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Abstract

Non-spherical Gold Nanoparticles (AuNPs), with unique geometries properties, have become the new exciting focus of applications in tumor imaging
and therapy recently. In this review, we summarized the properties and applications of non-spherical AuNPs for cancer imaging and therapy. We
review four typical shapes of non-spherical AuNPs from their applications and advantages with the great optimism to the applications of non-spherical

AuNPs in medicine.
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1. Introduction

Cancer is one of the main causes of mortality all
over the world, and the number of new cancer patients
increases every year [1]. In past 30 years, the diagnosis
and treatments have made rapid advances, but the
overall suprvival rate from cancer has not improved
substantially. Therefore, the accurate early-diagnosis
and targeted therapies, two major challenges in the
battle against cancer, are given much attention [2].
Recently, nanomaterials offer new opportunities for
cancer diagnosis and treatment, because of their unique
physicochemical properties, such as ultrasmall size,
large surface area to mass ratio, and high reactivity.
These properties can be used to overcome some of the
limitations found in traditional therapeutic and diagnostic
agents [3,4]. According to the National Cancer Institute
(NCI), nanomaterials have tremendous potential to make
an important contribution in cancer prevention, diagnosis,
imaging, and treatment [5,6]. Several materials are
most used for cancer nanotechnology include polymers,
dendrimers, liposomes, perfluorocarbons, quantum dots,
iron oxides, nanotubes, nanowires and gold nanoparticles
(AuNPs) [7-9]. In particular, AuNPs has been considered
as the ideal nano-objects for cancer imaging and therapy,
and been the subject of considerable recent studies.

In general, AuNPs can be classified as spherical and
non-spherical particles [10]. Non-spherical AuNPs, such
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as rods, cages, prisms, stars or other structures, have
received significant attention from researchers because
of their structures. Our group dedicates to applications
of various non-spherical AuNPs in cancer imaging and
therapy. In this short review, we will summarize the
properties and applications of non-spherical AuNPs for
cancer imaging and therapy.

2. The properties of non-spherical AuNPs
2.1 Optical properties

The most interesting optical property of non-spherical
AuNPs is the presence of multiple absorption bands
correlated with their multiple axes [9,11-14]. The ease
of tuning their optical properties gradually with particle
size and shape makes them very interesting. Typically,
anisotropic gold nanomaterials, such as rod-, prism-,
star- and cage-like AuNPs of an appropriate size, among
others, display a surface plasmon resonance (SPR) band
in the near-infrared (NIR) region of the electromagnetic
spectrum [15,16]. Importantly, tissue penetration of
radiation can be improved (up to a few centimeters) by
minimizing photon absorption by tissue components,
which is typically achieved by tuning the SPR band
from the visible to the NIR range [17]. Combining with
biocompatibility of gold, non-spherical AuNPs show the
great potential in cancer imaging.
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2.2 Optothermal properties

In addition to the enhanced and tunable optical
properties for optical imaging, the strong optical
absorption behavior of AuNPs is capable of creating a
photothermal effect [18-20]. AuNPs are very photostable
and biocompatible, which make them a new generation
photothermal contrast agents for photothermal therapy
(PTT) in which photon energy is converted to heat
sufficient to induce cellular damage via thermal effects
such as hyperthermia, coagulation and evaporation
[21,22]. Generally, the optothermal conversion efficiency
can be turned on selectively by tuning the wavelength to
match that of the SPR of AuNPs. Non-spherical AuNPs
possess several interesting light-absorbing properties,
such as their extremely large photo-absorption cross
sections and remarkably sensitive spectral shifts of their
SPR so they have the excellent optothermal property
[21,23,24].

2.3 Structural properties

Compared to spherical AuNPs, non-spherical AuNPs
show some structural properties for their specific
geometry. They own more active surface sites to
conjugate more targeting molecules, which provides the
excellent selectivity of recognizing tumor cell [25,26].
They also possess superior long blood circulation time
due to the anisotropic geometries, which can improve
their targeting effect [27]. Furthermore, the stars- and
cages-like AuNPs provide the enough space to load drug
and be applied to targeting drug-delivery system, which
has been considered as the assist of photothermal therapy
(PTT) [28-30].

3. Application of non-spherical AuNPs

It is well known that the shape of AuNPs strongly
influences their applicability to certain domains. Several
synthetic protocols have been developed to fabricate
different geometry AuNPs, such as rod-, star-, prisms- and
cage-like particle. Meanwhile, the non-spherical AuNPs
have attracted much attention for biomedical applications,
including imaging techniques and PTT. Different shapes
have different advantages and disadvantages, so we
review four typical shapes non-spherical AuNPs in
follows.

3.1 Gold nanorods (GNRs)

NGRs are considered as the simplest shape among in
various non-spherical AuNPs. They have relatively facile
synthetic procedure making them more feasible for future
clinic settings [31]. GNRs have the strong longitudinal
SPR band in NIR region with the different aspect ratio,
which can improve tumor imaging and PPT [32,33].

GNRs are usually produced by surfactant cetyltrimethyl
ammonium bromide (CTAB) directed synthesis, which
produces a high yield of homogeneous GNRs with SPR
resonances in the visible and NIR region [34]. In this
approach, CTAB is not only the structure-directing agent
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of anisotropic growth, but also the stabilizer that forms
bilayers on the GNRs. The CTAB-caped GNRs exhibit
the significant cytotoxicity, but removing CTAB from
the surface may cause the uncontrollable aggregation of
nanoparticle [35-38]. Our group uses polyamidoamine
dendrimer to replace CTAB molecules on the surface
of gold nanorods by round-trip phase transfer ligand
exchange [39]. When the resultant dendrimer-modified
gold nanorods conjugated with arginine-glycine-aspartic
acid (RGD) peptides, they exhibit very low cytotoxicity
and highly selective targeting and destructive effects on
the cancer cells under NIR laser irradiation. As shown
in Fig. 1, Melanoma A375 cells incubated with RGD-
dGNR exhibit a strong golden color, while the melanoma
A375 cells incubated with free RGD peptides and pre-
incubated with free RGD peptides do not exhibit any
golden color. This finding suggests that RGD-dGNR can
specifically target to the surface and cytoplasm of tumor
cell. Furthermore, the potential application of RGD-
dGNR in PTT is also investigate by using Mouse models
loaded with melanoma A375 cells. The results incadute
that RGD-dGNRs had the selective PTT to tumor cells on
the tumor locations under the the NIR laser irradiation.

As the same time, GNRs also can be applied to
enhanced radiation therapy effects. Our group uses silica
to replace CTAB molecules on the surface of GNRs and
anchor folic acid (FA) molecule [40]. FA-Si-GNRs exhibit
highly selective targeting, enhanced radiation therapy (RT)
and PTT effects on cancer cells using MGC803 cells in
Fig. 2. As shown in Fig. 3, the corresponding injection
site of mice displays a clearly distinguished CT signal and
CT imaging in vivo. Based on our results, the dual-mode
RT and PTT monitored by CT imaging could be achieved
and bring novel opportunities in theranostics.
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Fig. 1 Light scattering images and intracellular location of RGD-
dGNRs. Reflective mode dark-field images and bright field images of
RGD-dGNRs (A), dGNRs (B), and free peptide and RGD-dGNRs (C)
after incubation with A375 cells for 30 min at room temperature. Al, Bl
and C2 are the bright field images of corresponding A375 cells. D1 and
D2 are TEM images of RGD-dGNRs (arrow) in cytoplasm of melanoma
A 375 cells, left scale bar, 500 nm; right scale bar, 200 nm. Reprinted
with permission from Ref. 39.
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Fig. 2 Photo-thermal therapy effects on MGC803 cells incubated
with 12.5 mM of GNR-SiO2-FA for 24 h at 37 oC in the dark prior to
irradiation for 3 min with 808 nm laser. (A and B) MGC803 cells on
the laser spot center, (C and D) MGC803 cells on the boundary of laser
spot. (A and C) Bright field, (B and D) Fluorescence field. Reprinted
with permission from Ref. 40.

GNR can also be utilized in optoacoustic imaging
(OI) [41]. Several groups have utilized GNRs as contrast
agents, and they conclude that GNRs are highly sensitive
but poor imaging efficiency. The disadvantage of GNRs
is cytotoxicity. Although great efforts have been made to
reduce it [42], unless the suitable surface functionalization
can be developed, it will be the great challenge of GNRS
in clinical application.

3.2 Gold nanoprisms (GNPrs)

For anisotropic GNPrs, the optical properties are
largely affected by the symmetry and aspect ratio [43-
44]. GNPrs, a flat and highly symmetrical structure,
easily emit ultrasound waves when absorbed the photon
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Fig. 4 Two-photon microscopy image of the nanoprisms in straight
filaments around the nucleus. (B) the TEM image of HT-29 cells
uptaking PEG-coated triangular GNPs (red) in the cytoplasm.; (C)
anatomical (pre-injection of the contrast agent) OI, (B) multispectral
optoacoustic images of a CD-1 nude mouse bearing a subcutaneous HT-
29 tumor cell line and injected with GNPrs. Reprinted with permission
from Ref. 46.
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Fig. 3 Real-time in vivo X-ray images after intravenous injection of
GNR-Si02-FA in nude mice at different time points. (A) The photograph
of the tumor tissue; (B) the X-ray image at 0 h; (C) the X-ray image at
0 h (in color); (D) the X-ray image at 12 h, (E) the X-ray image at 12 h
(in color); (F) the X-ray image at 24 h (in color). (For interpretation of
the references to colour in this figure legend, the reader is referred to the
web version of this article.) Reprinted with permission from Ref. 40.

and amplify the signal of Multispectral Optoacoustic
Tomography (MSOT). Therefore, they have opportunities
to visualize cancer by Ol and MSOT with the high
sensitivity, specificity and spatial resolution [45]. Our
group reports PEGylated GNPrs used in tumor imaging
both in vitro and in vivo [46]. The PEGylated GNPrs
show good biocompatibility and exhibit a surface
plasmon band centered at 830 nm, a suitable wavelength
for OI purposes. GNPrs are successfully internalized
by HT-29 gastrointestinal cancer cells by Two-photon-
induced luminescence shown in Fig. 4A and 4B,
indicating that GNPrs display distinguished brightness in
two-photon luminescence imaging and therefore can also
be used as contrast agents. GNPrs are further injected
into which mice in order to visualize tumor angiogenesis
in gastrointestinal cancer cells shown in Fig. 4C and
4D, indicating that GNPrs stay mostly in the blood flow
during the 24 h and a noticeable amount is retained inside
the tumor even after 25 h. Both our in vitro and in vivo
results show that PEGylated GNPrs have the capacity
to penetrate tumors and provide a high-resolution signal
amplifier for optoacoustic imaging. The combination of
PEGylated GNPrs and MSOT represents a significant
advance for the in vivo imaging of cancers.

De la Fuente group develops a novel and straight
forward wet-chemical synthetic route to produce
biocompatible GNPrs [43]. The reports method has an
unprecedented high yield and small percentage of tip-
truncated nanoprisms or nanodisks from the TEM images
shown in Fig. 5D and 5E. This method also avoids the
use of highly toxic CTAB, which greatly reduce the
cytotoxicity of GNPrs. Furthermore, GNPrs are verified
as an attractive alternative to those currently in use as
photothermal agents. As shown in Fig. 5A, 5B and 5C, the
viability of cells loaded with NPRs, cells under irradiation
with or without NPRs is evaluated. Bare NPRs, as they
result from the synthesis, purified NPRs are derivatized
with carboxyl-ended PEG chains and these further
derivatized with glucose and the dye TAMRA are proven
to be viable up to NPRs concentrations. The result shows
that the GNPrs have efficient to kill selectively cells by
NIR light.
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Fig. 5 (A) Merged image of red and green fluorescence channels shows
that the viability of irradiated cells is impaired (EthD-1 red staining); (B)
red stained cells (EthD-1) correspond to the irradiation spot, whereas
cells outside the irradiation area remain viable (Calcein AM, green
staining); the dashed line corresponds to the irradiation area; (C) cells
outside the irradiation area remain viable (green staining) with NPRs
(TAMRA, red staining) in their cytosol; (D, E)SEM images of NPRs
with increasing average edge length, scale bar is 500 nm in all cases.
Reprinted with permission from Ref. 43.

3.3 Gold nanostars (GNSs)

GNSs, that is, star-shaped AuNPs, are a particularly
interesting class of plasmonic particles [47]. Their
structures contain multiple sharp branches that act as
‘lightning rods’ to greatly enhance the local EM-field.
The small radius of curvature at the ends of the tips
gives rise to strongly enhanced fields without the need
for particle aggregation [44,48-50]. Individual GNSs
exhibit several plasmon resonances in the visible and NIR
region that display strong polarization dependence. And
this response is correlated with the branch with sharp
tips of GNSs. Based on the two important features of
GNSs, NIR plasmon and strong near field enhancements
at the tips, their applications have been numerous in
various biomedical arenas, including PTT, OI. Lately,
GNSs are verified to efficiently enhance two-photon
photoluminescence (TPL) intensity [51]. Therefore,
TPL can be applied to multiphoton microscopy, offering
a convenient way to visualize NIR-absorbing gold
nanoparticles using NIR excitation, which is preferable
for in vivo imaging. Vo-Dinh group uses wheat-germ
agglutinin (WGA) functionalized GNSs get the TPL
imaging of BT549 breast cancer cells in vitro. In Fig.
6, PEGylated nanostars circulating in the vasculature,
examine through a dorsal window chamber in vivo in
laboratory mouse studies, demonstrate that gold nanostars
can serve as an efficient contrast agent for biological
imaging applications.

GNSs are reported to great potential in PTT [52]. Vo-
Dinh group also Use SKBR3 breast cancer cells incubated
with bare nanostars and observe photothermal ablation
within 5 minutes of irradiation (Fig. 7). Meanwhile, on
a mouse injected systemically with PEGylated nanostars
for 2 days, extravasation of nanostars is observed
and localized photothermal ablation is demonstrated
on a dorsal window chamber within 10 minutes of
irradiation (Fig. 8). These both in vitro and in vivo
results of plasmon-enhanced localized hyperthermia are
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Fig. 6 ((a), (b)) TPL imaging of nanostars S30, WGA-coated (a) versus
PEGylated control (b), on BT549 cancer cells. ((c), (d)) TPL imaging
through a dorsal window chamber (inset) on a nude mouse. (c¢) With
nanostars, tissue vasculature is visible under 5% transmission with
minimal background fluorescence. (d) Without nanostars, it required
20% transmission to see vessels. Scale bar: 100 pm. Reprinted with
permission from Ref. 51
2 .

Fig. 7 Fluorescence images of viable SKBR3 cells after the laser
treatment. Viable cells appear green by converting non-fluorescent dye
into green fluorescence. Empty area indicates successful photothermal
ablation. Cells are incubated 1 hour with 0.2 nM nanostars (top) and
medium alone (bottom) before the irradiation. Laser irradiation is
applied for 1 minute (A, D), 3 minutes (B, E), and 5 minutes (C, F).
Image sizes are 3 x3 mm’. Reprinted with permission from Ref. 52.
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Fig. 8 Photographs and multiphoton microscopy images 48 hours after
nanostars infusion before (top) and after (bottom) the laser treatment.
Before the irradiation, the window appeared intact and uninflamed (A).
Nanostars (white color) scattered in the tissue (B) with some remaining
near the perivascular space (C; red arrow). After the laser irradiation,
alocalized oozing of blood became visible (D; white arrow). Nanostars
distributed more randomly or into clusters. Leakage of FITC-dextran
into the tissue is apparent in the irradiated spot (E) but not outside the
spot (F). Microscope images are 508 x 508 um’ and taken under 850-nm
3% transmission power. Reprinted with permission from Ref. 52
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encouraging and have illustrated the potential of GNSs as
efficient photothermal agents in cancer therapy.

3.4 Gold nanocages (GNCs)

GNCs are hollow nanostructures with porous walls
that can be simply prepared via the galvanic replacement
reaction between silver nanocubes and chloroauric
acid [53]. GNCs have attractive features such as
biocompatibility, easy surface modification for targeting,
no potential heavy metal toxicity, a broad range of sizes
(35-100 nm), tuning of the localized surface plasmon
resonance (LSPR) peak, strong optical absorption in the
NIR region [54,55], and encapsulated site-specific drug
delivery [56].

Wang’s group demonstrate the use of GNCs as a new
class of lymph node tracers for noninvasive photoacoustic
(PA) imaging of a sentinel lymph node (SLN) in a rat
model [57]. As shown in Fig. 9, SLN is noninvasively
imaged using the reflection-mode PA imaging with GNCs
as tracers. Fig. 9A shows a photograph of the axillae of
the rat with hair removed before PA imaging. Fig. 9B is a
photograph of the same region with skin and fatty tissue
removed, exposing the SLN containing GNCs after all
PA images had been captured. Before the injection of
GNCs in the forepaw pad, a PA image is acquired as a
control (Fig. 9C). For visibility, PA signals beyond the
3 mm depth are excluded in the image formation. After
the injection of GNCs, scanning started immediately
to evaluate the migration and accumulation time of
the GNCs. PA signals from the SLN are detectable at
about 5 min after the injection (Fig. 9D), implying low
accumulation of GNCs at this time. As time go by, the
contrast at the SLN gradually increase shown in Fig.
9E-G, which means that more GNCs are gradually
accumulated by the SLN. Fig. 9H shows the peak
accumulation time of GNCs in the SLN at about 140
min after the injection. This research shows that the non-
invasive SLN mapping based on GNCs can be beneficial
to breast cancer patients. Going forward, by employing
surface-modified GNCs, which can bind to specific breast
cancer cells, this technique may constitute a noninvasive
means of SLNB.

GNCs are also applied in PTT. Xia’s group implements
the PTT of the immuno GNCs in SK-BR-3 cells [58].
Fig. 10A shows the experimental setup, where cells in
the center of a well are irradiated with laser with a spot
size of 2 mm. The SK-BR-3 cells are adherent, hence
their position is fixed on the surface of the well. It should
be pointed out that the laser only irradiated 9.8% of the
cells in each well (note cells are not drawn to scale). In
one study, the treated cells are harvested at various times
after irradiation to investigate when cells start to respond
to the PTT. In Fig. 10B, the cells are irradiated with a
laser for 5 min. After that, the cells are returned to a 37
°C incubator for a specific duration of time before the
percentage of cellular. Fig. 10C and 10D show the flow
cytometry graphs of the cells with and without targeting
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Fig. 9 In vivo noninvasive photoacoustic time-course sagittal MAP
images. (A) Photograph of axillary region with hair removed. (B)
Photograph with skin and fatty tissue removed after the PA images had
been recorded. The dark blue dye lymphatic channel on the bottom of
the SLN is shown in the inset. PA images acquired before (C) and after
(D - H) the nanocage injection: (D) 5 min (SLN started to appear), (E)
59 min, (F) 140 min, (G) 194 min. All images are acquired without
signal averaging. (H) Accumulations of nanocages in a SLN over time,
in terms of the amplitude changes of PA signals. After the injection,
PA signals increased with time, which means gradual accumulations of
nanocages. Peak accumulation occurred at 140 min after the injection.
PA signals from the SLN are normalized by those from adjacent blood
vessels (the dotted box in Fig. 9E) to minimize the ultrasonic focal
effect, and normalized by maximum. Reprinted with permission from
Ref. 57.
by the immuno GNCs, respectively, at a harvest time of 3
h after laser irradiation. The results show that the amount
of cellular death can be controlled by both the exposure
time and power density of the laser. Cells treated under
the same experimental conditions but without immuno
GNCs maintained their viability. The efficacy for the
immuno GNCs to kill cancer cells can be attributed to
their selective targeting and large absorption cross section
of NIR light. The results reported here provide insight
into how the photothermal response of immuno GNCs can
be optimized and controlled. This knowledge is critical
to providing effective, noninvasive treatment of cancer in
vivo via photothermal therapy.
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Fig. 10 (A) Illustration depicting the experimental setup used for PTT of
SK-BR-3 cells. The cellular growth vessel had a diameter of 6.38 mm.
(B) Plots of the percentage of cellular damage versus harvest time when
SK-BR-3 cells are irradiated for 5 min at a laser. (C) The flow cytometry
graph analyzed to determine the percentage of cellular death after SK-
BR-3 cells are incubated with immuno GNCs, irradiated for 5 min, the
harvested at 3 h for analysis. (D) Flow cytometry graph obtained from
the control experiment in which SK-BR-3 cells are not treated with
immuno GNCs but treated to similar laser treatment. For both (C) and
(D), the signal in quadrant III corresponds to population of dead cells.
Reprinted with permission from Ref. 58.

GNCs have also shown great promise in drug delivery
due to their nanostructures with hollow interiors and
porous walls and the photothermal effect [28-30]. When
the surface of a GNC is covered with a smart polymer,
the pre-loaded effector can be released in a controllable
fashion using a NIR laser. This system works well
with various effectors without involving sophisticated
syntheses, and is well suited for in vivo studies owing
to the high transparency of soft tissue in the NIR
region. Xia’s group firstly develops a drug-delivery and
controlled release system based on GNCs covered by
smart polymers [29]. Fig. 11 shows a schematic of the
drug-delivery and controlled release system. The polymer
is based on poly(N-isopropylacrylamide) (pNIPAAm)
and its derivatives, which can change conformation in
response to small variations in temperature .On exposure
to a laser beam, the light will be absorbed and converted
into heat through the photothermal effect. The heat will
dissipate into the surroundings, and the rise in temperature
will cause the polymer chains to collapse, exposing the
pores on the nanocage and thereby releasing the pre-
loaded effector. When the laser is turned off, heating will
immediately cease and the drop in temperature will bring
the polymer back to its original, extended conformation,
closing the pores and stopping the release. They further
extended the controlled release to an in vitro study that
involved killing of breast cancer cells with doxorubicin
(Dox), a commercial chemotherapeutic drug for breast
cancer. The results show, this system has enough efficacy
of killing cancer cells.

4. Conclusion

In this paper, we summarized the properties and
applications of non-spherical AuNPs for cancer imaging
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Fig. 11 Schematic illustrating how the system works A side view of
the GNCs is used for the illustration. On exposure to a near-infrared
laser, the light is absorbed by the nanocage and converted into heat,
triggering the smart polymer to collapse and thus release the pre-loaded
effector. When the laser is turned off, the polymer chains will relax
back to the extended conformation and terminate the release. Reprinted
with permission from Ref. 29.

and therapy. The optical, optothermal and structural
properties make non-spherical AuNPs have great
application in multi modes of tumor imaging and therapy.
We review four typical shapes of non-spherical AuNPs
from their application and advantages. GNRs with less-
cytotoxicity are used in the dual-mode CT imaging
bring novel opportunities in tumor theranostics. They
also used to kill cancer cell both in vitro and in vivo.
GNPrs are used in OI due to their flat and symmetrical
structure. They are also used in PPT and can impair the
viability of irradiated cells. GNSs, contain multiple sharp
branches, are used in TPL imaging and acted as efficient
photothermal agents in cancer therapy. GNCs can be used
in PA imaging based on LSPR. Furthermore, they also
can used in drug-delivery and controlled release system,
which can improve the efficiency of PTT. As this review
has clearly shown, different shapes AuNPs have different
advantages. We look forward with great optimism to the
applications of non-spherical AuNPs in medicine.
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