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ABSTRACT: The clearance of nanoparticles (NPs) by
mononuclear phagocyte system (MPS) from blood leads to
high liver and spleen uptake and negatively impacts their
tumor delivery efficiency. Here we systematically evaluated
the in vitro and in vivo nanobio interactions of a two-
dimensional (2D) model, gold (Au) nanorings, which were
compared with Au nanospheres and Au nanoplates of
similar size. Among different shapes, Au nanorings achieved
the lowest MPS uptake and highest tumor accumulation.
Among different sizes, 50 nm Au nanorings showed the
highest tumor delivery efficiency. In addition, we demon-
strated the potential use of Au naonrings in photoacoustic
imaging and photothermal therapy. Thus, engineering the
shape, surface area, and size of Au nanostructures is important in controlling NP−MPS interactions and improving the
tumor uptake efficiency.

KEYWORDS: gold nanorings, nanobio interactions, macrophage uptake, tumor accumulation, photoacoustic imaging,
photothermal therapy

The evolving nanotechnology over the past few decades
has generated nanoparticles (NPs) with sophisticated
shapes and fine-tuned sizes, accelerating the research

on nanomedicine for cancer therapy. The shape- and size-
dependent physicochemical properties of NPs are promising to
improve the diagnostic and therapeutic outcomes of nano-
medicine.1−3 Compared to conventional small molecule
medicine, NPs are expected to show preferential and increased
accumulation in tumors through the so-called enhanced
permeability and retention (EPR) effect.4,5 More recently,
researchers found that NPs could induce endothelial cell barrier

leakiness (NanoEL effect) to further enhance the drug delivery
efficiency.6,7 Despite the EPR effect and the NanoEL effect,
NPs would encounter a series of biological barriers immediately
after systemic administration, which dramatically impede their
tumor delivery efficiency.8,9 One of the biggest obstacles for the
intravenously administered NPs is their rapid clearance from
blood circulation by cells of the mononuclear phagocyte system
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(MPS) and undesired accumulation in organs like liver and
spleen, severely limiting the percentage of NPs reaching target
site.10 The inability of NPs to overcome these biological
barriers reflects our insufficient understanding and control over
the interactions between NPs and biological system (i.e.,
nanobio interactions), such as formation of protein corona,
NP−cell interactions, NP−MPS interactions, and tumor
uptake.10−13

Among different nanomaterials, gold NPs (Au NPs)
represent excellent models to study the shape and size effects
on nanobio interactions, due to their narrow size distributions,
excellent stability, and great potentials in biomedical
applications resulting from their tunable optical properties
and photothermal effects.1,14−18 For in vivo biomedical
applications, such as photothermal agents for cancer therapy
or photoacoustic (PA) imaging contrast agents, Au NPs with
absorption in the near-infrared (NIR) range are pre-
ferred.14,19,20 The geometric parameters of Au NPs, including
shape and size, have been reported to greatly impact both their
optical properties and nanobio interactions.1−3,18,21−23 Various
Au nanostructures with NIR absorption, including Au nano-
rods, Au nanocages, and Au nanoshells, have been pre-
pared.15,24,25 In addition, recent studies have shown that
nonspherical nanostructures, such as disk-like and elongated
NPs, may target tumors more efficiently than spherical NPs by
reducing the NP−MPS interactions and increasing the NPs’
propensity of margination in blood vessels.26−31 However,
previous studies of shape effect on nanobio interactions usually
use AuNPs with distinct surface chemistry or sizes, which add
other variables in addition to shape effect, leading to several
possible explanations for experimental phenomena or ambig-
uous results.18,23 For example, the use of cetyltrimethylammo-
nium bromide (CTAB) containing AuNPs, such as Au
nanorods, would cause stronger nonspecific interactions
between positively charged AuNPs and negatively charged
cell membranes than using negatively charged AuNPs.
The Au nanoring, with two-dimensional (2D) and hollow

features, is one type of nonspherical nanostructure with NIR
absorption, of which the nanobio interactions have not been

adequately explored.32,33 Compared to spherical or cylindrical
NPs, the use of 2D Au nanomaterials, like Au nanorings or Au
nanoplates, in the study of nanobio interactions, allows us to
control the contact area between NPs and cells without
changing the size of NPs and obtain more straightforward
correlations between NP shapes and nanobio interactions.
We report here a systematic study of the shape and size effect

of a model of 2D nanomaterials, Au nanorings, on nanobio
interactions by evaluating their macrophage uptake, biodis-
tribution in different organs, such as liver and spleen, and tumor
uptake. All the Au nanostructures were initially stabilized by
sodium citrate, which were further replaced by thiol-terminated
poly(ethylene glycol) methyl ether (Mw 5000 g/mol) (HS-
PEG). To understand the shape effect of Au nanorings, the
macrophage uptake and biodistribution of Au nanospheres and
Au nanoplates of similar size were also studied (Figure 1). We
found that 50 nm Au nanorings had the lowest percentage of
uptake by macrophages, followed by Au nanospheres and Au
nanoplates of similar size in vitro. The preformed protein
corona on the surfaces of Au NPs would decrease the cell
uptake of all three types of Au nanostructures, yet the uptake of
Au nanorings remains to be the lowest. The in vivo data showed
that 50 nm Au naonrings had a lower total uptake in the liver
and spleen and higher tumor accumulation than NPs with other
shapes. Our hypothesis is that the smaller contact area between
Au nanorings and cell and 2D shape accounts for the overall
lower cell uptake compared to other Au nanostructures. In
addition, depending on the initial contact angle between NPs
and cells, the high local curvature at the edges of 2D
nanostructures may also influence the endocytosis proc-
ess.34,35 Furthermore, we examined a series of Au nanorings
between 25 and 130 nm to determine the best size for tumor
delivery. Among different sizes, 50 nm Au nanorings
accumulated higher in tumors than both 25 and 130 nm Au
nanorings at 48 h after systemic administration. However, 25
nm Au nanorings accumulated more rapidly in tumors at early
time points, which can be explained by the size differences of
transient and static openings at leaky blood vessels or the
NanoEL effect.4,6 Finally, we demonstrated the potential

Figure 1. Schematic illustration of shape effect on NP−MPS interactions and tumor accumulation of Au nanorings compared with Au
nanospheres and Au nanoplates. Au nanorings showed the lowest uptake by macrophage cells in vitro and highest tumor uptake in vivo.
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applications of Au nanorings as PA imaging contrast agents and
photothermal therapeutics. The results from this study indicate
that suppression of NP−MPS interactions and improvement of
in vivo delivery efficiency can be achieved by accurate
engineering of the shape, surface area, and size of nanomaterials
and will identify important design rules for the development of
next-generation of nanomedicine.

RESULTS AND DISCUSSION
Synthesis of Au Nanorings. Au nanorings were fabricated

through a template method by selective Au deposition on the
edges of silver (Ag) nanoplates and subsequent Ag etching,
followed by a second Au deposition (Figure 2a and Figure
S1a−c). The Ag nanoplate templates had an absorption peak of
628 nm. The coating of Au on the edges of Ag nanoplates led
to a red-shift of absorption peak to 700 nm (Figure S1d). After
removing the Ag templates, the appearance of broad absorption
from 570 nm to near-infrared (NIR) range indicated the
formation of thin Au nanorings (Figure S1d). The initial
stabilizing ligand on Au nanorings was sodium citrate, which
was subsequently replaced by HS-PEG (Mw 5000 g/mol)
through a ligand exchange reaction. Different sized Au
nanorings were synthesized by tuning the sizes of Ag nanoplate
templates, which can be readily adjusted by controlling the ratio
between Ag seeds and growth solution (see Methods for
experimental details). Au nanorings with three different sizes
were used in the present study, of which the average largest
dimensions were 25, 50, and 130 nm, determined by both
transmission electron microscopy (TEM) observations and
dynamic light scattering (DLS) measurements (Figure 2b−d
and Figure S2). The lattice spacing of Au nanorings after
second Au deposition under high-resolution TEM was around

0.22 nm, corresponding to Au (111) fcc planes (Figure 2e).
High-angle annular dark-field-scanning TEM-energy dispersive
X-ray spectroscopy (HAADF-STEM-EDS) image (Figure 2f,g)
and inductively coupled plasma optical emission spectroscopy
(ICP-OES) confirmed that nanorings are composed of 90 wt%
Au. The SEM image shows the large area uniformity of Au
nanorings (Figure 2h).
The optical and photothermal properties of Au nanorings are

related to their thicknesses, which can be readily adjusted
through controlling the second Au deposition time (Figures S3
and S4a). The initial Au nanorings after etching had a thickness
of 2 nm and exhibited a weak UV−vis absorption before 500
nm and a strong NIR absorption after 570 nm (Figure S1d).
When the ring thickness was increased from 2 to 20 nm, a red-
shift of UV−vis absorption peak to 508 nm and a blue-shift of
NIR absorption peak to 778 nm occurred simultaneously
(Figure S4b). The thickness-dependent absorption feature can
be explained by the symmetry mode of electro-magnetic
coupling between the inner and outer ring walls.36 Then, we
investigated how the thickness of Au nanoring affects the
photothermal properties. We monitored the temperature
changes of solutions of Au nanorings of different thicknesses
with the same Au concentration under NIR laser irradiation
(808 nm 0.5 W/cm2). The maximum temperature change and
the calculated photothermal conversion efficiency were found
to decrease with increasing ring thickness, which can be
explained by the larger fraction of light scattering of thicker Au
nanorings (Figure S4c−e).37 The calculated photothermal
conversion efficiency of Au nanorings with thicknesses of 4, 9,
and 20 nm were 43.5 ± 3.2, 37.9 ± 2.2, and 31.9 ± 2.3%,
respectively. In addition to photothermal conversion efficiency,
we found that thicker Au nanorings showed better photo-

Figure 2. The schematic illustration of the synthesis of Au nanorings and the TEM and SEM characterizations of Au nanorings. (a) Schematic
illustration of the synthesis of Au nanoring. (b−d) Representative TEM images of Au nanorings with diameter of (b) 25 nm, (c) 50 nm, and
(d)130 nm. (e) High-resolution TEM image of Au nanoring. (f) High-annular dark-field TEM image and (g) energy dispersive X-ray
spectroscopy characterization of Au nanoring. (h) SEM image of Au nanorings. Scale bars: 20 nm.
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thermal stability than thinner ones (Figure S5). Taking both
photothermal conversion efficiency and photothermal stability
into account, we chose 50 nm Au nanorings with 9 nm
thickness to study their shape effect on nanobio interactions.
Cytotoxicity Assay and Stability of Au Nanorings.

First, we analyzed the cell viability after their incubation in the
presence of each type of Au nanostructure, including Au
nanorings, Au nanoplates, and Au nanospheres (Figure 3a−c
and Figure S6). Au NPs with size around 50 nm were chosen
because previous reports indicated that this is the optimized
size for tumor delivery of Au spheres.38 Similar to Au
nanorings, the ligands on Au nanospheres and Au nanoplates
were changed from sodium citrate to HS-PEG. Raw 264.7 cells
were treated with three Au nanostructures with different
concentrations of Au for 24 h in Dulbecco Minimum Essential
Medium (DMEM) plus 10% serum. The results from MTT
assay showed that the cell viability after their incubation with
the three Au nanostructures was above 88% even at a high
concentration (150 μg/mL) of Au, which indicated very low
cytotoxicity of Au NPs used in our current study (Figure S7).
Then, we studied the stability of Au nanostructures in biological
medium. All three Au nanostructures were incubated with
DMEM plus 10% serum, and DLS and TEM images were
checked before and 48 h after the incubation. DLS results
indicated that there was no significant size change of Au NPs
after 48 h incubation with DMEM with 10% serum (Table S1).
The stability of Au nanostructures was also confirmed by TEM
images and absorption spectra (Figures S8 and S9).
Shape Effect of Au Nanorings on Macrophage Uptake

in Vitro.We investigated the effect of shape on the uptake level
of three different Au nanostructures by macrophage-like Raw
264.7 cells in vitro. First, we incubated Raw 264.7 cells with
equal molar concentrations of Au nanorings, Au nanospheres,
and Au nanoplates with diameters around 50 nm for 8 h in
DMEM plus 10% serum. After incubation, we detached cells
from Petri dish, digested the cells with aqua regia, and
measured the concentrations of Au by ICP-OES, which were

converted into number of AuNPs per cell (see Supplementary
Methods for experimental details). Among different structures,
the uptake level of Au nanorings by Raw 264.7 cells was the
lowest, followed by Au nanospheres and Au nanoplates (Figure
3d).
The cell uptake of NPs is presumably through receptor-

mediated endocytosis, derived from nonspecific adsorption of
serum proteins on NPs with incomplete PEGylation.13,39

During endocytosis, receptors on the cell membrane will
diffuse toward NP binding sites to interact with the NP, and the
cell membrane will deform and wrap around NPs to internalize
the NP.40 The shape of NPs would affect their contact area
toward cells and therefore the adhesion between NPs and
cells.41,42 The flat surface of 2D Au nanoplates provides a larger
contact area with the cell membrane, leading to stronger
adhesion toward cells, which partially explains their higher
uptake by cells (Figure 3d). While Au nanorings are also a type
of 2D nanomaterial, the central hole in the ring structure
reduces the contact area between NPs and the cell membrane,
leading to their lower level of cell uptake compared to Au
nanoplates. Similarly, the cell uptake of Au nanospheres, with
relatively high surface curvature, is lower than that of Au
nanoplates because of the smaller contact area with the cell
membrane. To characterize the adhesion between different NPs
and the cell membrane, we incubated the cells with NPs at 4 °C
for 1 h and measured the number of NPs attached on the cell
membrane by ICP-OES. The incubation at low temperature
would inhibit the active internalization process, isolating the
NPs adhered on the cell membrane from the rest of
endocytosis process.42 We found that the number of Au
nanoplates attached to the cell membrane was higher than that
of Au nanospheres and Au nanorings (Figure 3e), which
indicated the stronger adhesion between Au nanoplates and the
cell membrane. The cell uptake of Au nanorings is lower than
Au nanospheres. It is possible that the 2D shape of NPs may
also affect the rotation of NPs in the cell membrane or the
specific endocytosis pathway and therefore the uptake level of

Figure 3. Study of shape effect of Au nanorings on macrophage uptake in vitro compared to Au nanospheres and Au nanoplates. (a−c)
Representative TEM images of (a) Au nanorings, (b) Au nanospheres, (c) and Au nanoplates. Scale bars: 50 nm. (d−e) Columns show shape-
dependent raw 264.7 cell uptake of Au nanorings, Au nanosplates, and Au nanospheres at 37 °C for 8 h (d) and 4 °C for 1 h (e) without (filled
columns) and with (hollow columns) preformed protein corona (mean ± s.d.; n = 3).
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NPs during endocytosis.43 Besides the different contact area,
the high curvature at the edges of Au nanoplates or Au
nanorings may also influence their uptake by macrophage cells.
The detailed mechanism needs further investigation.
To better mimic the adsorption of serum proteins on NP

surfaces in biological milieu, all NPs were treated with 100%
human serum for 2 h before incubation with cells. To confirm
the adsorption of serum proteins, we extracted the proteins
from the surfaces of Au NPs and studied the compositions of
the protein layer using polyacrylamide gel electrophoresis
(PAGE) with fluorescence staining (Figure S10). The complex
band patterns indicated that a broad range of proteins were
adsorbed on the surfaces of Au NPs. The DLS and zeta
potential were also used to characterize the Au NPs without
and with the adsorption of serum proteins (Table S2). After
incubating the cells with three Au nanostructures with
preformed protein corona, the uptake level of different Au
nanostructures was analyzed. The order of the cell uptake level
is similar to Au NPs without preformed protein corona, even
though a slightly decreased cell uptake level was observed for all
three Au nanostructures. This result indicated that the
formation of protein corona on NPs negatively impacted
their uptake by cells of Au NPs, yet the effect of NP shape on
cell uptake was preserved. Similarly, a decreased level of cell
adhesion of NPs with preformed protein corona was observed
for all different nanostructures. The result indicated that the
decreased uptake of NPs with preformed protein corona by
cells could be caused by the reduced adhesion between NPs

and the cell membrane, possibly through reducing the
nonspecific interactions between NPs and cells.

In Vivo Shape Effect of Au Nanorings on Liver Uptake
and Tumor Accumulation. We then investigated shape
effects of Au structures on MPS-NP interactions in vivo by
using female nude mice bearing subcutaneous U87MG tumors
on the flank as a model. The Au nanostructures were labeled
with 64Cu radioisotope, and their biodistribution in different
organs, such as liver, spleen, heart, and tumor was monitored
through PET imaging (see Supplementary Methods for
experimental details). Radionuclide-based PET imaging is a
noninvasive imaging technique with high sensitivity and the
ability to conduct quantitative analysis of whole-body images
(Figure 4a−c).44 It allows real-time pharmacokinetics monitor-
ing of radioisotope-labeled nanomedicine. First, we analyzed
the accumulation of different Au nanostructures in the liver. We
found that Au nanoplates had the highest liver uptake, followed
by Au nanospheres and Au nanorings (Figure 4d). Specifically,
the percent injected dose per gram tissue (%ID/g) of Au
nanoplates accumulated in the liver was the highest at 8 h after
administration (28.5 ± 2.9%ID/g), which was higher than that
for Au nanospheres (20.4 ± 1.9%ID/g) and Au nanorings (15.3
± 1.2%ID/g) at the same time point. For Au nanospheres, the
highest liver uptake (26.2 ± 2.8%ID/g) was reached at 11 h
after administration. A relatively lower extent of Au nanorings
were in the liver at all time points, of which the area under the
curve (AUC) for liver uptake was 27.7% and 29.4% lower than
Au nanospheres and Au nanoplates, respectively. Like what we

Figure 4. Study of Au nanorings shape effect on in vivo biodistribution and tumor accumulation compared to Au nanospheres and Au
nanoplates. (a−c) Representative whole-body coronal PET images of mice after intravenous injection of 64Cu-labeled (a) Au nanorings, (b)
Au nanospheres, and (c) Au nanoplates. (d−g) Time activity curves of the mean uptake of 64Cu-labeled Au nanostructures in (d) liver, (e)
spleen, (f) tumor, and (g) blood derived from the region of interest (ROI) analysis of the PET images (mean ± s.d.; n = 3/group).
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observed in the liver, Au nanorings showed the lowest spleen
uptake among three different Au nanostructures of similar size
(Figure 4e). Yet, the spleen sequestered less Au NPs per gram
of tissue than the liver in all three cases, and the AUC for the
spleen uptake of Au nanospheres was slightly higher than that
of Au nanoplates. The differences between spleen and liver on
NP uptake may come from the different phenotypes of
macrophage cells and the disparity of cardiac output received in
the above two organs.10 The macrophage cells in the liver show
stronger endocytic affinity to hard nanomaterials than macro-
phages in the spleen, and the liver receives more than 20 times
higher cardiac output than spleen.10

Furthermore, we measured the concentrations of Au in blood
(%ID/g) as a function of time by quantifying the 64Cu signal at
left ventricles for all three different Au nanostructures (Figure
4f). The fast clearance of NPs from blood through NP−MPS
interaction is expected to shorten their blood circulation half-
lives. Indeed, the circulation half-life of 50 nm Au nanorings
(t1/2 = 9.8 h) was longer than that of Au nanospheres (t1/2 = 5.6
h) and Au nanoplates (t1/2 = 6.0 h).
To achieve tumor targeting, NPs have to cross the blood-

tumor barrier through both static pores and dynamic vents,
which would be favored for NPs with long blood retention.4

This agrees with our observations as the accumulation of Au
nanorings in tumors was higher than Au nanospheres and Au
nanoplates, increasing from 2.6 ± 0.7%ID/g at 1 h to 14.0 ±
2.1%ID/g at 24 h and up to 14.6 ± 1.8%ID/g at 48 h after
administration (Figure 4g). The accumulation of Au nano-
spheres and nanoplates in tumors at 48 h was 11.3 ± 0.7%ID/g
and 9.9 ± 1.0%ID/g, respectively (Figure 4g). The maximum
tumor accumulation of Au nanospheres occurred at 24 h after
injection, while the accumulation of Au nanorings and Au
nanoplates was the highest at 48 h after injection. The retention
of Au NPs in tumors is related to the blood retention of NPs
because NPs can both enter and exit the tumors and the
directions of diffusion depend on the relative concertation of
NPs between blood and tumor tissue. Therefore, the Au
nanospheres with shortest blood circulation half-life reached
the maximum tumor uptake earlier than Au nanorings and Au
nanoplates. At 48 h postinjection, the mice were sacrificed, and
the major organs were harvested and weighed for ex vivo
biodistribution study by measuring the signal of 64Cu in
different organs under a gamma counter. The results of ex vivo
study were in accordance with those measured from PET
imaging (Figure S11).
We used PET images to analyze the distributions of Au

nanostructures within tumors. PET data can provide 3D
information on tumor tissues by showing the images of slices of
tumor tissue cross sections. We checked the PET images of
tumor cross sections at 24 h after injection of different AuNPs.
PET signals of Au nanorings and Au nanoplates were
distributed in the entire tumor tissues, but with stronger PET
signals of Au nanospheres located at the periphery of tumor
tissues (Figure S12). The results suggested a better distribution
of ring or plate structure over sphere structure in tumor tissues.
Compared to the Au nanosphere, the Au nanoring is hollow in
the center and is smaller in size in one dimension, which would
show better diffusive properties and encounter smaller
resistance than Au nanospheres in tumor tissue. We used a
simplified mathematical model to calculate diffusivity of the
different Au nanostructures following the Stokes−Einstein
equation by considering the movement of Au nanoparticles in

tumor tissues as random walks (see Supplementary Methods
for details of calculations):45,46

ζ
=D

k TB

where kB, T, and ζ represent Boltzmann’s constant, temper-
ature, and Stoke’s drag coefficient, respectively. The diffusivity
of the Au nanoring is 50% higher than the Au nanosphere. The
diffusivities of the Au plate and Au nanoring are very close.
Therefore, a more uniform distribution of Au nanoplates and
Au nanorings in tumor tissues were observed. The consistency
between experimental observation and mathematical calcula-
tion suggests the advantage of Au nanoring over other
structures in tumor delivery.

Size Effect of Au Nanorings on Liver Uptake and
Tumor Accumulation. In addition to NP shape, it has been
reported that NP size plays an important role in affecting
particle distribution in vivo.3,21 Therefore, we prepared Au
nanorings with diameters of 25, 50, and 130 nm and
systematically explored the size effect of Au nanorings on the
in vivo biodistribution to determine the best size for tumor
delivery. The thicknesses of both 50 and 130 nm Au nanorings
were around 9 nm. The thickness of 25 nm Au nanorings was
set to 4 nm to strengthen the hollow feature of ring structure.
PET data were used to analyze the biodistribution of Au
nanorings with different sizes after intravenous injection
(Figures S13 and S14). For 25 nm Au nanorings, a relatively
low accumulation in the liver and spleen was observed (Figures
S13 and 14a,b). The circulation half-life of 25 nm Au nanorings
was about 5.6 h (Figure S14c). In terms of tumor targeting, 25
nm Au nanorings had a significant accumulation of 13.6 ± 1.6%
ID/g 24 h after the injection, which was only slightly less than
that of 50 nm rings (Figure S14d). Besides the relatively high
tumor accumulation, 25 nm Au nanorings showed a faster
tumor uptake rate than 50 nm rings at early time points. As a
comparison, the accumulation of 25 nm Au nanorings in
tumors increased from 3.6 ± 0.3%ID/g at 1 h to 8.4 ± 1.3%ID/
g at 8 h, while during the same period the accumulation of 50
nm Au nanorings only increased from 2.6 ± 0.7%ID/g to 6.4 ±
0.4%ID/g (Figure S14d). However, at late time points, 50 nm
Au nanorings surpassed 25 nm Au nanorings in tumor
accumulation. On the one hand, NPs with a smaller size are
superior to their larger counterparts in crossing the blood vessel
barriers as there is a size limitation on the static permeability of
vessel walls.4 It is also possible that the better permeability of
smaller-sized NPs was due to their stronger NanoEL effect.47,48

On the other hand, smaller sized NPs are also easier to diffuse
back from tumor tissues to blood vessels. When 130 nm Au
nanorings were injected, their rapid clearance from blood by
phagocytic cells of the MPS was observed, leading to high liver
and spleen accumulations at 1 h after the injection (Figure S14
a,b). As a result, 130 nm Au nanorings showed a short blood
circulation half-life of 0.1 h and poor tumor accumulation
(Figure S14 c,d). The in vivo PET observations were confirmed
by the ex vivo biodistribution study (Figure S15).

Au Nanorings for PA Imaging and Photothermal
Therapy. Au nanorings with strong NIR absorption and high
tumor delivery efficiency have great potentials in various
biomedical applications.32,33 Here we demonstrated the
potential biomedical applications of 50 nm Au nanorings as
PA contrast agents and photothermal therapeutic agents in vivo.
PA imaging can visualize the tumors or organs with enhanced
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imaging depth and higher spatial resolution than typical
fluorescence imaging techniques.17 PEGylated 50 nm Au
nanorings were intravenously injected into U87MG tumor-
bearing nude mice, followed by irradiation of tumor tissues with
an 808 nm pulsed laser at different time points postinjection.
Compared to the background signal, a 7.7 times signal
enhancement was obtained 24 h after injection of Au nanorings
(Figure 5a,b). The strong signal enhancement suggested high
accumulation of Au nanorings in tumors. We then applied the
Au nanorings as a photothermal therapeutic agent using the
same animal model. Based on the PET results, we conducted
the photothermal treatment at 48 h after the injection by
irradiating the tumor area with 808 nm continuous-wave laser
for 5 min (0.75 W/cm2). A significant temperature increase in
the tumor tissues compared to the PBS group was observed
(Figure 5c,d). After irradiation, tumor volumes and mice weight
of all groups were recorded every 2 days in the entire
experiment. Remarkably, in the experiment group with
injections of Au nanorings, all the tumors were completed
eliminated, and an improved survival rate was achieved (Figure.
5e, f). Fast tumor growth was observed in all other control
groups, which included intravenous injection of PBS with or
without laser irradiation and injection of Au nanorings without
laser irradiation (Figure 5e).

During the experiment, no apparent weight loss was
observed in the control group, in which Au nanorings were
injected without laser irradiation, indicating the low toxicity of
Au nanorings (Figure 5g). The in vivo toxicity and therapeutic
effect of Au nanorings were also evaluated through hematoxylin
and eosin (H&E) staining of primary organs and tumors. Major
organs of mice from control group and experimental group
were collected 15 days after treatment, and no obvious sign of
toxic effects from Au nanorings were observed through H&E
staining (Figure 6 a,b). This result suggested the low toxicity of
Au nanorings. In addition, the H&E-stained images of tumor
sections collected 4 h after the treatment showed serious
damage of cancer cells compared to the control group (Figure
6c,d). This result demonstrated the excellent therapeutic effect
of Au nanorings.

CONCLUSION
We have systematically evaluated the effect of shape of 2D Au
nanorings on nanobio interactions both in vitro and in vivo by
comparing with Au nanospheres and Au nanoplates of similar
size. In vitro experiments demonstrated that Au nanorings with
a diameter of 50 nm can greatly decrease the uptake of NPs by
macrophage cells compared to Au nanoplates and Au
nanospheres of similar size. The difference in macrophage

Figure 5. Au nanorings as PA contrast agent and photothermal therapeutics. (a) Ultrasonic (US), PA images, and merged images of tumors
(from left to right) before (upper row) and 24 h after (lower row) intravenous injection of Au nanorings. (b) PA intensities of tumor tissues
before and at 3, 24, and 52 h after injection. (c) Thermal images of U87MG tumor mice injected intravenously with 50 nm Au nanorings
(upper) and PBS (lower) upon 5 min laser irradiation and (d) corresponding temperature change of tumor area. (e) Relative tumor volume,
(f) survival curves, and (g) body weight curves of treatment group and all other control groups (n = 3/group).
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uptake was due to the unequal contact areas between NPs and
cells, which influences the adhesion between them. Among
different structures, Au nanoplates with the largest contact area
between Au nanostructures and cells showed the highest uptake
by macrophages. The 2D ring structure showed the lowest
uptake by macrophage cells. Besides distinct surface areas, the
high curvature at the edges of 2D nanostructures may also play
a role in influencing the macrophage uptake. The formation of
protein corona on NP surfaces decreased the uptake level of all
three types of NPs by macrophage cells. The in vivo data
indicated that 50 nm Au nanorings showed lower accumulation
in livers or spleens and higher accumulation in tumors than Au
nanospheres and Au nanoplates. Therefore, the lower MPS
clearance of Au nanostructures in vivo can only be achieved by
choosing NPs with proper shape. Furthermore, we evaluated
the size effect of Au nanorings on tumor delivery. Among 25,
50, and 130 nm Au nanorings, 50 nm Au nanorings showed the
highest tumor delivery efficiency, but 25 nm Au nanorings
accumulated in tumors faster than 50 nm Au nanorings at early
time points postinjection with an overall modest tumor delivery
efficiency. Finally, we demonstrated the imaging and
therapeutic functions of Au nanorings in an animal model.
These findings indicate that engineering the shape and surface
area of Au nanostructures is very important in mediating NP−
MPS interactions and tumor delivery efficiency and will lay the
ground for rational designs of nanomedicine for biomedical
applications in the future.

METHODS
Preparation of Ag Nanoplates. Ag nanoplates were prepared

according to previous literature with some modification.49 First, Ag
seeds were prepared as follows: To 200 mL of water, aqueous
solutions of sodium citrate (0.0045 M), silver nitrate (1 × 10−4 M),
and 480 μL H2O2 (30 wt %) were added, followed by adding an ice-
cold, fresh prepared aqueous solution of sodium borohydride (0.1 M
1.2 mL) with vigorous stirring. After 5 min of stirring, the solution was
left undisturbed for 2 h. The synthesized Ag nanoseeds were
concentrated by centrifugation and washed with water twice before

use. Second, 50 nm Au nanoplates were prepared as follows: To 44
mL of water, 300 μL of ascorbic acid (0.1 M), 200 μL sodium citrate
(0.075 M), and Ag seeds were added, followed by adding 240 μL of
silver nitrate (0.1 M) with vigorous stirring for 30 min. The Ag
nanoplates were centrifuged and washed with water for future use. Ag
nanoplates of different sizes were obtained by changing the amount of
Ag seeds added.

Preparation of Au Nanorings. Au nanorings were prepared
according to previous literature with some modifications.50 First, Ag@
Au nanoplates were prepared as follows: Basic hydroxylamine
hydrochloride solution (3 mM) was prepared according to a previous
report.50 The as-prepared Ag nanoplates were dissolved in 20 mL of
water in a glass container placed in an ice bath. To this solution, the
basic hydroxylamine hydrochloride and an aqueous solution of
hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 0.3 mM)
were added via syringe pump at a rate of 2 mL/h with vigorous
stirring. The reaction was monitored by UV−vis spectroscopy to
determine the end of pumping. The Ag@Au nanoplates were
centrifuged and washed with water. Second, the thin Au nanorings
were prepared as follows: The as-prepared Ag@Au nanoplates were
incubated with 5 mL solution of bis(p-sulfonatophenyl)-
phenylphosphine dihydrate dipotassium (2 mM) to etch the Ag
templates. The reaction was monitored by UV−vis spectroscopy to
indicate the completion of etching. The resulting thin Au nanorings
were centrifuged and washed with water for three times before use.
Finally, to prepare Au nanorings with different thicknesses, the thin Au
nanorings were dispersed in 20 mL of water. The above basic
hydroxylamine hydrochloride solution and aqueous solution of
HAuCl4·3H2O were added via syringe pump at a rate of 2 mL/h
with vigorous stirring. The reaction was monitored by UV−vis
spectroscopy to determine the thickness of Au nanorings.

Preparation of Au Nanoplates. Au nanoplates were prepared
according to previous literature with some modifications.51 The as-
prepared Ag nanoplates were dispersed in 20 mL of water in a glass
container placed in an ice bath. The basic hydroxylamine hydro-
chloride and the aqueous solution of hydrogen tetrachloroaurate (III)
trihydrate (0.3 mM) were added via syringe pump at a rate of 2 mL/h
with vigorous stirring. Along with pumping, the main absorption peak
of the solution was first red-shifted and then blue-shifted. The reaction
was stopped when the major absorption peak was around 680 nm. The
Au nanoplates were centrifuged and washed with water for 2 times
before use.

Figure 6. H&E staining of primary organs and tumor tissues without or with photothermal treatment. H&E staining of major organs 15 days
after the treatment with the injection of (a) PBS and (b) Au nanorings. H&E staining of tumor tissues (c) without or (d) with photothermal
treatment.

ACS Nano Article

DOI: 10.1021/acsnano.7b05908
ACS Nano 2017, 11, 10539−10548

10546

http://dx.doi.org/10.1021/acsnano.7b05908


Preparation of Au Nanoshperes. Au nanospheres of 50 nm were
prepared by a previously reported method.52

PEGylation of AuNPs. A 50 μL of concentrated aqueous solution
of AuNPs was added to 1 mL of water with excess of HS-PEG. The
mixed solutions were placed in a shaker for 24 h. All AuNPs were
centrifuged and washed with water for 3 times to remove the free HS-
PEG.
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