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Following surgical removal of malignant tumors, chemotherapeutic intervention usually is subsequently
applied in patients with advanced stages of cancer. Most chemotherapeutic drugs are intravenously
injected into patients, leading to systemic cytotoxicity in organs and tissues, including healthy tissue and
tumors. Currently, it has been demonstrated that gold nanoparticles can easily penetrate blood vessels
and tissue barriers into tumor foci, which indicates gold nanoparticles as a more effective drug carrier
with great merits in reducing cytotoxicity and economic burden in patients. Moreover, gold nanoparticles
display several unique characterizations with multiple functions in therapeutics, imaging, and surface
modification, suggesting gold nanoparticles may become effective antitumor drug carriers. In this review
article, we discuss the limitations and applications of gold nanoparticles in surface modification, tar-
geting strategy, and safety considerations.

Copyright © 2014, Taipei Medical University. Published by Elsevier Taiwan LLC. All rights reserved.
1. Introduction

Cancer is the leading cause of death worldwide. According to the
United States cancer statistic reports, one of every four deaths in
the United States is caused by cancer.1 Chemotherapeutics are
commonly used in current practice to treat cancer via intravenous
administration but also to elicit toxicity to normal cells, leading to
severe side effects in patients. Therefore, a new and improved
therapeutic method to target tumor foci coupled with enhanced
cytotoxicity on cancer cells and decreased side effects is needed.
Recently, inorganic nanoparticles such as gold nanoparticles (GNPs)
have been explored and exploited as a promising candidate for
various biotechnology applications because of their unique
characterizations.

GNPs have been used as nanobiomaterials for molecular imag-
ing and drug delivery in recent years.2 Gold nanoparticle conju-
gates express unique properties such as increased binding affinity
and selective targeting to specific tissue or cells when delivered
systemically.3 Because gold nanoparticles can be modified in
different ways by binding specific receptors coupled with various
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forms of therapeutics, there is a wide range of research and
nanoparticle-based therapeutic methods under development for
cancer.4,5 The delivery of GNP-conjugated drugs have a higher
perfusion rate in targeting tumor foci, leading to reducing anti-
tumor drug dosage for treatments and lower toxicity to normal
tissues coupled with less side effects.

In this review, we discuss various drug delivery systems of GNPs
in cancer, including targeting approaches, modified conjugates and
safety issue using nanoparticles in GNP-based drug delivering
system.
2. Nanotechnology and nanomedicine

Nanotechnology is continuously being extended in the field of
medicine to reach maximum therapeutic possibility and reduce
side effects of clinically used agents. The history of nanotechnology
began in the 1950s, when the first polymer drug conjugate was
successfully schemed by Jatzkewitz,6 followed by the liposome
discoveries of Bangham and Horne,7 and Bangham et al8 during the
mid 1960s. Current nanotechnology applications in medicine led to
the emergence of a new domain in science known as nano-
medicine, offering some exciting prospects such as improvement in
diagnosis, monitoring, prevention, and treatments of disease using
selectively active drug carriers, diagnostic agents, and pharma-
ceutical moieties to a target site.9 Various types of nanoparticles
C. All rights reserved.
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have been used in biomedical applications, including drug delivery,
molecular imaging, and combined therapy and diagnosis.

In the field of medicine, nanotechnology is the basis of nano-
carriers (i.e., nanoparticles, polymeric micelles, liposomes, den-
drimers, and carbon nanomaterials) and drug conjugates no larger
than 200 nm.10e13 One of the key discoveries observed by Matsu-
mura and Maeda14 in the 1980s revealed that nanoparticles could
accumulate in tumors, leading to the scientists' interest in the
application of nanoparticles as antitumor carriers. In normal or
healthy tissue, the vascular endothelial layer is highly deployed and
arranged with a barrier function in preventing the passage of
molecules. With tumor progression, neovasculatures are formed
and characterized as highly disordered vascular endothelial layer
with large gaps between cells, resulting in leaks and propensity for
the passage of molecules. Therefore, the unique abnormal struc-
ture, loose pattern, and less integrity of the vascular endothelial
layer of cancerous blood vessels contribute to greater permeability
and then facilitate the increased deposition of substances/particles
onto solid cancerous tissue, phenomena termed as the enhanced
permeability and retention effect (EPR).14e16 Because EPR effect
increases nanoparticle accumulation in solid tumor sites by passive
targeting, nanoparticles as drug carriers exhibit a significant effect
on enhanced therapeutic efficacy with reduced side effects and
cytotoxicity to other tissues and organs (Figure 1).17,18

3. Gold nanoparticles

In general, gold nanoparticles are synthesized by the chemical
reduction of chloroauric acid (HAuCl4) using reducing agents. Gold
nanoparticles exhibit a combined feature of chemical, physical,
optical, and electronic properties and may be applied as a new
platform to bring about benefits in various fields, such as medi-
cine.19e25 Because of the unique property of a wide range of core
sizes from 1 nm to 150 nm, GNPs can be easily modified with
Figure 1 Graphic illustrating the accumulation of circulating gold nanoparticle conjugates a
endothelial cells, gold nanoparticles can penetrate through blood vessels at the tumor site
clearance from the tumor.
controlled dispersal. Therefore, GNPs have a great potential to be
used as a drug delivery system for efficient drug transport into
different cell types (Figure 2). Because of the ease of functionality
and tailoring surface of GNPs, modified GNPs gain accessibility and
effectiveness to target cancerous tissues by either active or passive
targeting mechanistic system.26,27 The size of GNPs determine the
optical property in UV absorbance, and the color from red or blue.28

The GNP surface is one of the most stable and easily functionalized
platforms for further modifications such as adding substance or
molecules forming a specific monolayer to prolong stability and
enhance dispersion in organic media, and for further conjugations
of targeting probes or drugs.29 Gold nanoparticles have brought
about a new direction and theological ideas to build better and
more effective diagnostic and therapeutic agents for different
biomedical-based applications in the current biotechnology in-
dustry. Currently, two of the nano-based products are under
investigating in clinical trials with United States Foot and Drug
Administration approval (Table 1).

4. Targeting approaches

It has been well documented that the passage or unloading of
antitumor drugs onto targeted tumor sites relied on several
permeating mechanisms including passive targeting, active tar-
geting, or a combination. Active targeting uses GNPs that are pre-
conjugated with various probes or targeting agents including
antibodies, small molecules, or peptides to locate and attack tu-
mors. Passive targeting is simply taking advantage of the EPR effect
to deposit antitumor drugs to tumors (Figure 3), which is a common
characteristic of nanoparticle-based drug delivery to cancer.30 To
enhance antitumor drug targeting to tumor coupled with better
therapeutic efficacy, most nanoparticle-based carriers are theo-
retically labeled with tumor targeting probes. Previous studies
suggests that the optimal size of nanocarriers for attacking tumors
t tumor sites by the enhanced permeability and retention effect. Because of disordered
. The tumor site has diminished lymphatic vessels that reduce the gold nanoparticle



Figure 2 Different types of gold nanoparticles commonly used in anticancer diagnosis and therapeutic applications are shown.

G. Ajnai et al.174
should range from 10 nm to 200 nm and premodified with caution
charges on the nanocarrier's surface. Without positively- or nega-
tively-charged modifications on the shell surface, those nanoscale
carriers would be rapidly cleared by the reticuloendothelial sys-
tem.31 Thus, the most common surface coating agent for protecting
and reducing reticuloendothelial system-mediated clearance is to
decorate nanocarrier surface with polyethylene glycol (PEG).32,33

For instance, the targeting efficacy of tamoxifen carried by GNPs
with probes of single-chain variable fragment (ScFv) antibody to
tumors was significantly increased when it was precoated by thiol-
PEG, highlighting the importance of the charge modifications on
GNP surface.20,28 In addition to the passage of vasculature, drug
carriers must be internalized to cancer cells and achieve cytotoxic
effects via endocytosis or other mechanisms. Without successful
internalization into cells, therapeutic efficacy will be low. Previous
studies indicated that GNPs sized approximately 50 nm have a
higher rate for cancer cell internalization.34 However, another
study demonstrated that the ultra-small (2.7 nm) GNPs conjugated
with doxorubicin are successful in mediating apoptosis in the
resistant cancer cells, suggesting ultra-small size GNPs may also be
lethal to normal cells. These studies suggest that the size of GNPs is
a crucial parameter for passage of the vessel wall, cell internaliza-
tion, and size-mediated cytotoxicity to normal cells. Based on this
information, we may develop a rational size or sizes of GNPs for
various types of cancers depending on the characteristics of
vasculature and the form of cancer. Both parameters including the
size of drug nanocarriers and surface charges are important in
designing chemotherapeutic GNPs.

Furthermore, in addition to the size and surface chemistry of
GNP, the shape of nanoparticles is an important parameter for
cellular uptake. For instance, spherical citrate GNPs with 74 nm and
14 nm core diameters showed greater uptake by cells. Furthermore,
shorter gold nanorods displayed higher rates in uptake by cells than
do the longer nanorods.34 In general, the uptake capacity of
spherical forms of GNPs by tumor cells is much greater than that of
the rod-shaped GNPs.35
Table 1 Current cases using gold nanoparticle-based therapeutics to cancers under
investigation with Food and Drug Administration (FDA) approval

Name Ingredient Target Current
status

Aurimmune PEG-Thiol Gold
nanoparticles
modified with
TNF-a (~27 nm)

Solid
tumor

Phase II

AuroShell Silica nanoparticles
coated with Gold
(~150 nm)

Solid
tumor

Phase I

Verigene
(In-vitro diagnostic
purpose)

Gold Genetics FDA
approved

PEG ¼ polyethylene glycol; TNF ¼ tumor necrosis factor.
Furthermore, a lower pH value in the cytosol part of tumor cells
has been characterized and may facilitate drug release after inter-
nalization of carriers through a passive targeting mechanism.
Because of the relatively acidic condition of the cytosol of cancer
cells, formulated pH-sensitive GNP-based drug carriers have been
introduced and may lead to accelerated acid-sensitive antitumor
drug release into the cytoplasm, resulting in an increased concen-
tration of drugs in the cytosol with an enhanced cytotoxic effect on
the targeted cells.36

In active targeting, gold nanoparticles can be conjugated with
specific targeting moiety to permit preferential accumulation
within cancer cells. Several modifications including carbohydrate
moiety, specific antibodies, ligands, and antigenic agents have been
applied to archive and reinforce active targeting through in-
teractions between counterpart receptors expressed on cells
Figure 3 Graphic illustrating the accumulation of gold nanoparticles delivering drug
into the tumor sites by passive or active targeting. Gold nanoparticle carriers reach the
tumor site selectively through the leaky vasculature in tumor. After nanocarriers
penetrate the tumor, targeted nanocarriers can bind or enter the cell via receptor-
mediated endocytosis.
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followed by initiation of endocytosis37 (Figure 3). Many types of
cancer cells overexpress folic acid receptors on their surfaces that
are good candidate markers for GNP-based drug active targeting
driven by the decoration of acid and methotrexate derivatives on
particles. In addition to therapeutic application, GNP-based carriers
are also used in imaging for diagnosis or monitoring in cancer
progression after treatment. Therefore, GNPs can be exploited to
link to target imaging molecules combined with therapeutic com-
pounds for imaging cancerous tissues.38e40 Previous studies indi-
cated that conjugation of folic acid to PEG-coated GNPs could
directly target folate receptor-positive cells.41,42 Furthermore,
another case using methotrexate successfully inhibited tumor
growth of lung carcinoma.43 This study suggests that methotrexate
and folate are putative candidates for assisting tumor targeting.

In addition to the alteration in morphological and biological
characteristics of tumor microcirculations in comparison with
normal vessels, the cancer cells also display the differential markers
on their cell surface. For example, several types of tumors are
expressed with numerous and/or various surface receptors such as
hormone receptors, which may be associated with the progression
and/or malignancies of breast cancers and lung cancers. According
to clinical statistics, most breast cancers express increased estrogen
receptors, whereas higher levels of androgen receptors are
expressed on prostate cancers.44,45 Based on these observations,
anti-estrogen-bound GNPs such as tamoxifen were evaluated
in vitro for the treatment of breast cancers. The results show the
therapeutic GNPs are selectively delivered to estrogen receptor-
positive MCF-7 breast cancer cells in a ligand-receptor mediating
manner.3,46 Combinations of two selective agents or molecules to
synergistically target tumors are also characterized. The results of
previous studies suggested that therapeutic GNPs with dual
receptor-targeting probes including folate acid and epidermal
growth factor shows higher efficiency in transporting and targeting
ovarian cancer cells, which typically overexpress folate and
epidermal growth factor receptors.47 This study suggests that the
frequency of dual ligand-labeling GNPs targeting ovarian cancer
cells may be greatly enhanced.48

Neuropilin-1 receptor, a transmembrane glycoprotein and
mediating in angiogenesis and vascular permeability, is another
candidate for drug targeting. It has been well characterized that
many types of tumors including osteosarcoma, lung cancer, brain
tumors, pancreatic tumor, and others express an increased level of
neuropilin-1 receptors.49,50 A recent study indicates that
glutathione-coated GNPs conjugating with platinum at 5.2 nm bind
to neuropilin-1 receptors at the oligosequence of Cys-Arg-Gly-Asp-
Lys (CRGDK).51

Targeting therapy to hepatocytes is also very important for
improving the prognosis of liver cancers. The work conducted by
Garg et al52 reveals that glutathione concentration is an important
factor in hepatocyte targeting using the lactose surface-modified
gold nanoparticles with fluorescence-reporting drugs. Results
demonstrated that drug release from therapeutic GNPs into cytosol
is selectively efficient only in those hepatic cells expressing high
glutathione concentration. Therefore, it suggests that tumor-
targeting biomolecules and the target-specific ligands can carry
and unload drugs to certain types of tissues in a more efficient
fashion. Previous studies demonstrate that tumor-targeting mole-
cules and size of GNPs may affect depositions of therapeutic GNPs
within cancer cells. Furthermore, previous studies reveal that
compound-modified GNPs gain more resistance to metabolic
clearance in the bloodstream. PEGlyated GNPs grafted with galac-
tose (Gal-PEG-GNPs) increase stability and half-life in blood cir-
culation, leading to comparatively higher targeting into the liver.53

Certain studies, however, showed no significance differences in
tumor targeting and drug accumulation either in passive- or active-
mediating targeting, suggesting that GNPs can reach tumor sites
simply via the EPR effect.32,54

5. Efficacy of GNP conjugates

Several factors such as solubility, stability, and nonspecific bio-
distribution determine the in vivo affinity to targeting the specific
cells. To optimize therapeutic GNPs, two important issues need to
be considered, including (1) the reduced the general cytotoxicity in
normal cells with lower side effects and (2) the surface modifica-
tion of GNPs prelabeled either with biomolecules or therapeutic
agents. In addition to molecules such as active ligands, antibodies,
and other molecules to facilitate drug delivery to target various
issues as previously described, oligonucleotide, peptide/protein,
carbohydrates, and lipids can also enhance the rate of endosomal
escape, contributing to increased therapeutic efficacy.55 In addition
to PEG and other organic agents, RNA or DNA are also used by
packing into the spherical form of nucleic acids and then wrapping
around therapeutic GNPs. In addition to antibodies, peptides, and
small molecules, nuclear acid is also able to conjugate to the
spherical form of nucleic acids, which may implicate the great
potency in diagnosis and treatments on gene-associated dis-
ease.56,57 A previous study suggests that hairpin GNPs can enter
cells by membrane-nanoparticle interactions coupled with endo-
cytosis mechanism.58 Because oligonucleotides possess multiva-
lences, oligonucleotide-bound GNPs display a dual advantage in
binding affinity and carrying capacity. The protein surface modifi-
cation on GNPs provides better biocompatibility and less toxicity to
normal cells. A recent study showed that albumin-coated GNPs at
15 nm can improve targeting to the endothelium of the brain, lungs,
liver, and kidneys 30 minutes after administration.59 Moreover, a
recent contradictory study demonstrated that bovine serum albu-
min (BSA)-capped gold nanoparticles GNPs conjugated with MTX
(BSA-GNP-MTX) exhibits more cytotoxic effects by inhibiting the
cell proliferation of breast cancer cell lineMCF-7 as compared to the
free drug methotrexate alone without GNP carrier mediating.60

However, it has been suggested that BSA coating on GNPs can
protect from hemolysis and reduce particle-associated cytotox-
icity.61 Thus, BSA modification on the surface of GNPs is considered
to be safe and useful. Antitumor drugs such as cisplatin, carbopla-
tin, and oxaliplatin are common and very potent chemotherapeu-
tics to several forms of cancers. Previous studies suggest that GNPs
can improve therapeutic effects of platinum derivatives.62 For
instance, oxaliplatin-thiolated poly (PEG) GNPs display a higher
penetration rate to the nucleus of lung cancer cells, resulting in
greater cytotoxicity compared to oxaliplatin alone. Furthermore,
tumor necrosis factor-a (TNF-a)-GNPs has currently been studies
for therapeutic potential; ongoing results reveal the great safety
and tolerance at clinical trial Phase I.5,63 Because most tumor cells
are ready to develop drug resistance after the first initial treatment
of antitumor drugs, a theological therapeutic strategy needs to be
considered to completely eradicate cancer cells shortly after the
initial chemotherapy regimen.64 Currently, several cytostatic drugs
such as doxorubicin, cisplatin, and capecitabine have been used in
various forms of cancers. Interestingly, L-aspartate-coated GNPs-
cytostatic drugs displayed a longer and more profound cytotox-
icity in cancer cells as compared to cells only exposed to cytostatic
drugs, suggesting GNPs may contribute additional therapeutic ef-
fects.65 Drug resistance of tumor cells is formed mainly because of
the pumping out of drugs through specific efflux pumps mediated
by energy-dependent drug transporters, or tumor cells evolve the
insensitivity to the apoptotic program induced by antitumor
drugs.66 To overcome or prevent drug resistance during the ther-
apeutic course, multiple functional modifications on GNPs need to
be applied. GNPs are simultaneously conjugated with two



Table 2 Advantages and limitations of gold nanoparticles in cancer drug delivery
application

Advantages
Ease to synthesis with controlling over size and shape
Simple ligand conjugation
Optical properties depending on shape and size
Biocompatible
Multifunctional vehicles as drug delivery, imaging, and therapy
Stability
Limitations
Nonbiodegradable, nonporous
Surface modification alters biodistribution, toxicity or phamacokinetics
Lack of information on toxicity and interaction to living cells
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therapeutic agents, for example, doxorubicin (DOX) and antibodies
against to the death-4 receptors (DR4). The DOX-DR4-GNPs reveal a
greater therapeutic potential as compared to either drug alone
conjugated on GNPs.67 These results demonstrated that combined
DOX (a chemophotothermal agent) and DR4 antibodies exhibit
stronger cytotoxicity to tumors and less dosage is required for
therapy. Therefore, GNPs-conjugated with anticancer therapeutics
may provide cancer patients with better a therapeutic outcome and
reduced therapeutic expense. Furthermore, this compound or
cocktail of therapeutics may prevent or delay drug resistance and
achieve successful treatment.

6. Safety issue in using GNP as a drug carrier

The properties of GNPs in size, shape, surface chemistry, and me-
chanical features determine the toxicity, stability in blood, and
permeability and internalization of cells.68e71 Because of new vari-
eties and surface modifications of GNPs, the cytotoxicity of GNPs
should be determined. Previous studies indicated that N, N, N-tri-
methylammoniumethanethiolecoated GNPs at a size of 1.3 nm
potentially induced systemic cytotoxicity to the embryos of zebrafish,
leading to the development of small, malpigmented eyes and
neuronal damage in the developing zebrafish.72 Furthermore, PEGy-
lated GNP at a size of 15 nm induced hepatotoxicity in rodents with
malnutrition.73 Pathological results revealed that severe hepatic cell
damage, acute inflammation, and increased apoptosis were observed
in livers along with significantly elevated reactive oxygen species
production. Therefore, it suggests that the patient's health should be
assured and clarified prior to the administration of therapeutic GNPs.

The size of GNPs is also an important parameter for stability of
GNPs conjugates in blood circulation. Previous studies indicate that
10 nm GNPs can circulate in blood for >24 hours in animals, but
other sizes of GNPS remain for a shorter time.74 In addition to
stability in blood, the size of GNPs is also strongly associated with
cytotoxicity and aggregation in blood cells. Trisphenylphosphine-
coated GNPs at a size of 1.4 nm display the most cytotoxicity by
inducing cell necrosis on tissue fibroblasts, epithelial cells, macro-
phages, and melanoma cells as compared to larger GNPs.75 More-
over, the tissue specificity and the biodistribution of GNPs are
decided by the cell surface properties, underlining the ratio of
endocytotic and exocytotic activity among cells.76 However, the
relatively larger sizes of GNPs at diameters of 50 nm or 200 nm
exhibit no cytotoxicity to animals.77 Moreover, another contradic-
tory study indicates that Wistar rats that inhaled 18-mg GNPs at
2 nm, 20 nm, or 200 nm showed nongenotoxic, systemic, or local
adverse effect in lung.78 Furthermore, additional modifications on
the surface in GNPs may alter cytotoxicity and stability. For
example, PEG coating can enhance the stability of gold nanorods in
the bloodstream of mice, but not improve the cellular internaliza-
tion of GNPs.79 However, an alternative coating of glutathione can
improve GNPs to target lung tissue without eliciting inflammation
or causing morbidity in animals.80 The general cytotoxic mecha-
nism is first initiated at internalization of GNPs by endocytosis and
then extensively release of relatively toxic ions, leading to a specific
ion toxicity effect coupled with inactivation of associated enzymes,
depolarization of mitochondria membrane, perturbations of
cellular redox balance, and lysosome dysfunction in cells. These
cellular injuries increased reactive oxygen species levels in cells,
inducing apoptosis, and accelerating cell membrane damage.
Future in vivo studies are needed to collect the aforementioned
parameters, including aggregation of blood cells cytotoxicity
caused by the accumulation of GNPs in endosomes or the endo-
plasm reticular system, and genotoxicity. Moreover, we also need to
take special attention in possible immune responses mediated
either by GNP or their surface conjugates.
7. Conclusion and challenges

Because of unique physical and chemical properties, GNPs have
received a great deal of attention in biomedical applications. The
combination of GNPs and anticancer treatment strategy presents
tremendous opportunities in nanomedicine, especially for the
therapeutic management of cancers leading to more therapeutic
efficacy and fewer side effects. This new approach includes pho-
tothermal therapy, gene delivery, cell cycle regulation, and targeted
drug delivery. GNP conjugates show multivalence and functional
versatility, which can exhibit increased binding affinity, longer
circulatory half time, improving biocompatibility, enhanced inter-
nalization within cancer cells, and much higher targeting selec-
tivity of drugs to tumors. It is highly possible that GNPs could
provide a bright future for biotechnology and the pharmaceutical
industry for improving cancer therapy. So far, several GNPs-based
drugs are undergoing clinical trials including TNF-aeconjugated
GNPs for solid tumors.5 To achieve high and efficient drug delivery
to tumors, GNPs surface modifications are needed, to add guiding
moieties such as ligands, antibodies, and other directing agents to
enhance selectively targeting into a specific tumor. The limitations
of GNP-based drug carriers include cytotoxicity, interactions with
healthy cells, aggregation in the bloodstream, and non-
biodegradability (Table 2). Even though many reports and studies
indicate that GNPs are relatively safe to use in clinical applications,
some contradictory results suggest that we need to pay more at-
tentions to GNPs-induced cytotoxicity. Therefore, more cytotoxicity
assessments of GNPs in vivo should be performed.

Acknowledgments

This work was supported by the grant NTUT-TMU-103-10 from
Taipei Medical University and the National Taipei University of
Technology, Taipei, Taiwan.

References

1. Siegel R, Naishadham D, Jemal A. Cancer statistics, 2013. CA Cancer J Clin
2013;63:11e30.

2. Cho EC, Glaus C, Chen J, Welch MJ, Xia Y. Inorganic nanoparticle-based contrast
agents for molecular imaging. Trends Mol Med 2010;16:561e73.

3. Dreaden EC, Mackey MA, Huang X, Kang B, El-Sayed MA. Beating cancer in
multiple ways using nanogold. Chem Soc Rev 2011;40:3391e404.

4. Cobley CM, Chen J, Cho EC, Wang LV, Xia Y. Gold nanostructures: a class of
multifunctional materials for biomedical applications. Chem Soc Rev 2011;40:
44e56.

5. Libutti SK, Paciotti GF, Byrnes AA, Alexander Jr HR, Gannon WE, Walker M,
Seidel GD, et al. Phase I and pharmacokinetic studies of CYT-6091, a novel
PEGylated colloidal gold-rhTNF nanomedicine. Clin Cancer Res 2010;16:
6139e49.

6. Jatzkewitz H. Incorporation of physiologically-active substances into a colloidal
blood plasma substitute. I. Incorporation of mescaline peptide into poly-
vinylpyrrolidone. Hoppe Seylers Z Physiol Chem 1954;297:149e56 [in German].

7. Bangham AD, Horne RW. Negative staining of phospholipids and their struc-
tural modification by surface-active agents as observed in the electron mi-
croscope. J Mol Biol 1964;8:660e8.

http://refhub.elsevier.com/S1878-3317(14)00143-0/sref1
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref1
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref1
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref2
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref2
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref2
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref3
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref3
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref3
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref4
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref4
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref4
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref4
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref5
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref5
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref5
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref5
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref5
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref6
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref6
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref6
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref6
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref7
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref7
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref7
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref7


Trends of gold nanoparticle-based drug delivery 177
8. Bangham AD, Standish MM, Watkins JC. Diffusion of univalent ions across the
lamellae of swollen phospholipids. J Mol Biol 1965;13:238e52.

9. O'Malley P. Nanopharmacology: for the future-think small. Clin Nurse Spec
2010;24:123e4.

10. Muthu MS, Feng SS. Nanopharmacology of liposomes developed for cancer
therapy. Nanomedicine (Lond) 2010;5:1017e9.

11. Jain K, Jain NK. Novel therapeutic strategies for treatment of visceral leish-
maniasis. Drug Discov Today 2013;18:1272e81.

12. Jain K, Mehra NK, Jain NK. Potentials and emerging trends in nano-
pharmacology. Curr Opin Pharmacol 2014;15C:97e106.

13. Rauch J, Kolch W, Laurent S, Mahmoudi M. Big signals from small particles:
regulation of cell signaling pathways by nanoparticles. Chem Rev 2013;113:
3391e406.

14. Matsumura Y, Maeda H. A new concept for macromolecular therapeutics in
cancer chemotherapy: mechanism of tumoritropic accumulation of proteins
and the antitumor agent smancs. Cancer Res 1986;46:6387e92.

15. Maeda H, Greish K, Fang J. The EPR effect and polymeric drugs: a paradigm shift
for cancer chemotherapy in the 21st century. Adv Polym Sci 2006;193:103e21.

16. Maeda H, Sawa T, Konno T. Mechanism of tumor-targeted delivery of macro-
molecular drugs, including the EPR effect in solid tumor and clinical overview
of the prototype polymeric drug SMANCS. J Control Release 2001;74:47e61.

17. Torchilin V. Tumor delivery of macromolecular drugs based on the EPR effect.
Adv Drug Deliv Rev 2011;63:131e5.

18. Haley B, Frenkel E. Nanoparticles for drug delivery in cancer treatment. Urol
Oncol 2008;26:57e64.

19. Kim D, Jeong YY, Jon S. A drug-loaded aptamer-gold nanoparticle bioconjugate
for combined CT imaging and therapy of prostate cancer. ACS Nano 2010;4:
3689e96.

20. Dreaden EC, Mwakwari SC, Sodji QH, Oyelere AK, El-Sayed MA. Tamoxifen-
poly(ethylene glycol)-thiol gold nanoparticle conjugates: enhanced potency
and selective delivery for breast cancer treatment. Bioconjug Chem 2009;20:
2247e53.

21. Giljohann DA, Seferos DS, Prigodich AE, Patel PC, Mirkin CA. Gene regulation
with polyvalent siRNA-nanoparticle conjugates. J Am Chem Soc 2009;131:
2072e3.

22. Dhar S, Daniel WL, Giljohann DA, Mirkin CA, Lippard SJ. Polyvalent oligonu-
cleotide gold nanoparticle conjugates as delivery vehicles for platinum(IV)
warheads. J Am Chem Soc 2009;131:14652e3.

23. Wang H, Huff TB, Zweifel DA, He W, Low PS, Wei A, Cheng JX. In vitro and
in vivo two-photon luminescence imaging of single gold nanorods. Proc Natl
Acad Sci U S A 2005;102:15752e6.

24. Dreaden EC, Alkilany AM, Huang X, Murphy CJ, El-Sayed MA. The golden age:
gold nanoparticles for biomedicine. Chem Soc Rev 2012;41:2740e79.

25. Dykman L, Khlebtsov N. Gold nanoparticles in biomedical applications: recent
advances and perspectives. Chem Soc Rev 2012;41:2256e82.

26. Daniel MC, Astruc D. Gold nanoparticles: assembly, supramolecular chemistry,
quantum-size-related properties, and applications toward biology, catalysis,
and nanotechnology. Chem Rev 2004;104:293e346.

27. Gao X, Cui Y, Levenson RM, Chung LW, Nie S. In vivo cancer targeting and
imaging with semiconductor quantum dots. Nat Biotechnol 2004;22:969e76.

28. Tong L, Wei Q, Wei A, Cheng JX. Gold nanorods as contrast agents for biological
imaging: optical properties, surface conjugation and photothermal effects.
Photochem Photobiol 2009;85:21e32.

29. Love JC, Estroff LA, Kriebel JK, Nuzzo RG, Whitesides GM. Self-assembled
monolayers of thiolates on metals as a form of nanotechnology. Chem Rev
2005;105:1103e69.

30. Maeda H, Wu J, Sawa T, Matsumura Y, Hori K. Tumor vascular permeability and
the EPR effect in macromolecular therapeutics: a review. J Control Release
2000;65:271e84.

31. Li SD, Huang L. Pharmacokinetics and biodistribution of nanoparticles. Mol
Pharm 2008;5:496e504.

32. Alexis F, Pridgen E, Molnar LK, Farokhzad OC. Factors affecting the clearance
and biodistribution of polymeric nanoparticles. Mol Pharm 2008;5:505e15.

33. Caliceti P, Veronese FM. Pharmacokinetic and biodistribution properties of
poly(ethylene glycol)-protein conjugates. Adv Drug Deliv Rev 2003;55:
1261e77.

34. Chithrani BD, Ghazani AA, Chan WC. Determining the size and shape depen-
dence of gold nanoparticle uptake into mammalian cells. Nano Lett 2006;6:
662e8.

35. Jin H, Heller DA, Sharma R, Strano MS. Size-dependent cellular uptake and
expulsion of single-walled carbon nanotubes: single particle tracking and a
generic uptake model for nanoparticles. ACS Nano 2009;3:149e58.

36. Cho K, Wang X, Nie S, Chen ZG, Shin DM. Therapeutic nanoparticles for drug
delivery in cancer. Clin Cancer Res 2008;14:1310e6.

37. Sinha R, Kim GJ, Nie S, Shin DM. Nanotechnology in cancer therapeutics: bio-
conjugated nanoparticles for drug delivery. Mol Cancer Ther 2006;5. 1909e7.

38. Yoo HS, Park TG. Folate-receptor-targeted delivery of doxorubicin nano-
aggregates stabilized by doxorubicin-PEG-folate conjugate. J Control Release
2004;100:247e56.

39. Parker N, Turk MJ, Westrick E, Lewis JD, Low PS, Leamon CP. Folate receptor
expression in carcinomas and normal tissues determined by a quantitative
radioligand binding assay. Anal Biochem 2005;338:284e93.

40. Dixit V, Van den Bossche J, Sherman DM, Thompson DH, Andres RP. Synthesis
and grafting of thioctic acid-PEG-folate conjugates onto Au nanoparticles for
selective targeting of folate receptor-positive tumor cells. Bioconjug Chem
2006;17:603e9.

41. Low PS, Antony AC. Folate receptor-targeted drugs for cancer and inflamma-
tory diseases. Adv Drug Deliv Rev 2004;56:1055e8.

42. Prabaharan M, Grailer JJ, Pilla S, Steeber DA, Gong S. Gold nanoparticles with a
monolayer of doxorubicin-conjugated amphiphilic block copolymer for tumor-
targeted drug delivery. Biomaterials 2009;30:6065e75.

43. Chen YH, Tsai CY, Huang PY, Chang MY, Cheng PC, Chou CH, Chen DH, et al.
Methotrexate conjugated to gold nanoparticles inhibits tumor growth in a
syngeneic lung tumor model. Mol Pharm 2007;4:713e22.

44. Osborne CK. Tamoxifen in the treatment of breast cancer. N Engl J Med
1998;339:1609e18.

45. Heinlein CA, Chang C. Androgen receptor in prostate cancer. Endocr Rev
2004;25:276e308.

46. Dreaden EC, Austin LA, Mackey MA, El-Sayed MA. Size matters: gold nano-
particles in targeted cancer drug delivery. Ther Deliv 2012;3:457e78.

47. Yap TA, Carden CP, Kaye SB. Beyond chemotherapy: targeted therapies in
ovarian cancer. Nat Rev Cancer 2009;9:167e81.

48. Bhattacharyya S, Khan JA, Curran GL, Robertson JD, Bhattacharya R,
Mukherjee P. Efficient delivery of gold nanoparticles by dual receptor targeting.
Adv Mater 2011;23:5034e8.

49. Grandclement C, Borg C. Neuropilins: a new target for cancer therapy. Cancers
(Basel) 2011;3:1899e928.

50. Bielenberg DR, Pettaway CA, Takashima S, Klagsbrun M. Neuropilins in neo-
plasms: expression, regulation, and function. Exp Cell Res 2006;312:584e93.

51. Kumar A, Huo S, Zhang X, Liu J, Tan A, Li S, Jin S, et al. Neuropilin-1-targeted
gold nanoparticles enhance therapeutic efficacy of platinum(IV) drug for
prostate cancer treatment. ACS Nano 2014;8:4205e20.

52. Garg S, De A, Nandi T, Mozumdar S. Synthesis of a smart gold nano-vehicle for
liver specific drug delivery. AAPS PharmSciTech 2013;14:1219e26.

53. Bergen JM, von Recum HA, Goodman TT, Massey AP, Pun SH. Gold nano-
particles as a versatile platform for optimizing physicochemical parameters for
targeted drug delivery. Macromol Biosci 2006;6:506e16.

54. Gullotti E, Yeo Y. Extracellularly activated nanocarriers: a new paradigm of
tumor targeted drug delivery. Mol Pharm 2009;6:1041e51.

55. Nativo P, Prior IA, Brust M. Uptake and intracellular fate of surface-modified
gold nanoparticles. ACS Nano 2008;2:1639e44.

56. Williams SC. Spherical nucleic acids: a whole new ball game. Proc Natl Acad Sci
U S A 2013;110:13231e3.

57. Zheng D, Giljohann DA, Chen DL, Massich MD, Wang XQ, Iordanov H,
Mirkin CA, et al. Topical delivery of siRNA-based spherical nucleic acid nano-
particle conjugates for gene regulation. Proc Natl Acad Sci U S A 2012;109:
11975e80.

58. Jayagopal A, Halfpenny KC, Perez JW, Wright DW. Hairpin DNA-functionalized
gold colloids for the imaging of mRNA in live cells. J Am Chem Soc 2010;132:
9789e96.

59. Schaffler M, Sousa F, Wenk A, Sitia L, Hirn S, Schleh C, Harbel N, et al. Blood
protein coating of gold nanoparticles as potential tool for organ targeting.
Biomaterials 2014;35:3455e66.

60. Murawala P, Tirmale A, Shiras A, Prasad BL. In situ synthesized BSA capped gold
nanoparticles: effective carrier of anticancer drug methotrexate to MCF-7
breast cancer cells. Mater Sci Eng C Mater Biol Appl 2014;34:158e67.

61. Khullar P, Singh V, Mahal A, Dave PN, Thakur S, Kaur G, Singh J, et al.
Bovine serum albumin bioconjugated gold nanoparticles: synthesis, hemo-
lysis, and cytotoxicity toward cancer cell lines. J Phys Chemistry C 2012;116:
8834e43.

62. Brown SD, Nativo P, Smith J, Stirling D, Edwards P, Venugopal B, Flint D, et al.
Gold nanoparticles for the improved anticancer drug delivery of the active
component of oxaliplatin. J Am Chem Soc 2010;132:4678e84.

63. Weintraub K. Biomedicine: The new gold standard. Nature 2013;495:S14e6.
64. Riehle KJ, Dan YY, Campbell JS, Fausto N. New concepts in liver regeneration.

J Gastroenterol Hepatol 2011;26:203e12.
65. Tomuleasa C, Soritau O, Orza A, Dudea M, Petrushev B, Mosteanu O, Susman S,

et al. Gold nanoparticles conjugated with cisplatin/doxorubicin/capecitabine
lower the chemoresistance of hepatocellular carcinoma-derived cancer cells.
J Gastrointestin Liver Dis 2012;21:187e96.

66. Gottesman MM. Mechanisms of cancer drug resistance. Annu Rev Med 2002;53:
615e27.

67. Lee SM, Kim HJ, Kim SY, Kwon MK, Kim S, Cho A, Yun M, et al. Drug-loaded gold
plasmonic nanoparticles for treatment of multidrug resistance in cancer. Bio-
materials 2014;35:2272e82.

68. Caldorera-Moore M, Guimard N, Shi L, Roy K. Designer nanoparticles: incor-
porating size, shape and triggered release into nanoscale drug carriers. Expert
Opin Drug Deliv 2010;7:479e95.

69. Yoo JW, Doshi N, Mitragotri S. Adaptive micro and nanoparticles: temporal
control over carrier properties to facilitate drug delivery. Adv Drug Deliv Rev
2011;63:1247e56.

70. Khlebtsov N, Dykman L. Biodistribution and toxicity of engineered gold
nanoparticles: a review of in vitro and in vivo studies. Chem Soc Rev 2011;40:
1647e71.

71. Hirn S, Semmler-Behnke M, Schleh C, Wenk A, Lipka J, Sch€affler M, et al. Par-
ticle size-dependent and surface charge-dependent biodistribution of gold
nanoparticles after intravenous administration. Eur J Pharm Biopharm 2011;77:
407e16.

http://refhub.elsevier.com/S1878-3317(14)00143-0/sref8
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref8
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref8
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref9
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref9
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref9
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref10
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref10
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref10
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref11
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref11
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref11
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref12
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref12
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref12
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref13
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref13
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref13
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref13
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref14
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref14
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref14
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref14
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref15
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref15
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref15
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref16
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref16
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref16
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref16
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref17
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref17
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref17
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref18
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref18
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref18
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref19
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref19
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref19
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref19
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref20
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref20
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref20
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref20
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref20
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref21
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref21
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref21
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref21
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref22
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref22
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref22
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref22
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref23
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref23
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref23
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref23
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref24
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref24
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref24
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref25
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref25
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref25
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref26
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref26
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref26
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref26
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref27
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref27
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref27
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref28
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref28
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref28
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref28
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref29
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref29
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref29
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref29
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref30
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref30
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref30
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref30
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref31
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref31
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref31
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref32
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref32
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref32
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref33
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref33
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref33
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref33
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref34
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref34
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref34
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref34
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref35
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref35
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref35
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref35
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref36
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref36
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref36
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref37
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref37
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref37
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref38
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref38
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref38
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref38
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref39
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref39
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref39
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref39
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref40
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref40
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref40
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref40
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref40
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref41
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref41
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref41
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref42
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref42
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref42
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref42
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref43
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref43
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref43
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref43
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref44
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref44
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref44
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref45
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref45
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref45
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref46
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref46
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref46
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref47
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref47
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref47
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref48
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref48
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref48
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref48
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref49
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref49
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref49
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref50
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref50
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref50
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref51
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref51
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref51
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref51
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref52
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref52
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref52
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref53
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref53
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref53
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref53
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref54
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref54
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref54
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref55
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref55
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref55
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref56
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref56
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref56
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref57
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref57
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref57
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref57
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref57
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref58
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref58
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref58
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref58
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref59
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref59
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref59
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref59
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref60
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref60
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref60
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref60
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref61
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref61
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref61
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref61
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref61
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref62
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref62
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref62
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref62
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref63
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref63
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref64
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref64
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref64
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref65
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref65
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref65
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref65
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref65
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref66
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref66
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref66
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref67
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref67
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref67
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref67
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref68
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref68
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref68
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref68
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref69
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref69
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref69
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref69
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref70
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref70
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref70
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref70
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref71
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref71
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref71
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref71
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref71
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref71


G. Ajnai et al.178
72. Kim KT, Zaikova T, Hutchison JE, Tanguay RL. Gold nanoparticles disrupt
zebrafish eye development and pigmentation. Toxicol Sci 2013;133:275e88.

73. Hwang JH, Kim SJ, Kim YH, Noh JR, Gang GT, Chung BH, Song NW, et al. Sus-
ceptibility to gold nanoparticle-induced hepatotoxicity is enhanced in a mouse
model of nonalcoholic steatohepatitis. Toxicology 2012;294:27e35.

74. De Jong WH, Hagens WI, Krystek P, Burger MC, Sips AJ, Geertsma RE. Particle
size-dependent organ distribution of gold nanoparticles after intravenous
administration. Biomaterials 2008;29:1912e9.

75. Pan Y, Neuss S, Leifert A, Fischler M, Wen F, Simon U, Schmid G, et al. Size-
dependent cytotoxicity of gold nanoparticles. Small 2007;3:1941e9.

76. Sadauskas E, Jacobsen NR, Danscher G, Stoltenberg M, Vogel U, Larsen A,
Kreyling W, et al. Biodistribution of gold nanoparticles in mouse lung following
intratracheal instillation. Chem Cent J 2009;3:16.
77. Gosens I, Post JA, de la Fonteyne LJ, Jansen EH, Geus JW, Cassee FR, de Jong WH,
et al. Impact of agglomeration state of nano- and submicron sized gold parti-
cles on pulmonary inflammation. Part Fibre Toxicol 2010;7:37.

78. Schulz M, Ma-Hock L, Brill S, Strauss V, Treumann S, Gr€oters S, van
Ravenzwaay B, et al. Investigation on the genotoxicity of different sizes of gold
nanoparticles administered to the lungs of rats. Mutat Res 2012;745:51e7.

79. Niidome T, Yamagata M, Okamoto Y, Akiyama Y, Takahashi H, Kawano T,
Kataymaa Y, et al. PEG-modified gold nanorods with a stealth character for
in vivo applications. J Control Release 2006;114:343e7.

80. Simpson CA, Salleng KJ, Cliffel DE, Feldheim DL. In vivo toxicity, biodistribution,
and clearance of glutathione-coated gold nanoparticles. Nanomedicine 2013;9:
257e63.

http://refhub.elsevier.com/S1878-3317(14)00143-0/sref72
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref72
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref72
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref73
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref73
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref73
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref73
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref74
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref74
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref74
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref74
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref75
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref75
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref75
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref76
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref76
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref76
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref77
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref77
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref77
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref78
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref78
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref78
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref78
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref78
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref79
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref79
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref79
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref79
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref80
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref80
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref80
http://refhub.elsevier.com/S1878-3317(14)00143-0/sref80

	Trends of Gold Nanoparticle-based Drug Delivery System in Cancer Therapy
	1. Introduction
	2. Nanotechnology and nanomedicine
	3. Gold nanoparticles
	4. Targeting approaches
	5. Efficacy of GNP conjugates
	6. Safety issue in using GNP as a drug carrier
	7. Conclusion and challenges
	Acknowledgments
	References


