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Gold nanoparticles (AuNPs) exhibit superior optical and physical properties for more e®ective
treatment of cancer through incorporating both diagnostic and therapeutic functions into one
single platform. The ability to passively accumulate on tumor cells provides AuNPs the oppor-
tunity to become an attractive contrast agent for X-ray based computed tomography (CT)
imaging in vivo. Because of facile surface modi¯cation, various size and shape of AuNPs have
been extensively functionalized and applied as active nanoprobes and drug carriers for cancer
targeted theranostics. Moreover, their capabilities on producing photoacoustic (PA) signals and
photothermal e®ects have been used to image and treat tumor progression, respectively. Herein,
we review the developments of AuNPs as cancer diagnostics and chemotherapeutic drug vector,
summarizing strategies for tumor targeting and their applications in vitro and in vivo.
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1. Introduction

Despite signi¯cant advances in anti-cancer thera-
pies, surgery in conjunction with chemoradio-
therapy remains the ¯rst and gold standard for
¯ghting against malignant cancer. Even after re-
moving tumor tissues, many cancers are still dis-
eases with dismal prognosis because of poor early
detection and therapeutic options for their highly
metastatic forms. Hence, there is an urgent need to

develop novel technologies for early detection and
treatment of cancer in order to increase patient
survival. Meanwhile, awareness of the side e®ects
patients endured during chemotherapy and radio-
therapy, local approaches are necessary for im-
proving the qualities of patients' lives. Therefore,
designing e®ective targeted therapies related to
cancer are needed for precise treatment and pre-
dicting the patient's prognosis.
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Recent years, nanotechnology has been a hotspot
of medical research, and many nanoparticles (NPs)
have been developed as detectors of cancer cells.
The radioactive, optical or magnetic properties of
some NPs provide e®ective means to image tumors
at their early stages of development. Some of them
can be functionalized as anti-cancer nanovehicles
which permit to load drugs and deliver them di-
rectly to tumor. The rise of NPs as cancer ther-
anostics (therapy þ diagnostic) is expected to
dramatically improve the cancer management.

Metal-based NPs (MNPs) are commonly de-
signed as theranostic materials for cancer cells
through functionalized ligands targeting tumor
biomarkers. Most of them can accumulate and be
easily detected in diseased tissues, when these
MNPs are exposed to excitation sources. Nanocon-
struct combined functionalized metal shell with
encapsulated cancer killer as core is another method
to treat local tumor precisely. MNPs, especially
frequently used gold (Au) and iron oxide (IO) NPs,
are expected to play promising roles in clinical
practice based on their structure stability, size
variability, controlled release and low toxic e®ects
during cancer theranostics. This short review fo-
cuses on AuNPs used as theranostics of the latest
oncological research. Breakthroughs in design of
AuNPs for early detection and local treatment of
tumors are highlighted.

2. Multimodal Imaging of Gold

Nanoparticles

2.1. AuNPs based cancer optical

diagnostics

AuNPs are available for attaching diverse biomo-
lecules because of their large surface-to-volume
ratio. They have unique optical and electronic
properties due to the fact that collective oscillation
of conduction electrons on the surface of mono-
dispersed and spherical AuNPs with the sizes of �
10 nm lead to strong surface plasma resonance
(SPR) absorption and scattering intensity at
around 520 nm, which show a deep red color in
aqueous solution simultaneously.1 As excellent im-
aging probes, the SPR of AuNPs can be readily
tuned by changing sizes, shapes and compositions of
NPs.2 Increasing the diameter of AuNPs via syn-
thesis or self-aggregation provides the color change
from red to purple. Therefore, gold-based NPs are

widely used to detect various biological molecules of
interest and identify the accumulation of their tar-
gets in vitro and in vivo.3

AuNPs have been associated with an important
application in surface enhanced Raman scattering
(SERS) based on its SPR. Raman spectroscopy can
yield a very narrow spectral vibration characteristic
of the investigated sample.4 Gold nanocores sur-
rounded by Raman organic molecules dramatically
amplify the intensity of the Raman signal via SERS.
The functionalized AuNPs o®er a noninvasive
technique to detect early disease in vitro and in vivo
due to moderate depth penetration of the optical
beam and their negligible toxicity.5,6 A±body
functionalized AuNPs for Raman molecular imag-
ing of the cancer biomarker epidermal growth factor
receptor (EGFR) have been used to successfully
detect colon cancer both in cell cultures and xeno-
grafted animals.7

Hollow AuNPs and nanoporous Au are another
two promising candidates for novel SERS sub-
strates. They can be developed as highly active,
stable, biocompatible and reusable SERS sub-
strate.8 The hollow and surface of AuNPs may
provide two di®erent functions for optical identi¯-
cation. SERS based imaging of functionalized
hollow AuNPs may make a rapid, accurate and
nondestructive method to distinguish di®erent
phenotypes of breast cancer from normal cells come
true through simultaneously characterizing and
quantifying the special biomarkers of tumor phe-
notypes.9 The optical properties of various AuNPs
have been exploited intensively in cancer detection
applications due to their sensitive and selective re-
sponse to malignant tumors.

The °uorescence quenching ability of AuNPs
also can be applied to develop °uorescent molec-
ular probes through °uorescence resonance energy
transfer (FRET). The FRET-based AuNPs moni-
tor the interactions between various biomolecules
and AuNPs through detecting the °uorescence
quenching in donor or signal appearance in ac-
ceptor of AuNPs.10 New AuNPs immobilized
double labeled peptide on their surface have been
designed and synthesized to simultaneously sense
and image the di®erent expression levels of two
enzymes which have been considered associating
with tumor metastasis in living cells under 350 nm
wavelength excitation. Cancer and normal cells
can be easily distinguished through apparent
di®erence in °uorescence imaging.11
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2.2. AuNPs-based tumor contrast
imaging in vivo

AuNPs not only can be used for cells imaging, but
also can be applied to CT imaging in vivo. They
have been treated as an attractive contrast agent
for X-ray-based CT because of their higher ab-
sorption coe±cient, easier attachment to targeting
moieties, longer clearance time and better body
tolerance than iodine agents.12 Higher concentra-
tion and smaller size of AuNPs show greater X-ray
attenuation. Thus, a certain size range of AuNPs
can passively accumulate on tumors through the
enhanced permeation and retention (EPR) e®ect
and yield a distinguishable X-ray attenuation,
which is not typical for normal cells or tissues. It
is an easy way to diagnose cancer with highly dis-
tinct images. AuNPs have been demonstrated
for hepatocellular carcinoma and breast cancer
detection in vivo by this kind of nonselective
approach.13,14

Conjugation of peptides, antibodies, aptamers or
small molecules that possess high a±nity toward
speci¯c molecular signatures found on cancer cells
onto AuNPs surface can be selectively accumulated
on tumor cells or tissues. Molecularly targeted
AuNPs reach tumor tissues with increasing signal
via binding biomarkers of cancer cells and subse-
quently remaining at the tumor site for extended
durations. The speci¯c targeting approach has been
used to image prostate, small cell lung carcinoma,
head and neck cancer, millimeter-sized human
breast tumors in mice and human lung adenocar-
cinoma with actively targeted AuNPs as CT con-
trast agents.15–18 The decorated AuNPs have been
transformed cancer diagnosis based on anatomical
structures into molecular imaging.19

Moreover, magnetic resonance (MR) imaging is
another powerful noninvasive medical imaging mo-
dality which a®ords better resolution as CT and
higher sensitivity than other imaging techniques.20

For accurate cancer diagnosis, it is essential to de-
velop various contrast agents for multimode imag-
ing applications. The multifunctional AuNPs have
been fabricated as dual-modality contrast agents for
CT/MR imaging of breast cancer cells MCF-7 and
human epithelial carcinoma cells KB xenografted
tumor model in vivo, respectively.21,22 After modi-
¯ed with the ligand of tumor-speci¯c receptor, the
multimode imaging agents can be used for accu-
rately diagnosing di®erent types of cancer.

Positron emission tomography (PET) and single
photon emission computed tomography (SPECT)
imaging as the other two important modalities of
molecular imaging have received special attention
due to using high sensitivity, translational capabil-
ity and unlimited tissue penetration of radiolabeled
AuNPs.23,24 Copper-64-alloyed AuNPs have been
used for cancerous PET imaging owing to their
facile synthesis, radiolabel stability, diagnostic ac-
curacy and rapid systematic clearance.25,26 Also,
AuNPs based PET/MR and PET/UV-Vis dual-
modality probes have been designed and developed
for cancer targeting and imaging in vivo.27 Another
emerging modality for molecular imaging is Cer-
enkov luminescence, which can bridge nuclear im-
aging with optical imaging via the light emitted
during the decay of a radionuclide. Radioactive
198Au-doped Au nanostructures have been designed
with di®erent shapes and used for breast cancer
imaging in vivo.28,29 These kinds of AuNPs possess
great potentials to serve as new platforms for mul-
timodality imaging.

3. Therapy with Gold Nanoparticles

3.1. AuNPs-based cancer phototherapy

From a therapeutic perspective, AuNPs have shown
promising results in a variety of cancer treatment
through photodynamic/photothermal therapy
(PDT/PPT) and delivering drugs. PDT is an ex-
traordinary theranostic modality for various ma-
lignant tumors. It utilizes reaction between
photosensitizer and oxygen presented in tissues to
generate reactive oxygen species for e®ective treat-
ment upon the irradiation of light.30 However, the
PDT e±cacy of solid tumors has been largely lim-
ited by the depletion and de¯ciency of tissue oxygen
when tumors are large enough to have hypoxic
centers or their blood °ows are disrupted. PTT can
generate heat for therapeutic purposes without re-
quiring the presence of oxygen. High enough con-
centrations of AuNPs as exogenous photosensitizers
are noninvasively delivered to cancer cells and
generate localized heat so as to damage tumor
regions. The electrons in AuNPs absorb the in-
coming visible or near infrared re°ection (NIR)
range of light and achieve a higher energy state then
subsequently go back to the stable ground state
with heat production. AuNPs mediated PPT has
been used widely as a preliminary treatment to

Theranostic gold nanoparticles
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melanoma, epithelial, breast and colon cancer cells
both in vitro and in vivo.31–33 Controlled surface
engineering of AuNPs using ligands of tumor bio-
markers and HIV Tat 49–57 which has a membrane
translocation domain and a nuclear localization se-
quence have been successfully used to irreparably
damage DNA of cancer cells via directly heating
their nucleus through PPT.34 In addition, nonin-
vasive radiofrequency ¯eld (RF, 13.56MHz) as an
energy source can also induce heat of AuNPs within
cancer cells for hepatocellular cancer therapy
in vitro.35 Systemically administrations of AuNPs
have shown their low cytotoxicity and high bio-
compatibility during tumor treatment. Thus,
AuNPs mediated PTT has great potential to be-
come a relatively safe method for future clinical
treatment of cancer.

A monolayer of assembled AuNPs loading
chlorin e6 (Ce6) are e®ective multifunctional pho-
tosensitizers which can be excited by the illumina-
tion of 671 nm laser for simultaneous synergistic
PDT/PTT treatment of breast cancer in vitro and
in vivo. The heating e®ect releases the encapsulated
Ce6 molecules from fabricated AuNPs and signi¯-
cantly increases the accumulation of Ce6 and as-
sembled AuNPs in cancer cells for visualizing tumor
tissues through thermal, °uorescence and PA sig-
nals separately.36 It is a typical strategy and po-
tential medical model using the optical properties of
AuNPs for cancer theranostics.

3.2. AuNPs-based gene therapy

Most of the AuNPs used for tumor diagnosis are
also suitable for cancer therapy once carrying
molecules are able to repress the growth or metas-
tasis of tumor cells. Compare to other NPs, the
straightforward synthesis, large surface area, low
toxicity and °exible surface chemistry of AuNPs
make them suitable for taking more genes to cells
than other NPs.37 Oligonucleotide decorated
AuNPs have been used as intracellular gene regu-
lation agents for controlling the protein expression
in cells through conjugation or ionic complexation
to various nucleic acids, such as DNA, short hairpin
RNA (shRNA), small interfering RNA (siRNA) and
microRNA (miRNA).38–41 Figure 1 summarizes two
common methods to carry various kinds of genes
and several release ways. Negatively charged genes
can be attached on positively charged AuNPs and
cationic linker, peptide, shell conjugated AuNPs.

Moreover, the chemical modi¯cations of AuNPs
with amino, thiol and carboxyl are able to accept
the corresponding decorated genes. With a high
a±nity for biomolecules, the chemically functiona-
lized AuNPs with alkyl-thiol-terminated oligonu-
cleotides are stable in saline solution and bind their
complementary nucleic acids speci¯cally. The
mRNA of pro-apoptotic factor BAX hybridized to
thiolated �RNA I which chemically attached to the
AuNPs for facilitating mRNA transfection into
HeLa cells e®ectively and consequently inhibiting
tumor growth in vitro and in vivo.42 Ultrasmall
AuNPs (2 nm) as carriers for nuclear delivery of
triplex-forming oligonucleotides which bind to the
promoter of protooncogene c-myc for reducing the
generations of c-myc RNA and c-myc protein, sub-
sequently reduce the viability of MCF-7 breast
cancer cells.43 It also demonstrated that NPs smal-
ler than 10 nm could enter the nucleus for intra-
nuclear delivery and therapy, whereas larger ones
were found only in the cytoplasm. Although all
kinds of polymer-coated AuNPs have been devel-
oped to load more nucleotides or to deliver combi-
nations of genetic therapies to cancer cells,44 there
are still rare examples of using AuNPs-oligonu-
cleotides conjugates for gene theranostics in vivo. It
is partly because of instability of nucleic acid, es-
pecially for RNA. At least 9.5 nm of the conjugation
distance between siRNAs and AuNPs is required for
RNAi-mediated gene silencing. However, it is too
hard to keep RNAs extended away from the surface

Fig. 1. Cationic surface charges and chemical modi¯cations of
AuNPs are adapted to deliver therapeutic genes by NIR light,
enzymatic lysis and microenvironment changes of tumor cells
for cancer theranostics.
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of AuNPs for a suitable distance during treatment
in vivo. To overcome these problems, the compli-
cated structures of AuNPs which can completely
protect siRNA against enzymatic degradation have
been designed.45 Most of the passive release systems
of oligonucleotides and other molecules are based on
the cell microenvironments including pH change
and di®erent glutathione concentrations.46 The re-
lease of molecules using AuNPs can also be con-
trolled by NIR light illumination and enzymatic
hydrolysis, which is an interesting way to achieve
local cancer treatment by nontargeting AuNPs.47

3.3. AuNPs-based drug delivery

Delivery of functional proteins inside malignant
cells has been limited by the enzymatic digestion
and poor permeability through the cell membrane.48

The tunability and high surface area of AuNPs
provide an excellent platform to attach drugs for
controlled and sustained release. AuNPs coated
with polyethylene glycol (PEG) have been used to
load tumor necrosis factor-alpha to delay tumor
growth in vitro and in vivo.49 AuNPs functionalized
with chemotherapeutic drugs also have been treated
as cancer ¯ghters. There are still two kinds of
AuNPs-based drug carriers that can be used for
tumor therapy, and one of them is surface modi¯ed
by cationic polymers which load more anionic drugs
via electrostatic interactions or chemical conjuga-
tions.50 However, some of chemotherapeutics are
too toxic to use as the surface functionalizing
molecules which expose to all cells. Therefore, the
other remedial delivery way is forming AuNP
complexes with encapsulated drugs, which can
protect drugs from the enzymatic degradation
during intravenous injection as well as e®ectively
prevent the severe damages to normal tissues when
chemotherapeutic drugs are fabricated.51 Surface of
AuNPs engineered with cancer targeting molecules
may provide speci¯c delivery of drugs to tumor
tissues.52 Selectively targeting cancer cells which
with more special receptors is the most predominant
factor for precise chemotherapy. Usually, strategy
for active targeting of tumors is decorating AuNPs
with special ligands which target surface membrane
proteins and biomarkers only expressed or over-
expressed in cancer cells. The widely used functio-
nalized parts include aptamers, special antibodies
and molecules bonding to typical biomarkers of
tumors. These molecules are the prerequisites for

targeted cancer theranostics by AuNPs taking with
chemotherapeutic drugs.

Aptamers are single stranded DNA or RNA
molecules with particular secondary or tertiary
conformations which facilitate binding suitable
targets with high selectivity and a±nity. AS1411 as
a frequently used G-rich aptamer shows strong af-
¯nity to the protein nucleolin which is commonly
overexpressed on the surface of malignant cells.
AS1411 functionalized AuNPs have been applied to
targeted deliver chemotherapeutic doxorubicin in
tumor tissues where exist higher concentrations of
reductive agents such as glutathione than normal
ones for increasing release of drugs, and subse-
quently reducing cell viability of breast cancer,
cervical cancer and uveal melanoma cell lines.53,54

Anti-His and anti-GST aptamers conjugated to
citrate reduced AuNPs are able to selectively deliver
various His or GST tagged proteins into varieties of
cell types in vitro and in vivo for protein based
tumor treatment.55 Meanwhile, the aptamer func-
tionalized platform for drug delivery still can com-
bine with other methods to improve the e±cacy of
chemotherapy.

The expression of some antigens is important in
cancers, and then antibodies functionalized AuNPs
can be used for targeted cancer theranostics. Re-
combinant Protein-G was PEGylated to immobilize
anti-human EGFR 2 (HER-2) immunoglobulins on
AuNPs by the Fc region for e±ciently targeting and
ablating HER-2 overexpressed breast cancer cells
in vitro.56 AuNPs coated with Thomsen Frie-
denreich antigens which primarily exist on the sur-
face of carcinoma cells has been shown to interact
with anti-apoptotic galectin-3 and subsequently
inhibit lymphoma cell growth.57 Quantities of
receptors as the biomarkers of tumor tissues spe-
cially explored on cell surface can be applied to
targeted drug delivery.

Moreover, small molecules such as peptides,
growth factors, receptor ligands and so on functio-
nalized AuNPs taking with anti-tumor drugs are
also fabricated for local cancer treatment. Gluta-
thione-stabilized AuNPs demonstrate their poten-
tial for speci¯cally delivering platinum (IV) drug
functionalized with the neuropilin-1 receptor tar-
geting peptide to prostate cancer cells in vitro,
leading to enhanced cellular uptake level and cell
toxicity.58 Similarly, integrin, HER-2, EGFR and
receptors of folate and transferrin are all specially
expressed or overexpressed in many tumor types.

Theranostic gold nanoparticles
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Therefore, RGD (Arg–Gly–Asp) peptide, speci¯c
a±bodies, folic acid and transferrin can be used as
the ligands to functionalize AuNPs separately for
targeted drug delivery.59,60 However, most of these
platforms are just widely applied to diagnose cancer
through multimodal imaging.61 Using them as drug
carriers is a further way for targeted cancer
treatment.

4. Size and Shape of Gold Nanoparticle

For tumor theranostics, the internalized number
and time of AuNPs are related to the nanometric
size and their shapes. Nanospheres, nanoshells,
nanocages and nanorods are commonly used gold
nanoshapes in which sizes lie in the ranges of
2–100 nm, 10–200 nm, 10–150 nm and di®erent
lengths, respectively. Gold nanospheres are also re-
ferred as gold colloids and can be synthesized by
controlled reduction of HAuCl4 solution using re-
ducing agent. Gold nanoshell or generally called
nanoshell plasmon usually have a dielectric core
covered by thin gold shell over it. Gold nanocages
are AuNPs which consist of hollow interiors and
porous walls. All of them are ideal candidates for
cancer theranostic as well as gold nanorods due to
their remarkable sets of optical, chemical and
physical properties.62 On the other hand, altering
the size and shape of AuNPs to form anisotropic
structures can easily tune their localized surface
plasmon resonance (LSPR) to the transparent
window of soft tissues in the NIR region. Hence,
di®erent sizes and shapes of AuNPs provide various

photothermal destruction during cancer treat-
ment.63 Cancer seeking molecules conjugated gold
nanorods are potential PA targeting imaging agents
for cancer detection in vivo because their strong
absorption of light and characters of plasmon reso-
nance absorption and scatter in NIR.64,65 Recently,
a novel colloidal hybrid nanostructure with gold-
based tripod architecture was designed and pre-
pared for better targeted molecular PA imaging of
tumor tissues in vivo.65 Figure 2 showed the struc-
ture of gold-based tripod and their uses in PET and
PA imaging of xenografted animals. When drug-
loaded gold nanostructures are constructed, these
systems are extraordinary suitable for cancer
theranostics.

5. Conclusion

AuNPs as an ideal platform of molecular nanop-
robes and e±cient drug carriers for cancer ther-
anostics have been researched and developed for a
long time. High surface/volume ratios, low inherent
toxicity and facile surface engineering of them
present tremendous opportunities in biomedical
applications. The electronic and optical properties
of AuNPs are extremely powerful tools to detect
tumor tissues and practice phototherapy. Targeted
ligands functionalized AuNPs e±ciently deliver
various genes and drugs to cancer cells for precise
treatment. Theranostic AuNPs combine diagnosis
with therapy of malignant cells in the same plat-
form for convenient application in vitro and in vivo.
However, the long-term cytotoxicity and immune

Fig. 2. Structure of gold-based tripod and their PET and PA imaging of xenografted animals. Scanning transmission electron
microscope images of tripod-T (A) and tripod-A (B) are de¯nitively identi¯ed. Polarization dependence of the average electric ¯eld
intensity of them localized the edges of tripods and the junctions between two Au�Au NPs as enhanced ¯elds separately in (C) and
(D). Small animal PET and PA images of intravenous injected tripods which functionalized ligands of cancer biomarkers (E, G) and
blockings (F, H) in mice bearing the U87MG human glioblastoma are shown respectively [Adapted from Cheng, K and reproduced
with permission of ACS Publications].65
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response existed in tumor treatment using AuNPs
are still unsolved problems. Thus, improving func-
tional design and exploiting new structure of
AuNPs remains essential for cancer theranostics.
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