multicellular tumor spheroid .
penetration behavior . drug delivery . cancer therapy
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different sizes for biomedical application.11 However,
the exact effects of ultrasmall nanoparticles on tumor
penetration are still not well understood. We pre-
viously showed that 2 nm AuNPs significantly im-
proved the delivery of therapeutic peptides and
targeted peptides into cancer cells. These ultrasmall
functional nanoparticles showed high efficacy for can-
cer treatment.12 We therefore hypothesized that smal-
ler nanoparticles (those less than 10 nm) would have
special advantages in terms of tumor penetration over
larger nanoparticles.
Colloidal gold nanoparticles have great potential to

overcomedelivery limitations because of their biocom-
patibility, low toxicity, small size, and tunable surface
functionalities.13 The first clinical trial of gold nanopar-
ticle related namomedicine, CYT-6091, is comprised of
recombinant human tumor necrosis factor alpha
(rhTNF) bound to the surface of PEGylated 27 nm
colloidal gold nanoparticles,14 and a phase I clinical
trial in patients with advanced stage solid cancers
showed the accumulation of gold nanoparticle in
tumor tissue.15 In addition, gold nanoparticles have
been identified as promising candidates for delivery of
various payloads such as drugs,16,17 proteins or
peptides,12,18 and nucleic acids.19�21 Synthesis of gold
nanoparticles can be controlled to obtain nanoparti-
cles with a wide range of sizes.12,13 We designed and
synthesized small AuNPs that have tunable sizes from2
to 15 nm with identical surface coatings and charge.
We then systematically evaluated the size-dependent
localization and penetration of 2, 6, and 15 nm sphe-
rical gold nanoparticles in monolayer breast cancer
cells, a MCF-7 tumor spheroidmodel, and in vivo tumor
tissue in mice. Ex vivo multicellular models have be-
come the most commonly used tools to evaluate drug
or nanoparticle penetration into tumors.22�24 We
therefore established a breast tumor spheroid model
system to compare the size-dependent effects and
penetration behaviors of 2�15 nm spherical gold
nanoparticles. To evaluate the same phenomenon
in vivo, we studied the distribution of Au nanoparticles
in tumor-bearing mice.

RESULTS AND DISCUSSION

Synthesis and Characterization of Tiopronin-Coated AuNPs
with Sizes from 2 to 15 nm. In order to investigate the size-
dependent localization and penetration behavior of
ultrasmall gold nanoparticles in breast cancer cells,
multicellular spheroids, and tumor tissue, we synthe-
sized tiopronin-coated gold nanoparticles with sizes
ranging from2 to 15 nm. Tiopronin is a verywell known
pharmaceutical drug, with established biocompat-
ibility, which is used for the treatment of cystinuria
and rheumatoid arthritis.25 Au@tiopronin NPs of 2
and 6 nm were directly prepared by the protecting
agent tiopronin with sodium borohydrate as reducing
agent.26

Au@tiopronin NPs of 15 nm were obtained by
surface exchange of tiopronin with corresponding
Au@citrate NPs. The mechanism for this exchange is
the higher binding affinity of tiopronin thiol groups for
gold compared to the electrostatic interaction with
citrate. Replacement of citrate by the thiol ligand of
tiopronin did not affect the formation of the core of the
gold nanoparticles, as shown in TEM images (Figure
S1). The zeta potential of the nanoparticles decreased
from �23.8 eV to �35.3 eV. X-ray photoelectron spec-
troscopy (XPS) indicated that the molar ratio of S to Au
in the 15 nmAu@tiopronin nanoparticles was 0.22, and
a similar molar ratio of N to Au was also observed
(Figure S1). In addition, there was no significant differ-
ence between the visible spectrum and XRD profiles of
Au@citrate and Au@tiopronin NPs (Figure S2), indicat-
ing that 15 nm Au@tiopronin NPs had been success-
fully prepared using this method.

The sizes of the Au@tiopronin NPs were character-
ized by TEM and found to be 2.6 ( 0.3, 6.1 ( 0.7, and
14.8( 1.8 nm (Figure 1A). We used X-ray diffraction to
further investigate the size of the nanoparticles. From
the XRD patterns, all of the AuNPs could be indexed to
the cubic form of Au with a PDF number of 04�0784
(cubic, a = b = c = 0.2884 nm, d(111) = 0.2355 nm). As
shown in Figure 1D, five primary diffraction peaks were
observed, with peak angles of 38.187, 44.385,
64.576, 77.567, and 81.722, which corresponded to
crystal plane indexes of (111), (200), (220), (311), and
(222) for Au.22 Further observations showed that
each peak was wider than that of the corresponding
bulk material, which is a characteristic property of
nanocrystal materials. According to the Scherrer
formula, the smaller the size of the particle, the
wider the corresponding XRD peak. The overall
calculation based on the (111) peak line-width at
half-maximum intensity roughly showed that the
average sizes of the nanoparticles were about 2, 6,
and 15 nm.

The visible absorption spectrum is correlated with
shape, size, monodispersion, and surface stabilization
of the AuNPs. Generally, as gold nanoparticles increase
in size, the corresponding surface plasmon resonance
peaks will shift toward longer wavelengths. This phe-
nomenon was observed when we measured the 2, 6,
and 15 nm nanoparticles: their corresponding wave-
lengths shifted to 505, 517, and 523 nm, respectively
(Figure 1C). XPS in Figure 1E indicates that the molar
ratio of S to Au in 2.6 nmAu@tiopronin NPs is 0.72, that
in 6.1 nm Au@tiopronin NPs is 0.485, and that in
14.8 nm Au@tiopronin NPs is 0.224, respectively.
Hence, the number of tiopronin per NPs is 392
for 2.6 nm AuNPs, 3248 for 6.1 nm AuNPs, and 22 523
for 14.8 nm AuNPs. In addition, the surface density of
tiopronin in AuNPs was calculated to be 19 for 2.6 nm
AuNPs, 29 for 6.1 nm AuNPs, and 32 for 14.8 nm AuNPs
(the calculation method of the number and surface
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Figure 1. Characterization of 2, 6, and 15 nm gold nanoparticles with the same surface modification. (a) TEM images and
corresponding size measurements of synthesized tiopronin coated Au nanopartices (Au@tiopronin NPs). Scale bars are
100 nm; the middle panel contains an additional scale bar of 20 nm. (b) Zeta-potential of the nanoparticles ranging
from �32 to �41 eV. (c) Spectrum of the nanoparticles at wavelengths between 400 and 800 nm and corresponding
photographs of the Au@tiopronin NPs dispersed in pure water. (d) XRD patterns of the synthesized Au@tiopronin NPs. (e)
XPS graphs of the Au@tiopronin NPs.
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density of tiopronins per AuNPs is given in the Sup-
porting Information).

We found that the AuNPs are water-soluble, well-
dispersed in size, spherical in shape, and stable for more
than one month without any aggregation. More impor-
tantly, all the nanoparticles have similar charges with a
zeta-potential between �30 and �40 eV (Figure 1B).
Thus, the only difference among the nanoparticles used
in our study was the size.

Uptake of AuNPs by Monolayer Cancer Cells. It has recently
been reported that the cellular uptake of nanoparticles
ranging from 15 to 100 nm depends on size.10,27,28

However, there is no detailed information about the
uptake of nanoparticles that are smaller than 10 nm.We
first evaluated the uptake of gold nanoparticles ranging
from 2 to 15 nm by monolayer breast cancer cells.

The concentration of AuNPs was determined by
calculating the gold atom concentration through ICP-
MS measurements.27 Cell viability was determined by
CCK-8 assay, which showed that exposure to AuNPs for
24 h was not toxic to MCF-7 cells (Figure S3). This
suggests good biocompatibility of ultrasmall AuNPs.

We then performed microscopic observation of
different-sized AuNPs in the cells. Uptake of 15 nm
AuNPs was clearly observed, but for 2 and 6 nmAuNPs,
no obvious uptake was seen under light microscopy
(Figure 2A). However, after quantitative analysis by ICP-
MS, the profile of the number versus the size of gold
nanoparticles in each cell indicated that uptake oc-
curred in a size-dependent manner when cells were
treated with 1 nM nanoparticles for 24 h. Nanoparticles
of 2 nm showed higher cellular uptake than both 6 and

Figure 2. Uptake of 2, 6, and 15 nmAuNPs byMCF-7monolayer cells. (a) Bright field images of cells after treatment with 1 nM
gold nanoparticles for 24 h. (b) Quantitative ICP-MSmeasurement of AuNP uptake by cells treated as in (a). (c) Percentage of
gold nanoparticles localized in the nucleus compared to the whole cell after treatment with 2 and 6 nm Au nanoparticles at
1 nM. (d) TEM images of cells treated with 1 nM nanoparticles for 24 h. Red arrows indicate the gold nanoparticles. Boxed
regions are enlarged in the adjacent panels.
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Figure 3. Characterization of MCF-7 monolayers and multicellular spheroids. (a) Bio-SEM of monolayer cells and 7-day-
old spheroids seeded at a concentration of 600 cells per well. (b) Flow cytometry analysis of cell populations within 7- and
14-day-old spheroids seeded at a concentration of 600 cells per well. (c) Images of 7- and 14-day-old spheroids after HE
staining. Apoptotic cells are located within the green circle, while proliferative cells are located between the green circle
and the red circle. (d) TEM images of MCF-7 monolayer cells and of cells in the outer and inner regions of 14-day-old
spheroids.
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15 nm nanoparticles, which might be due to their
ultrasmall structure (Figure 2B). Previously, it had been
reported that 50 nm citrate-stabilized gold nanoparti-
cles were taken up at a higher concentration thanwere
nanoparticles of other sizes (15�100 nm).27We treated
MCF-7 cells resistant to doxorubicin (MCF-7R) with
0.5 nM 2, 6, and 15 nm AuNPs for 24 h and found a
similar size-dependent uptake (Figure S4). Recently,
several studies have reported that the cellular uptake
of nanoparticles depends on many factors, including
the size27,29 or shape30�32 of the nanoparticles, surface
charge,5,33,34 sedimentation and diffusion velocity ef-
fects of large and dense particles,35 composition of the
protein corona on the nanoparticles,36 competition
between receptors and ligands,12,37 and the stage of
the cell cycle.38

Localization of Au NPs in Monolayer Cancer Cells. We were
surprised to observe localization of the 2 and 6 nm
AuNPs in both the cytoplasm and the nucleus, as
shown by TEM images. In addition, the nanoparticles
were evenly distributed in the cells without any ag-
gregation (Figure 2D). It is well known that the nuclear
pore size exclusion limit for the passive diffusion of
macromolecules is about 9 nm.39 We speculated that
since these small AuNPs can clearly penetrate the
nuclear membrane, they may be entering the nucleus
through the nuclear pores. This is in agreement with
the nuclear penetration of PEG-modified Au nanopar-
ticles with a diameter of 3.7 nm.40 In contrast, the
15 nm AuNPs did not enter the nucleus (Figure 2D).
This might be due to nonspecific adsorption of serum
proteins that mediate endocytosis.10,27

Figure 4. Penetration of 1 nMAuNPs into tumor spheroids after treatment for 3 and 24 h. (a) Images of spheroids treatedwith
nanoparticles of different sizes after HE staining. (b) ICP-MS analysis of the number of Au nanoparticles in each treated
spheroid. (c) Dark field images of spheroids after culture with nanoparticles of different sizes. (d) Representative TEM images
of the external and internal regions of spheroids treated for 24 h. Red arrows indicate the gold nanoparticles. (e) Schematic
illustration of the penetration behavior of AuNPs of different sizes.
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In order to confirm whether the 2 and 6 nm AuNPs
were able to enter the nuclei of the cancer cells, we
performed aquantitative study. Cell nucleiwere extracted
after 24 h treatment, and the percentage of Au nanopar-
ticles in the nucleus was calculated. The percentage of Au
nanoparticles in the nucleus was 15.5% for 2 nm nano-
particles and 16.6% for 6 nm nanoparticles (Figure 2C).
These smaller AuNPs (2 and 6 nm) may possibly enter the
cell by free diffusion like small molecules.

Establishment and Characterization of Multicellular MCF-7
Spheroids. Multicellular tumor spheroids, one of the
most widely used three-dimensional (3D) culture sys-
tems, are proven to have many advantages over two-
dimensional (2D) culture for cancer research because
they resemblemany aspects of the patho-physiological
conditionswithinhumantumor tissue.3,22�24We therefore
developed spheroids of MCF-7 breast cancer cells as an
ex vivo tumor model. Morphological analysis by SEM
demonstrated that theMCF-7 cells formed tightly packed,
rounded spheroids (Figure 3A). Within the spheroid, the
cells were spindle-shaped and connections between the
cells were very close and compact. This is similar to in vivo
tumor tissue, but different from monolayer cells.

To further check the cell conditions in the tumor
spheroids, flow cytometry analysis, HE staining, and
TEM were performed. The data indicated that cells in

7-day-cultured spheroids could be divided into two
groups (Figure 3B and C). One group included larger
metabolically active cells, whichwere stained red by C12-
resazurin in a vitality assay. These cellsmainly localized to
the outer part of the spheroid, as judged by HE staining.
Another group included smaller apoptotic cells, which
stainedweaklywith SYTOXgreen andweremainly found
in the center of the spheroid. Two cell populations were
also observed in 14-day-cultured spheroids, although the
proportionof apoptotic cells increasedas the culture time
increased from 7 days to 14 days. A TEM study was
performed to further analyze the cellular microstructure
of the spheroids, and it confirmed that cells near the
surface were in a healthy condition, similar to cells in
monolayer culture, while the cells in the middle of the
spheroid were apoptotic or injured and showed obvious
chromatin compaction and segregation, as well as nucle-
ar fragmentation (Figure 3D).

These results suggested that multicellular tumor
spheroids mimic the distribution of cells around blood
vessels in tumor tissue in vivo.23 The outer region of the
spheroid corresponds to tumor tissue near the blood
supply, where cells proliferate in the presence of
sufficient oxygen and nutrients. The inner region of
the spheroid is quite similar to tumor tissue far away
from the blood supply, where cells experience

Figure 5. Pharmacokinetics and biodistribution of 2, 6, and 15 nm AuNPs. (a) Blood elimination profiles of Au following a
single intravenous injection of Au nanoparticles at a dose of 5 mg Au/kg in tumor-bearing mice. Data represent mean ( SD
(n=3). (b) Au content in tumor, heart, liver, spleen, lung, brain, and kidney 24h after iv injections of gold nanoparticles at 5mg
Au/kg. Data represent mean ( SD (n = 3) (c) Representative TEM micrographs of tumor tissue taken 24 h after the
administration of AuNPs.
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decreased oxygen and nutrients. It was reported that
nanoparticles were able to diffuse from the periphery
to the center of tumor cylindroids.5 Although multi-
cellular tumor spheroids have already been used for
biomedical applications, to our knowledge there has
been no detailed description of spheroid development
or of the condition of the cells within the spheroid. On
the basis of our data, we selected spheroids as a
suitablemodel for evaluating the penetration behavior
of AuNPs in tumor tissue.

Penetration and Localization of AuNPs in MCF-7 Tumor
Spheroids. There was no obvious difference inmorphol-
ogy of the spheroids after treatment with the three
sizes of AuNPs at 1 nM for 3 and 24 h, as compared to
untreated control spheroids (Figure S5). HE staining
was carried out in order to confirm the exact site of
localization of the AuNPs in the spheroid. The 2 and
6 nm NPs were not observed in the spheroid due to
their ultrasmall size (Figure 4A). The 15 nm nanoparti-
cles were seen only around the surface of the spheroid
(Figure 4A), presumably because their larger size hin-
dered their penetration into the center. The Au content
significantly increased with incubation time from 3 to
24 h for both the 2 and 6 nm AuNPs, but not for the
15 nm AuNPs (Figure 4B).

The 2 and 6 nmAuNPs were distributed throughout
both inner and outer compartments of the spheroid,
suggesting that small nanoparticles can penetrate deeply
into the spheroid (Figure 4C and E). This was not the case
with the larger, 15 nm particles. In addition, quantitative
analysis of ICP-MS data demonstrated that the smaller the
size, the greater the number of AuNPs detected in each
spheroid. For 2 and 6 nm nanoparticles, the AuNP content
in each spheroid increased as the incubation time was
extended from3 to24h (Figure 4B). This result is consistent
with theprevious report that smallernanoparticlesof20nm
showed superior penetration behavior into the spheroid
than the larger nanoparticles of 40, 100, and 200 nm.7

Using TEM imaging, we found that 2 and 6 nm Au
nanoparticles were located in the outer and inner
regions of each spheroid and in the cytoplasm and
nucleus of individual cells. These results were similar to
those formonolayer cells. In contrast, the 15 nmAuNPs
were localized in a few cell layers, mainly near the
surface of the spheroid, and were found only in the
cytoplasm of each cell (Figure 4D).

Accumulation of AuNPs in Tumor Tissue after Intravenous
Injections. Size is an important parameter in the biolo-
gical environment. It is well known that several kinds of
nanoparticles around 100 nm in diameter are useful for
drug delivery due to their enhanced permeation and
retention (EPR) effect. Previous work has shown that
these nanoparticles were usually distributed around
tumor blood vessels, and there was little penetration
into the tumor parenchyma.41 When drug-loaded
polymeric micelles with diameters of 30, 50, 70, and
100 nm were tested for their antitumor effect in mice,

only the 30 nm polymer micelles were found to
penetrate pancreatic tumors.8 Recently, a smart nano-
particle composed of quantum dots realized both the
long circulation half-life needed for the EPR effect and
deep tumor penetration.9

To evaluate the accumulation of the three different
sizes of AuNPs in tumor tissue in vivo, we used tumor-
bearing mice. The pharmacokinetic behavior of the
AuNPs was investigated after a single intravenous
injection at a dose of 5 mg Au/kg. All the nanoparticles
were eliminated rapidly from the blood. For 2 nm
AuNPs, the blood concentration of Au was 26.2 μg/mL
at 10 min postinjection, 7.57 μg/mL at 8 h, and
0.94 μg/mL at 24 h. For 6 nm nanoparticles, the gold
levels were 9.0 μg/mL at 10 min, 2.8 μg/mL at 8 h, and
0.51 μg/mL at 24 h. Nanoparticles of 15 nm were
cleared even more quickly from the blood (Figure
5A). In this work, all the AuNPs were coated with
tiopronin. Hence, it is understandable that the nano-
particles were easily opsonized by the proteins and
subsequently cleared from the blood. In order to
effectively improve the circulation time of AuNPs,
poly(ethylene glycol) (PEG) was conjugated to the gold
nanoparticles to provide a stable brush layer.42

The amount of Au in tumor tissue 24 h after admin-
istration was 2.93 μg/g for 2 nm nanoparticles, 0.79 μg/g
for 6 nm nanoparticles, and 0.14 μg/g for 15 nm nano-
particles (Figure 5B). On the basis of the above results, it is
speculated that the smaller nanoparticles extravasate
easily and diffuse away from the vessels with minimal
hindrance. In contrast, the larger nanoparticles may
extravasate and mainly localize at the perivascular space
caused by the tumor microenvironment such as the
extracellular matrix and interstitial fluid pressure. In order
to take advantageof the superior penetrationbehavior of
smaller size nanoparticles into tumor tissue, functional
nanoparticles that shrunk from 100 nm to 10 nm were
developed to realize deep tumor penetration and high
accumulation in tumor in vivo.43 In addition, the delivery
of small nanoparticles (diameter, 12 nm) was improved
by vascular normalization in mammary tumors, while
hindering the delivery of larger nanoparticles (diameter,
125 nm).44 When we examined other tissues, we found
that 2 and 6nmAuNPs accumulatedmainly in the kidney,
with smaller amounts present in the liver and spleen. This
is consistent with the distribution behavior of 1.9 nm
AuNPs.45,46 Over 70% of the injected dose of the 15 nm
AuNPs accumulated in the liver and spleen. For all three
sizes, only low levels of nanoparticles were found in the
brain, lung, and heart. Compared to the 15 nmAuNPs, the
2 and 6 nm AuNPs were widely distributed in different
organs of the body due to their ultrasmall structures. In
addition, TEM analysis of tumor cells demonstrated that
2 and 6 nm AuNPs were distributed evenly throughout
the nucleus and cytoplasm, whereas 15 nm AuNPs were
located only in the cytoplasm and formed aggregates
(Figure 5C).
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Histological analysis revealed that the AuNPs had
almost no effect on tissues including liver, spleen, kidney,
lung, and heart after administration, which indicated
good tissue biocompatibility of the AuNPs used in this
work (Figure S7). This is consistent with the fact that gold
nanoparticleswithdifferent sizes and shapesarecurrently
being used for human health applications.47

CONCLUSIONS

Our work provides new insights into the way that
ultrasmall AuNPs, ranging from 2 to 15 nm, penetrate

and localize within cultured cancer cells, multicellular
spheroids, and tumors in vivo. The 2 and 6 nm gold
nanoparticles demonstrated unique advantages over
larger nanoparticles in terms of tumor uptake and
permeability. Accumulation of nanoparticles in the
tumor spheroid model occurred in a size-dependent
manner, with 2 and 6 nm AuNPs able to penetrate
deeply into tumor tissue. In summary, this work
showed how nanoparticles can be designed and func-
tionalized to achieve high levels of accumulation in
tumor tissue.

EXPERIMENTAL SECTION
Materials. Sodium borohydride (g98.0%), gold(III) chloride

trihydrate (g99.9%, HAuCl4 3 3H2O), trisodium citrate tribasic
dihydrate (g99.0%), and N-(2-mercaptopropionyl)glycine
(Tiopronin, C5H9O3NS) were purchased from Sigma-Aldrich
(St Louis, USA). L(þ)-Ascorbic acid (99%) was supplied by Acros
(USA). Nitric acid and hydrogen peroxide of MOS grade were
bought from the Beijing Chemical Reagents Institute (China).
Standard stock solution of Au (1000 μg/mL) was obtained from
the National Analysis Center for Iron and Steel, China. All
chemicals were used without further purification, and Milli-Q
water was used throughout this study.

Synthesis of 2 and 6 nm Au@tiopronin NPs. The procedure for gold
nanoparticle synthesis was as reported.26 Au@tiopronin NPs of
2 nm were prepared by dissolving gold(III) chloride trihydrate
(0.15 g, 0.4 mmol) and N-(2-mercaptopropionyl)glycine
(tiopronin, 0.19 g,1.2 mmol) in 20 mL of methanol/acetic acid
(6:1), producing a ruby red solution. Sodium borohydrate
(0.30 g, 8.0 mmol) in 7.5 mL of H2O was added dropwise with
rapid stirring. After continuous stirring for 2 h, a black suspen-
sion was formed, and the solvent was then removed under
vacuum at 40 �C. The residues were dissolved in 20 mL of H2O,
the pH was adjusted to 1 by dropwise addition of 1 M HCl, and
then the solution was dialyzed (dialysis membrane, Solarbio,
MWCO=8000�14 000) for 72 h againstMilli-Qwater, whichwas
changed every 8 h. The resulting Au@tiopronin NPs were
lyophilized and dried completely before further use. The meth-
od to prepare 6 nm Au@tiopronin was the same except that the
amount of tiopronin was decreased to 0.021 g (0.13 mmol).

Synthesis of 15 nm Au@tiopronin NPs. A surface molecule ex-
change reaction was adopted to obtain 15 nm Au@tiopronin
NPs. Au@citrate NPs of 15 nm were first prepared by the
standard citrate reduction method.48 Briefly, 0.5 mL of
HAuCl4 3 3H2O solution (1%, w/v) in 50 mL of Milli-Q water was
heated to boiling; then 1.5 mL of trisodium citrate tribasic
dihydrate solution (1%, m/v) was added quickly with vigorous
stirring. After the color change finished in 5 min, the solution
was kept boiling for another 15�30 min and then allowed to
cool to room temperature while stirring. Subsequently, the
tiopronin replacement was performed while stirring at 40 �C
for more than 48 h by mixing Au@citrate solution, prepared as
described above, with an aqueous solution containing a large
excess of tiopronin. The molar ratio of tiopronin was 20 times
more than that of HAuCl4 to ensure the complete replacement
of citrate by tiopronin in AuNPs, as the binding affinity of
tiopronin to AuNPs with the formation of a Au�S bond is
stronger than the electrostatic interaction between AuNPs
and citrate. After the reaction, 15 nm Au@tiopronin NPs were
purified by centrifugation several times at 9000 rpm for 30 min
to remove the unbound tiopronin and the citrate from the
AuNPs.

Characterization of AuNPs. The morphology of the Au@tiopro-
nin NPs was determined using a Tecnai G2 20 STWIN transmis-
sion electron microscope (TEM, Philips, Netherlands) with
200 kV acceleration voltage. Optical absorption spectra were
measured with a Lambda 950 UV/vis/NIR spectrophotometer

(Perkin-Elmer, USA). X-ray diffraction spectra and X-ray photo-
electron spectra were tested separately with an X0Pert PROMPD
X-ray diffractometer (PANalytical B.V., The Netherlands) and an
ESCALAB250Xi X-ray photoelectron spectrometer (Thermo
Fisher Scientific, UK). Zeta-potential distribution of AuNPs was
determined by a Zetasizer Nano ZS (Malvern, England), and the
measurements were recorded at 25 �C suspended in Milli-Q
water. The concentration of gold was determined via anOptima
5300DV inductively coupled plasma optical emission spectro-
meter or an ELAN DRC-e inductively coupled plasma mass
spectrometer (Perkin-Elmer, USA).

Uptake of AuNPs by Monolayer Cells. The human breast cancer
cell line MCF-7 was maintained in Dulbecco's modified Eagle's
medium with 10% fetal bovine serum in a humidified atmo-
sphere containing 5% CO2 at 37 �C. MCF-7 cells were cultured in
six-well plates at about 60% confluence. After 24 h incubation,
the medium was removed and 1 mL of fresh medium contain-
ing 1 nM 2, 6, and 15 nm AuNPs was added to the wells. After
24 h, cells were washed gently with PBS, digested with 0.25%
trypsin, centrifuged for 3 min at 1000 rpm, and then collected
and counted by Vi-CELL (Beckman Coulter, USA).

Isolation of Cell Nuclei and Qualitative Determination of Au Content.
MCF-7 cells were grown at about 60% confluence in six-well
plates for 24 h. Afterward, 1 nMgold nanoparticles of 2 and 6nm
were added to the wells. After 24 h incubation, the cells were
trypsinized, washed with PBS, and centrifuged for 3 min at
1000 rpm. The treated cells were then divided into two equal
parts, one part for direct analysis by ICP-MS and the other for
isolation of nuclei using a nuclear extraction kit (Solarbio,
Shanghai, China). The percentage of Au nanoparticles in the
nucleus was calculated according to the Au content in the
isolated nuclei compared to the whole cells.

Cell Viability Assay. Cell viabilitywas determined using the Cell
Counting Kit-8 (CCK-8, Dojindo Laboratories, Japan). First, cells
were seeded into 96-well plates (Costar, Corning, NY, USA). After
incubation for 24 h, the culture medium was removed and
replaced with complete medium containing 2 nm AuNPs at a
dose from 4 to 411 nM, 6 nm AuNPs from 0.38 to 38 nM, and
14.8 nm AuNPs from 0.625 to 10 nM. Cells unexposed to Au
nanoparticles were regarded as controls. Cell viability was
calculated as the ratio of the absorbance of treated and control
wells. The absorbancewasmeasured at 450 nmwith a reference
wavelength of 650 nm using an Infinite M200microplate reader
(Tecan, Durham, NC, USA).

MCF-7 Multicelluar Spheroid Culture. MCF-7 spheroids were pro-
duced by the liquid overlay method as previously described.49

Briefly, cells were detached from monolayers, and single cell
suspensions (200 μL per well containing 600 cells) were trans-
ferred into flat-bottomed 96-well plates precoated with 1%
agarose. Cells were incubated for about 7 days as described
above for monolayer cells, except that the culture medium was
partially (100 μL) replaced by fresh medium every other day.

SEM Observation of MCF-7 Tumor Spheroids. Environmental scan-
ning electron microscopy was used to examine the outer
morphology of the spheroid. After incubation for one week,
the spheroids were removed from the wells, washed with PBS
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(150 mM, pH 7.4), and fixed overnight at room temperature in
5% glutaraldehyde solution. The spheroids were then progres-
sively dehydrated in an ethanol series from 70% to 100%,
followed by critical point drying with isoamyl acetate. Finally,
the spheroids (without gold coating) were observed by SEM (FEI
Quanta 200). For monolayer cells, cells were cultured on cover-
slips for 24 h; then themediumwas removed and the cells were
treated in the same way as the spheroids.

Penetration of AuNPs into Spheroids. For 7-day-old spheroids
seeded at a concentration of 600 cells per well, 100 μL of
medium was replaced with 2 nM nanoparticles at a final
concentration of 1 nM. After 24 h incubation, the spheroids
were removed by pipet and gently washed with PBS. The
distribution of AuNPs in the spheroidwas qualitatively observed
using bright field and dark field microscopy. The ultramicrolo-
calization of gold nanoparticles in the outer and inner cells of
the spheroid was evaluated by TEM. In addition, the Au content
in every spheroid was quantified by ICP-MS.

Pharmacokinetics and Biodistribution of AuNPs in Vivo. Female
Balb/c nude mice (18�20 g) were purchased from Beijing Vital
River Laboratories. All care and handling of animals were per-
formed with the approval of the Animal Ethics Committee of the
Medical School, Peking University. To establish tumor-bearing
mice, animals were subcutaneously inoculated in the right flank
with 4� 106MCF-7S cells.When theaveragevolumeof the tumors
reached about 100 mm3, the mice were divided randomly into
groups for the pharmacokinetics and distribution studies.

For the pharmacokinetics study, tumor-bearing mice were
intravenously injectedwith AuNPs of 2, 6, and 15 nmat a dose of
5 mg Au/kg. About 30�100 μL blood was taken from the tail
vein with a quantitative capillary at 10min, 1 h, 3 h, 8 h, and 24 h
after administration. The nanoparticles were injected at the
lower part of one tail vein, and the blood sample was taken at
the other side of the tail vein, thereby protecting the sample
from contamination. The blood volume was calculated as
0.0778mL/g bodyweight. For the tissue distribution evaluation,
tissues including tumor, heart, liver, spleen, lung, and kidney
were removed 24 h after injection. The tissueswere used for ICP-
MSmeasurement, TEMobservation, and histological evaluation.
The blood and part of the tissue samples were used to quanti-
tate the Au content by ICP-MS.

TEM Observation of Spheroids and Tumors. SEM observation was
used to evaluate the morphology of the outer cells in the
spheroid. In order to evaluate the inner cells of the spheroid,
TEM was carried out. Briefly, 7-day-cultured spheroids were
removed, washed with PBS, and fixed overnight at room
temperature using 3% glutaraldehyde solution. This was fol-
lowed by secondary fixation with 1% osmium tetraoxide, then
serial dehydration in a graded ethanol series. Each spheroid was
embedded in Epon resin and polymerized for 3 days at 60 �C.
Embedded samples were sectioned, stained with uranyl acet-
ate, and examined under an electron microscope (JEM-1400,
JEOL). For tumor tissues, small pieces of the tumor were
collected and processed as described for spheroids, except that
the sections were not stained with uranyl acetate.

HE Staining. After the biodistribution study, tissue samples
including tumor, heart, liver, spleen, lung, and kidney were
collected and fixed in 4% formalin for at least one day. The
samples were then dehydrated in an ethanol series, embedded in
paraffin, and sectioned. Subsequently, sections were stained with
hematoxylin and eosin (HE) according to the standard protocol.

ICP-MS Analysis. For the quantitative determination of Au
content, cell samples, blood samples, and tissue samples were
digested in aqua fortis composed of nitric acid and hydrochloric
acid (3:1, v/v), diluted with 2% nitric acid and 1% hydrochloric
acid, and then subjected to ICP-MS.
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