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Gold nanocages are hollow nanostructures with ultrathin, porous walls. They are bio-
inert and their surface can be readily modified with functional groups to specifically 
interact with the biological system of interest. They have remarkable optical 
properties, including localized surface plasmon resonance peaks tunable to the near-
infrared region, strong absorption and scattering, as well as two- and three-photon 
luminescence. With the establishment of robust protocols for both synthesis and 
surface functionalization, Au nanocages have been extensively explored for various 
biomedical applications. In this review, we begin with a brief account of the synthesis 
and properties of Au nanocages, and then highlight some of the recent developments 
in applying them to an array of biomedical applications related to optical imaging, 
controlled release and cancer theranostics.
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The application of nanostructured materi-
als to solve biomedical problems has evolved 
into an active field of research known as 
nanomedicine. It is anticipated that nano-
medicine will bring in many opportunities 
for more effective diagnosis and treatment of 
diseases, eventually causing paradigm shifts 
to the pharmaceutical and biotechnological 
industry  [1–4]. In the context of cancer ther-
anostics, therapeutic agents are increasingly 
integrated with nanostructures engineered 
with optimal size, shape and surface property 
to increase the solubility, prolong the blood 
circulation half-life, improve the pharmaco-
kinetics and tumor targeting selectivity, and 
ultimately reduce the side effects. Specifi-
cally, nanostructures and their payloads have 
been favorably delivered into the tumor site 
by taking advantage of the pathophysiologi-
cal conditions such as the enhanced perme-
ability and retention (EPR) effect  [5,6]. Tar-
geting ligands, including organic molecules, 

peptides, antibodies and nucleic acids, have 
also been added onto the surfaces of nano-
structures to target cancer cells through spe-
cific binding to the biomarkers overexpressed 
on their surfaces [5]. Additionally, it has been 
demonstrated that multiple types of ther-
anostic agents can be delivered all together 
through the same carrier to enable combina-
tion therapy, with a potential to overcome 
some of the long-standing problems such 
as multiple-drug resistance and at the same 
time give real-time feedback on the treat-
ment efficiency  [7,8]. It is expected that pre-
cisely engineered nanomaterials will become 
the next-generation platform for cancer ther-
anostics and other biomedical applications. 
In fact, a number of nanomedicine products 
have already been approved for clinical use 
and many others are under clinical trials [4,9].

As a unique class of nanostructured mate-
rials, Au nanocages have many attractive 
merits for a variety of biomedical applica-
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tions  [10–12]. Compared with solid Au nanoparticles, 
the hollow interiors and porous walls make Au nano-
cages ideal for controlled release and drug delivery as 
the drugs can be loaded in the interiors to increase the 
loading efficacy and help prevent the drugs from being 
released prior to use. In addition, Au nanocages are 
well-suited for cancer theranostics because: their size 
can be readily tuned in the range of 15–200 nm to opti-
mize the biodistribution and tissue penetration; their 
atomically flat surface provides a well-defined substrate 
for quantitative functionalization and bioconjugation; 
the inert nature of Au provides Au nanocages with 
good biocompatibility and stability in the complicated 
in vivo environment; and their localized surface plas-
mon resonance (LSPR) peak can be precisely tuned to 
the near-infrared (NIR) region of 700–1200 nm to 
take advantage of the so-called ‘transparent window’ 
of soft tissues  [12]. In the ‘transparent window’, light 
can penetrate deeply into soft tissues with very little 
attenuation, facilitating in vivo optical imaging and 
therapeutic applications [13,14]. For the conventional Au 
colloids with a solid interior and quasi-spherical shape, 
the LSPR peaks are typically limited to the visible 
region [15]. Only for Au nanostructures with anisotro-
pic (e.g., rod, multipod and star) or hollow structures 
(e.g., shell, box and cage), can they display LSPR peaks 
in the NIR region.

A number of research groups have extensively 
explored the use of Au nanocages for a variety of bio-
medical applications. These include their use as contrast 
agents for optical coherence tomography, as vectors for 
drug delivery and tumor targeting, and as photother-
mal transducers for tumor destruction; some of these 
studies were covered in a review article published in 
Nanomedicine (London) in 2007 [16]. In recent years, the 
scope of applications for Au nanocages has been further 
expanded to include their use as optical probes for two- 
and three-photon luminescence imaging, as contrast 
agents for photoacoustic (PA) imaging, and as optical 
tracer for Cerenkov luminescence imaging. Radioac-
tive isotopes have also been attached to their surfaces via 
post-synthesis modification, enabling their use as radio-
active tracers for positron emission tomography (PET). 
In addition, new techniques for surface modification 
and drug encapsulation have been developed for targeted 
drug delivery, controlled release and cancer theranostics. 
The fate of Au nanocages upon uptake by cells or sys-
temic administration into mice has also been studied. 
In this review article, we will start with a recap of the 
synthetic approach to Au nanocages, summarizing some 
of the latest progress in the large-scale production of 
Au nanocages and the synthesis of nanocages with sub-
25 nm edge lengths. We then elaborate on the unique 
optical properties of Au nanocages, and highlight some 

recent advancements in optical imaging and cancer 
theranostics after the previous review in 2007 [16].

Synthesis & optical properties of Au 
nanocages
Gold nanocages can be readily prepared by tak-
ing advantage of the galvanic replacement reaction 
between a Au precursor, typically HAuCl

4
 and a sac-

rificial template. This synthesis was first introduced 
by our group for the synthesis of Au nanocages with 
the use of multiply-twinned Ag nanoparticles as the 
template [17]. Afterward, the research has been largely 
focused on the use of single-crystal Ag nanocubes 
because of the easiness in controlling their uniformity 
in terms of both size and shape  [17,18]. The reaction 
involved can be described as the following:

3Ag
(s)

 +AuCl
4

-
(aq)

 → Au
(s)

 + 3Ag+
(aq)

 + 4Cl-
(aq)

Owing to a favorable difference in electrochemical 
potential between AuCl

4
-/Au (1.00 V) and Ag+/Ag (0.80 

V), the galvanic replacement reaction can occur sponta-
neously. It can be simply conducted by titrating HAuCl

4
 

into an aqueous suspension of Ag nanocubes under stir-
ring and heating [17,18]. During the reaction, the Ag nan-
ocubes underwent a series of morphological and struc-
tural changes as shown in Figure 1A. As detailed in a set 
of publications, the replacement reaction between a Ag 
nanocube and HAuCl

4
 is initiated at a high-energy site 

on the surface and then continues toward the interior, 
generating a partially hollow nanostructure and then a 
nanobox [19]. Along with the dissolution of Ag template 
that empties the interior, an alloying process will simul-
taneously take place to facilitate the formation of Au–Ag 
alloy walls. After the formation of a nanobox, dealloying 
will start to occur, dissolving the Ag from the alloyed 
walls while generating pores and eventually lead to the 
formation of a Au-based nanocage [19,20].

During the titration, the main LSPR peak associ-
ated with the resulting nanostructures shifts to the red 
as the Ag nanocubes are transformed into nanoboxes 
and finally nanocages. By recording ultraviolet–vis-
ible–near infrared (UV–vis–NIR) spectra from the 
reaction solution, one can easily control the extent 
of the reaction and thus the porosity of the particles. 
Figure 1B shows the typical shift in LSPR peak posi-
tion from visible to the NIR region during a titration 
process. Accordingly, colors of the samples gradually 
change from yellow to reddish brown, purple and blue 
(Figure 1C). The Au-based nanocages are typically 
composed of Au–Ag alloys, with the Au content vary-
ing from 40 to 60% by weight. In meeting the require-
ments of some biomedical applications, the remaining 
Ag can be selectively removed using etchants based on 
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Figure 1. Synthesis and characterization of Au nanocages. (A) Schematic illustration showing the structural evolution at different 
stages of a synthesis; (B) UV–vis spectra of samples obtained after titration of different amounts of HAuCl4 into a suspension of Ag 
nanocubes; (C) photograph of the corresponding samples in (B), showing the color changes [20]; (D–G) TEM images of Ag nanocubes 
with edge lengths of (D) 40 nm [11] and (F) 18 nm [34], respectively, along with their corresponding Au nanocages. The scale bars are 
250 nm in (D & E), 100 nm in (F & G) and 20 nm for the insets. 
Reproduced with permission from [11,20,34].
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Fe(NO
3
)

3
, NH

4
OH or H

2
O

2
, without destructing the 

hollow and porous structure [21,22].
In addition to their precisely tunable LSPR peak 

positions, Au nanocages generally possess opti-
cal cross-sections that are 5–6 orders of magnitude 
higher than those of molecular dyes [23]. To quantita-
tively compare Au nanocages with other types of Au 
nanostructures, an optofluidic device was developed 
to measure their optical cross-sections and photother-
mal conversion efficiency  [24]. In comparison with 
Au nanorods and nanohexapods, Au nanocages with 
LSPR peak at the same position (ca. 800 nm) were 
found to have the largest absorption cross-section (σ

a
) 

of 12.4 ± 1.2 × 10-15 m2, which is in agreement with 
theoretical calculations. In comparison, the σ

a
 of Au 

nanorods or nanohexapods was less than half of that 
of the nanocages. The total extinction cross-sections 
(σ

e
) of Au nanocages could also be derived by UV–

vis–NIR spectroscopy or theoretical calculation, while 
the σ

a
 could be derived by PA microscopy or theo-

retical calculation [25,26]. In the case of Au nanocages 
with an edge length of 32 nm and a wall thickness 
of 4 nm, σ

a
 was found to be approximately 95% of 

σ
e
, making them strong candidates for photothermal 

applications [25].
An obvious challenge that can limit the application 

of nanomaterials in medicine is the ability to synthe-
size nanoparticles in large quantities, together with 
good uniformity in terms of size and shape. For Au 
nanocages, the bottleneck lies in the scale-up synthe-
sis of Ag nanocubes that are used as sacrificial tem-
plates for the galvanic replacement reaction. Our group 
pioneered the synthesis of Ag nanocubes through the 
polyol method that reduces a silver nitrate (AgNO

3
) 

precursor with ethylene glycol (EG) in the presence of 
poly(vinyl pyrrolidone) (PVP)  [18]. In this approach, 
EG is typically heated to 140–160°C under ambient 
atmosphere to generate glycolaldehyde [27], whose alde-
hyde group can reduce Ag+ ions to Ag atoms, initiating 
the nucleation and growth of Ag nanocrystals. A trace 
amount of Cl- (on the ppm level), coupled with the 
oxygen from air, can selectively dissolve the defective 
twin seeds while leaving the single-crystal counterparts 
unaffected  [28]. Meanwhile, PVP can serve as a cap-
ping agent that promotes the formation of Ag{100} 
facets, resulting in the formation of well-defined nan-
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Figure 2. Two-photon luminescence imaging of cells in vitro with the use of Au nanocages as contrast agents. 
(A) Confocal microscopy image of EGFR-overexpressing U87-MG cells, after incubation with FM4-64 dye and Au 
nanocages, showing the luminescence from Au nanocages only; (B) superimpositions of the luminescence from 
Au nanocages and red fluorescence from FM4-64 [36]; (C) confocal microscopy image of two daughter cells divided 
from a month cell containing Au nanocages; and (D) quantitative data showing the distributions of Au nanocages 
during cell proliferation. The daughter cells did not share the Au nanocages equally during cell division [38]. The 
scale bars are 20 μm for (A & B) and 50 μm for (C). 
Reproduced with permission from [36,38].
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ocubes  [29]. In recent years, the synthesis was further 
refined by introducing S2- or HS- into the system, and 
by substituting AgNO

3
 with silver trifluoroacetate 

(CF
3
COOAg) to improve the yield, size distribution 

and reproducibility. With S2- or HS- in the reaction 
system, Ag

2
S nanocrystallites, formed upon the injec-

tion of Ag+ precursor, can serve as nuclei to generate 
single-crystal Ag seeds  [30,31]. Using CF

3
COOAg as a 

precursor helps to eliminate the NO
2
 generated from 

the decomposition of the nitrate group from AgNO
3
, 

avoiding its unwanted effects on the nucleation and 
etching processes  [32]. Using a modified protocol, 
uniform Ag nanocubes can be produced on a scale of 
approximately 1 g per batch with edge lengths ranging 
from 30 to 70 nm (Figure 1D). Each gram of Ag nano-
cubes can be converted into approximately 0.7 g of Au 
nanocages by titration with HAuCl

4
 (Figure 1E) [27,33].

The size of nanoparticles can greatly affect their 
in vivo biodistribution profile and intratumoral distri-
bution, which are critical to biomedical applications. 
To meet the requirement of a broad size range for vari-
ous applications, seed-mediated growth was adapted 
for the synthesis of Ag nanocubes with edge lengths 

ranging from 18 to 200 nm. In this case, single-crystal 
Ag seeds with a size of 30–40 nm were first prepared 
using the method described above. After washing with 
acetone, the seeds were resuspended into EG and sub-
jected to further growth in the presence of AgNO

3
 and 

PVP at 150°C. The sizes of the Ag nanocubes were 
determined by the ratio of AgNO

3
 to the seeds. To pre-

pare small Ag nanocubes with an edge length down to 
18 nm, the polyol synthesis was modified by replacing 
the EG with diethylene glycol. Owning to a higher vis-
cosity than EG, diethylene glyco was found to facili-
tate the formation of small single-crystal Ag nanocubes 
with an edge length of 18–32 nm by slowing down the 
reaction rate (Figure 1F) [34]. Based on these Ag nano-
cubes, Au nanocages with an edge length as short as 
20 nm were obtained (Figure 1G). Most recently, Ag 
nanocubes as small as 13 nm in edge length were suc-
cessfully prepared [35], which could be used to produce 
Au nanocages with a size approaching 15 nm.

Optical imaging
Owing to their tunable LSPR peaks and large σ

a
, Au 

nanocages are great tracers or contrast agents for a num-
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Figure 3. Comparison of two-photon and three-photon luminescence imaging. (A) Two-photon luminescence 
image and (B) three-photon luminescence image of Au nanocages (red color) in KB cells right after laser scanning. 
(C) Two-photon luminescence image of the same cell as in (A) after scanning with 760 nm laser at 1.9 mW for 90 s. 
Membrane blabbing (arrowed) was observed as indicated by ethidium bromide staining (green color). (D) Three-
photon luminescence image of the same cell as in (B) after scanning with 1290 nm femtosecond laser at 4.0 mW 
for 90 s. (E) Two-photon and (F) three-photon luminescence image of Au nanocages (white circles) in the same 
liver tissue. In two-photon luminescence imaging normal tissue give strong autofluorescence (arrowed) [37]. Scale 
bars in all images are 10 μm. 
Reproduced with permission from [37].
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ber of optical imaging modalities  [26]. To these ends, 
Au nanocages have been explored for two- and three-
photon luminescence imaging [36–39], as well as PA and 
optical coherence tomography imaging [40–42]. In addi-
tion, Au nanocages have been applied to a novel imaging 
modality based on Cerenkov luminescence [43].

Two-photon & three-photon luminescence 
imaging
For Au nanostructures such as nanocages or nanorods, 
they can be excited via a two-photon absorption mecha-
nism to emit relatively strong luminescence  [36,44]. In 
this case, an electron on the ground state will absorb 
two photons simultaneously and be excited to the s-p 
conduction band. When the excited electron recom-
bines with a hole in the d-band, a photon with an energy 
twice that of the incident light will be emitted  [45–47]. 
When the wavelength of the excitation laser overlaps 
with the LSPR peak of the Au nanostructures, the lumi-
nescence will be greatly enhanced because of marked 
increase in excitation efficiency  [36]. As a result, two-
photon luminescence imaging can be readily applied 
to quantify the uptake of Au nanostructures by living 
cells. For example, with the use of antibody-conjugated 

Au nanocages, U87-MG glioblastoma cells overexpress-
ing EGF receptor (EGFR) were observed to emit strong 
luminescence under the excitation by a laser of 760 nm 
in wavelength (Figure 2A & B). The data derived from 
the luminescence intensities were consistent with those 
obtained from inductively coupled plasma MS analy-
sis, indicating a good quantitative property with this 
method [36]. In a similar approach, the fate of Au nano-
cages in U87-MG glioblastoma cells during cell prolif-
eration was also quantitatively assessed with cyclic Arg-
Gly-Asp-D-Tyr-Lys, or c(RGDyK), functionalized Au 
nanocages [37]. It was found that the Au nanocages were 
not equally shared between the two daughter cells, and 
a small portion of Au nanocages was released into the 
culture medium during cell division (Figure 2C & D) [38]. 
However, the detailed mechanism of excretion of Au 
nanocages from the cells remain to be resolved.

With the wavelength of excitation laser being posi-
tioned in the ‘transparent window’ of soft tissues, two-
photon microcopy is well-suited for in vivo tracking 
and quantitative assessment of Au nanocages. To this 
end, two-photon microscopy was combined with Au 
nanocages for labeling and tracking of human mes-
enchymal stem cells (hMSCs)  [39]. In this study, the 
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Figure 4. Photoacoustic tomography imaging using Au nanocages as contrast agent. (A) Photoacoustic tomography (PAT) imaging of 
rat cerebral cortex without contrast agent; (B) Contrast enhancement of PAT imaging of rat cerebral cortex with 50 nm Au nanocages 
as contrast agent. Picture took after 2 h of the final injection [40]. (C) The schematic and photograph of the PA microscope used for 
in vivo molecular PAT imaging of melanomas, with [Nle4, D-Phe7]-α-MSH-Au nanocages as contrast agents. (D) Photograph of nude 
mice with B16 melanomas xeongraft. (E–G) Time-lapse PA images of the B16 melanomas after tail vein injection with 100 μl of 10 
nM of [Nle4, D-Phe7]-α-MSH-Au nanocages. The background vasculature images (red) were acquired using the PA microscope at 570 
nm (ultrasonic frequency = 50 MHz), and the melanoma images (gold) were acquired using the PA microscope at 778 nm (ultrasonic 
frequency = 10 MHz) [42]. 
Reproduced with permission from [40,42].
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hMSCs labeled with Au nanocages could be readily 
located, which migrated to and homed at the glioblas-
toma regions after tail vein injection in nude mice. The 
labeling of hMSCs was achieved by direct incubation 
of the cells with the as-prepared 45 nm Au nanocages. 
Images for quantitative analysis were captured using 
two-photon microscopy at 1 week post injection. The 
Au nanocages did not appear to compromise the func-
tion of hMSCs and could remain in the cells for at 
least 4 weeks, enabling potential long-term monitoring 
of cell migration [39]. When combined with the latest 
targeting methods, Au nanocages hold great potential 
for in vivo tracking of cancer cells to offer insights into 
the metastasis of cancer.

When the LSPR peak of Au nanocages overlaps with 
the wavelength of excitation laser, the energy from 
absorbed photon will largely be converted to heat rather 

than luminescence. The heat may adversely impact bio-
logical samples [37]. To address this issue, the use of Au 
nanocages was subsequently explored for three-photon 
luminescence. When excited by a femtosecond laser 
at 1290 nm, the Au nanocages emitted a broad three-
photon luminescence that was one order of magnitude 
stronger than that from a control sample such as Au 
nanospheres or Ag nanocubes [37]. In an effort to evalu-
ate the photothermal toxicity, two groups of KB cells (a 
carcinoma cell line) containing similar number of Au 
nanocages were illuminated by a 760 nm laser for two-
photon imaging and a 1290 nm laser for three-photon 
imaging, respectively, as shown in Figure 3A & B. After 
90 s of imaging with the 760 nm laser at 1.9 mW, 
cell membrane blebbing (arrowed) was observed. The 
membrane integrity was also confirmed to be com-
promised by ethidium bromide labeling (Figure 3C). 
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In contrast, no damage to the plasma membrane 
occurred after imaging for 90 s with a 1290 nm laser 
at 4.0 mW (Figure 3D). Another advantage for three-
photon luminescence imaging is that the excitation at 
1290 nm matches the ‘second transparent window’ of 
1000–1350 nm, in which the autofluorescence from 
soft tissues can be completely suppressed [37]. As clearly 
demonstrated in Figure 3E & F, the two-photon lumi-
nescence image displays a much stronger background 
than the three-photon luminescence image, primarily 
due to the autofluorescence from the liver tissue.

Photoacoustic microscopy & photoacoustic 
tomography
As two newly developed biomedical imaging modali-
ties, photoacoustic microscopy (PAM) and photoacous-
tic tomography (PAT) offer noninvasive and volumet-
ric imaging of scattering media with deep penetration 
and high spatial resolution [41,48–50]. When a pulsed or 
chopped laser is delivered to tissue, some of the energy 
will be absorbed and converted to heat. The rapid heat-
ing will cause the tissue to expand. However, the tissue 
will contract as soon as the laser is in the off state. The 
expansion and contraction will generate acoustic sig-
nals that can be detected by ultrasonic transducers and 
converted into an image [49]. To this end, Au nanocages 
can greatly enhance the contrast of PA imaging due to 
their strong photothermal capability [49].

In one collaboration, our group and the Wang group 
extensively explored the use of Au nanocages as a new 
class of contrast agents for PA imaging. For example, 
when Au nanocages coated with PEG (MW ≈ 5000) 
circulated through the vasculature in rat cerebral cor-
tex, there was an substantial enhancement in PA sig-
nals (Figure 4A & B). The enhancement for the optical 
absorption by blood could reach a level of 81% within 
2 h after the final injection  [40]. The ex vivo imaging 
study of Au nanocages in sentinel lymph nodes also 
suggested a great enhancement with deep penetration, 
when compared with the conventional methods for 
sentinel lymph node mapping  [41]. In another study, 
in vivo PA imaging of melanomas was achieved by 
using Au nanocages conjugated with [Nle4, D-Phe7]-
α-melanocyte stimulating hormone ([Nle4, D-Phe7]-
α-MSH-Au nanocages) as contrast agents. The [Nle4, 
D-Phe7]-α-MSH-Au nanocages displayed active 
tumor targeting with high sensitivity and specific-
ity [42]. Figure 4C shows a typical experimental setup of 
the PA imaging system. Figure 4D–G, shows the pho-
tograph and time lapse PAM images of subcutaneous 
melanoma in a nude mouse. At 6 h post injection, the 
average PA signal intensity increased by 36%, indicat-
ing accumulation of Au nanocages in the targeted sites. 
It is worth noting that the [Nle4, D-Phe7]-α-MSH-Au 

nanocages achieved an increased tumor uptake of 
approximately 300% higher than the nontargeted 
Au nanocages (the control), demonstrating that Au 
nanocages can be delivered into a tumor with higher 
selectivity through active targeting.

Cerenkov luminescence imaging
The optical imaging modalities listed above all uti-
lize the intrinsic optical properties arising from the 
collective oscillation of conduction electrons in Au 
nanocages (or other types of Au nanostructures). By 
incorporating a radioactive isotope into the lattice of 
Au nanostructures, it is also feasible to create new opti-
cal properties for imaging applications. One of such 
properties is Cerenkov luminescence, which refers to 
the electromagnetic radiation emitted by a charged 
particle passing through a dielectric medium at a speed 
greater than the speed of light in that medium. Par-
ticles originating from the radioactive decay of a radio-
nuclide could easily fulfill the requirement and thus 
generate Cerenkov luminescence.

In one study, a controlled amount of radioactive 
198Au was directly incorporated into the lattice of Au 
nanocages by replacing some of the H197AuCl

4
 precur-

sor with H198AuCl
4
 during the galvanic replacement 

reaction with Ag nanocubes (Figure 5A). The radioac-
tivity of the Au nanocages could be precisely controlled 
by varying the proportion of H198AuCl

4
 precursor [43]. 

Nontargeted, PEGylated 198Au-doped Au nanocages 
with an average edge length of 33 nm has been syn-
thesized and then applied to Cerenkov luminescence 
imaging with a mouse EMT-6 tumor model. As shown 
in Figure 5B, the 198Au-doped Au nanocages exhibited 
targeted accumulation in the tumor based on the EPR 
effect at 24 h post injection. The direct incorporation 
of 198Au atoms into the crystal lattice of Au nanocages 
allowed us to accurately analyze the biodistribution of 
nanoparticles, without worrying about the chemical 
stability of the linker and chelator.

Positron emission tomography
Nuclear imaging modalities such as PET and single 
photon emission computed tomography (SPECT) 
have been widely used in clinics for the diagnostics 
of cancer and cardiovascular diseases  [51,52]. With the 
use of proper radioactive isotopes, these tools can be 
employed to accomplish noninvasive, whole-body 
imaging with high sensitivity and deep imaging depth.

To better understand the pharmacokinetics and bio-
distribution profiles of Au nanocages, PET imaging was 
utilized to visualize and monitor their in vivo behav-
ior. After labeling their surface with 64Cu2+ through a 
chelating agent, the pharmacokinetics and biodistribu-
tion profiles of both 30- and 55 nm Au nanocages were 



1722 Nanomedicine (Lond.) (2016) 11(13)

Figure 5. Direct incorporation of 198Au into the crystal 
lattice of Au nanocages for Cerenkov luminescence 
imaging. (A) Schematic illustration showing the 
incorporation of 198Au into Au nanocages; (B) Cerenkov 
luminescence images recorded 2 and 24 h post 
tail vein injection of 30 nm PEGylated 198Au-doped 
Au nanocages, showing their capability of tumor 
targeting [43]. 
Reproduced with permission from [43].

Figure 6. PET/CT imaging of 64Cu-DOTA-PEG-Au nanocages in an EMT-6 tumor mouse model. (A) Schematic illustration of the surface-
modified Au nanocages; (B) PET/CT images of 30 nm 64Cu-DOTA-PEG-AuNCs in a mouse bearing an EMT-6 tumor at 1, 4 and 24 h post 
injection (3.7 MBq injection per mouse). T: tumor; B: bladder. (C) PET/CT images recorded from different cross-sections of an EMT-6 
tumor, showing the intratumoral distribution of Au nanocages [53]. 
Reproduced with permission from [53].
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studied with EMT-6 tumor bearing mice  [53]. In this 
study, the surface of Au nanocages were functionalized 
with a widely used chelator, 1,4,7,10-tetraazacyclodo-
decane-1,4,7,10-tetraacetic acid (DOTA), by reacting 
with polyethylene glycol thiol (NH

2
-PEG-SH, MW ≈ 

5000) and then DOTA-mono(N-hydroxysuccinimide 
ester) (DOTA-NHS-ester). The 64Cu2+ ions were che-
lated to the DOTA group, followed by purification with 
centrifugation, and testified by fast protein liquid chro-
matography (Figure 6A). After 24 h, both the small and 
large 64Cu-labeled Au nanocages (64Cu-DOTA-PEG-
Au nanocages) showed increased uptakes in the tumor. 
Compared with the 55 nm counterpart, the 30 nm Au 
nanocages exhibited improvement in both pharmaco-
kinetics and blood circulation, together with decreased 
uptakes by liver and spleen [53]. Meanwhile, the 30 nm 
Au nanocages were also found to be able to penetrate 
into the central region of the tumor (Figure 6B & C). This 
study indicates that by tuning the size of nanoparticles 
it is possible for researcher to design the Au nanocage-
based nanomedicine with desirable biodistribution and 
intratumoral distribution profiles.

Therapeutic applications
Photothermal cancer treatment
In addition to diagnosis, the strong photothermal 
effect of Au nanocages can also be used to directly 
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Figure 7. Photothermal cancer treatment with Au nanocages. 18F-FDG PET/CT images recorded from mice 
bearing breast cancer. Either saline or suspension of Au nanocages, was intravenously administrated before laser 
treatment. (A–D) show a saline-injected mouse (A) prior to and (C) after laser irradiation; A Au nanocages-injected 
mouse (B) prior to and (D) after laser irradiation. The white arrows indicated the tumors that were exposed to the 
diode laser at a power density of 0.7 W cm-2 for 10 min. (e) A plot showing the metabolic changes of laser-treated 
tumor to nontreated tumor from 18F-FDG standardized uptake values (SUV, p < 0.001) [61]. 
Reproduced with permission from [61].
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treat cancer or to trigger and control the release of a 
drug. In this case, the generated heat is used to selec-
tively destruct cancer cells during or post diagnostics. 
To facilitate in vivo applications, photothermal trans-
ducers with strong absorption in the NIR region were 
needed [54–58]. In vitro studies indicate that Au nano-
cages have higher photothermal conversion efficiency 
than Au nanohexapods and nanorods of roughly the 
same dimension, while maintaining good photother-
mal stability and low cell toxicity  [59]. In comparison 
with conventional organic dyes, Au nanocages possess 
precisely tunable LSPR peaks in the NIR region, as 
well as considerably larger σ

a
, making them an ideal 

candidate for photothermal therapy [60].
In an initial study, Au nanocages were conjugated 

with anti-EGFR for in vitro studies with SK-BR-3 
breast cancer cells [58]. The Au nanocages were proven 
to be effective photothermal transducers for site-spe-
cific destruction of cancer cells. Following this work, 
Au nanocages were further explored for in vivo pho-
tothermal treatment in a bilateral tumor model  [61]. 
In this study, each tumor-bearing mouse was intra-
venously injected 100 μl 10 mg/ml of nontargeted, 
PEGylated Au nanocages with an average edge length 
of 48 nm. At 72 h post injection, photothermal treat-
ment was conducted by exposing the tumor to an 808 
nm diode laser at a power density of 0.7 W/cm2 for 
10 min. The region of interest was rapidly heated up 
to 50°C within 1 min, and reached 55°C at 2 min. 
To evaluate the efficacy of the treatment, PET imaging 
of 18F-fluorodeoxyglucose (18F-FDG) was conducted to 
monitor the change to metabolic activity in the tumor 

before and after the treatment (Figure 7A–D). Without 
laser irradiation, both the mice injected with saline 
and Au nanocages exhibited high levels of 18F-FDG 
uptake by the tumors with no significant difference 
(Figure 7E). The PET imaging reveals that the tumor 
uptake of 18F-FDG for the Au nanocages-injected 
mouse was significantly reduced at 24 h post irradia-
tion, indicating decreased metabolic activity caused by 
photothermal therapy (Figure 7C & D). The normalized 
data show a drastic decrease of 70% in tumor meta-
bolic activity after the treatment, while no significant 
change was observed for the saline-injected control 
group (Figure 7E).

Controlled release
The surface of nanoparticles often needs modification 
in order to achieve optimal circulation and delivery 
in vivo  [62]. Among them, PEGylation is most widely 
used to provide nanoparticles with a ‘stealth’ property 
to prevent them from rapid clearance by mononuclear 
phagocyte system  [63]. Furthermore, the PEGylated 
nanoparticles can serve as a new platform for fur-
ther surface modification. To this end, a quantitative 
understanding of the coverage density of PEG chains 
on the surface of nanoparticle is of significant impor-
tance for reproducible surface modification. Four dif-
ferent methods were utilized for quantifying the cover-
age density of PEG chains on Au nanostructures  [64]. 
The first two methods used conventional amine assays 
to measure the concentration of unreacted HS-PEG-
NH

2
 molecules in the supernatant after incubation 

with Au nanostructures. The other two methods deter-
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Figure 8. Gold nanocages as delivery vehicles for controlled drug release. (A) A schematic illustration of 
controlled release enabled by a smart polymer, poly(N-isopropylacrylamide), coated on the surface of Au 
nanocages; (B) release profile of Dox from the system shown in (A), as triggered by a NIR laser [67]; (C) a schematic 
illustration of controlled release assisted by a phase-change materials (PCMs); and (D) release profiles of the dye 
from PCM-containing Au nanocages shown in (C) when exposed to HIFU [68]. 
Reproduced with permission from [67,68].
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mined the ‘active’ amino groups on the surface of a 
Au nanostructure through coupling between the ter-
minal amino groups of adsorbed -S-PEG-NH

2
 chains 

and fluorescein isothicyanate (FITC) or a chelator for 
Cu2+ ion.  [64]. After quantifying the coverage density 
of PEG, it was found that the number of -S-PEG-NH

2
 

chains per Au nanocage decreased in the order of: 
-S-PEG

3000
-NH

2
 > -S-PEG

5000
-NH

2
 >> -S-PEG

20,000
-

NH
2
. The adsorption kinetics of the HS-PEG-NH

2
 

molecules was further investigated. In general, the 
adsorption of HS-PEG-NH

2
 could reach equilibrium 

within 150 min for all the Au nanostructures tested. 
However, it was found that the adsorption of -S-PEG-
NH

2
 chains onto Au nanorods covered by cetyltri-

methylammonium bromide was much slower than that 
of PVP-capped Au nanocages and the citrate-caped Au 
nanoparticles.

Surface modification also enabled the detection of 
protease activity by taking advantage of the fluores-
cence quenching properties of Au nanoparticles. This 
concept was demonstrated by conjugating FITC to the 
surface of a Au nanocage through the use of a prote-
ase-sensitive linker -GKGPLGVRGC-NH

2
  [65]. Once 

attached to the surface of a Au nanocage, the fluores-
cence signal from FITC was quenched because of the 
nano-surface energy transfer effect [66]. In the presence 
of matrix metalloproteases, however, FITC was selec-
tively released due to enzyme cleavage and the fluores-
cence would be recovered. The fluorescence intensity 
was linearly proportional to the incubation time in the 
period from 10 to 120 min and began to level off after 
6 h. This approach is of potential use for controlled 
drug release in response to the concentration of matrix 
metalloproteases.

The unique hollow structure of Au nanocages allows 
us to load them with a large amount of drug, making 
them viable as drug delivery vehicles. To date, mol-
ecules such as enzymes, dyes, anticancer drugs and 
phase change materials (PCMs) have all been encapsu-
lated and then released with an external trigger [67,68]. 
In an early study, the surface of Au nanocages was con-
jugated with a thermally responsive smart polymer for 
the controlled release of a preloaded drug in response 
to temperature rise caused by localized heating [67]. As 
shown in Figure 8A, the smart polymer, poly(N-isopro-
pylacrylamide), whose conformation can be changed 
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in response to temperature variations, was directly 
grafted to the surface of Au nanocages using the Au–S 
coupling chemistry. The temperature above which the 
payloads will be released is determined by the low criti-
cal solution temperature (LCST) of the smart polymer, 
which can be tuned by incorporating acrylamide into 
the polymer side chain  [69]. The polymer chains exist 
in a stretched conformation at a temperature below the 
LCST, sealing the pores on the Au nanocages. Upon 
heating to a temperature above the LCST, the polymer 
chains collapse and expose the pores on the nanocages, 
causing the drug to release from the interiors of the 
nanocages. Figure 8B shows a release profile of doxoru-
bicin (Dox) from the Au nanocages at 45°C  [67]. The 
therapeutic effect of the released drug was also assessed 
in vitro with breast cancer cells. Under the irradiation 
of a pulsed laser at a power density of 20 mW cm-2 for 2 
and 5 min, Dox was effectively released to kill the can-
cer cells. The heating could also be accomplished with 
high-intensity focused ultrasound (HIFU) to manage 
the drug release profile with deeper penetration than 
an NIR laser system [70].

Recently, another theranostic system was demon-
strated with a combination of both a contrast agent for 
PA imaging and a controlled drug release mechanism 
by HIFU  [68]. Instead of pure therapeutic drugs, the 
hollow interiors of Au nanocages were filled with drug-
doped PCM whose melting point was carefully tuned 
to 38–39°C [68,71]. Once the drug was dissolved in the 
PCM, the mixture could be loaded into the cavities 
of Au nanocages through simple incubation. Aside 
from assisting in drug loading, PCMs also serves as 
a ‘gate keeper’ to control the drug release in response 
to temperature increase  [68]. As shown in Figure 8C, 
since PCM has a sharp transition in its physical states 
between solid and liquid, it can hold up the payload 
inside the Au nanocages below its melting point. Once 
the temperature is increased beyond the melting point 
(e.g., due to exposure to HIFU), the payloads will be 
released by together the melted PCM. As shown in 
Figure 8D, the release profile can be controlled by either 
manipulating the power of HIFU or the duration of 
exposure.

Conclusion & future perspective
Gold nanocages have a unique combination of physi-
cochemical properties stemming from the chemistry 
of Au, the electronic structure of nano-sized Au, as 
well as the hollow interiors and porous walls. These 
properties can be tailored to fit the needs of multiple 
theranostic applications. Significant progress has been 
made in scaling-up the production of Au nanocages, as 
well as in the synthesis of Au nanocages with sizes as 
small as 15 nm, allowing them to be used for an array 

of biomedical applications. Specifically, their tunable 
LSPR peaks have enabled their use as optical tracers 
or contrast agents for in vitro and in vivo PA imag-
ing. Following PA tomography, the Au nanocages can 
serve as transducers to kill cancer cells through the 
photothermal effect thanks to extraordinarily large 
absorption cross-sections. When labeled with radioac-
tive isotopes, Au nanocages can also be turned into 
tracers for cancer diagnostics in vivo by PET imag-
ing. In addition, the hollow interiors and porous walls 
of Au nanocages make them perfect carriers for the 
loading and release of drugs in a controlled manner. 
In collaborating with a number of groups, we have 
developed a more profound understanding of the 
synthesis, properties and biomedical applications of 
Au nanocages. Most of the recent developments are 
briefly summarized in this review article. Like other 
types of nanoparticles, the translational use of Au 
nanocages will be largely determined by their biodis-
tribution and pharmacokinetics in vivo. By engineer-
ing their size and controlling their surface chemistry, 
it will be feasible to achieve favorable biodistribution 
profiles for Au nanocages, with minimal nonspecific 
accumulation in healthy tissues and reduced clear-
ance by microphysiological systems. For the clearance 
of Au nanocages from the body, one possible solution 
is to break them into small pieces after theranostics. 
Because of their hollow interiors and porous, ultrathin 
walls, it is more promising to achieve this goal for Au 
nanocages as compared with their solid counterparts. 
At the moment, the greatest challenge is to develop 
a robust synthesis of Au nanocages with walls below 
1  nm and demonstrate the associated techniques to 
fragment them in vivo into small pieces less than 5 nm 
in size. After reading through this brief introduction 
to the most recent developments, we hope the readers 
will have a better understanding of the great poten-
tial of Au nanocages and will find the motivation to 
develop new biomedical applications for this novel 
class of nanomaterials.
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